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Abstract—The use of neutron diffraction to determine some of the structural properties of montmorillonite--water systems
at low water concentrations is described. The samples were prepared by compression or suction to give clay samples with
between one and three molecular layers of water between the plates.

About 10% of the platelets in the clay are randomly oriented. The remainder are partially oriented in the plane of the
sample, with an angular spread of 40° about the mean orientation. It is suggested that these oriented domains are formed
from the larger platelets present in the system. The Bragg diffraction pattern is better explained by a disordered lattice
model rather than by a mixture model with small particles having a well-defined lattice spacing. We have fitted both the
intensities of (O0V) reflections and the shape of the (001) reflection quantitatively to a model which allows for a Gaussian

spread of platelet spacing about a mean value. The half width of the spread is about 10% of the lattice spacing.

No significant structural differences are found between Li, Na, K, and Cs montmorillonites. The method of preparation
has no effect on the structural properties of the large platelet particles but does affect the randomly oriented fraction. The
lattice spacing of the latter appears to be better defined for samples prepared by compression.

Experiments on the variation of lattice spacing with humidity indicate that the structural model we have used is adequate
except at humidities where the system is changing over from one to two, or two to three water layers.
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INTRODUCTION

This paper describes neutron diffraction experiments
to determine some of the structural properties of com-
pacted clay-water samples. The work is part of a study
of the dynamical properties of water in clays using neu-
tron quasielastic scattering, the structural information
being essential for a quantitative analysis of the quasi-
elastic scattering experiments. The results on the dy-
namical properties of water in clays will be described
in another paper.

The properties of clay—water systems have been ex-
tensively reviewed, for example, by Graham (1964),
Anderson (1966), and van Olphen (1977). A schematic
diagram of the generally accepted features of the sys-
tem is given in Figure 1 and should be compared with
the electron micrographs of a dry sample and of plate-
lets in the sol in Figure 2. Parameters which might be
considered to characterize the system are the frequen-
cies of occurrence of different types of fault in the struc-
ture and some quantitative measure of the stacking.
Many of the faults result from the spread in the diam-
eters of the clay platelets from which the sample is pre-
pared (Figure 2). Such faults may be classified as (A)
voids, (B) edge to face stacking, (C) regions of gross
folding, (D) ordered domains, and (E) regions of dis-
ordered stacking, the labels being marked on the ap-
propriate regions of Figure 1. Another parameter which
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is important for the interpretation of our experiments
on the dynamics of water molecules is the spread in
orientation of the platelets.

The crystalline structure of a montmorillonite plate-
let, shown in the inset of Figure 1, has been determined
by X-ray powder diffraction (Brown, 1961). X-ray stud-
ies have given the atomic positions in the clay unit cell,
the position of exchangeable cations in both the clay
structure and the interlamellar regions, but little infor-
mation on the position of the protons in the system.
This is because the scattering from hydrogen atoms is
inherently weak and because these atoms are known to
be moving rapidly. The dynamical properties of protons
in several clay—water systems have been studied by
nuclear magnetic resonance (Hougardy et al., 1976) and
will be discussed further in our paper on neutron quasi-
elastic scattering.

Much less work has been done using diffraction tech-
niques to study the overall structure of two dimensional
platelets packed in three dimensions. Models based on
the effect of the small size of ordered domains (D) and
platelet bending (C) have been used to explain some of
the features of X-ray patterns (Giiven, 1975; Williams
and Garey, 1974). Random irregularities in the spacing
of the platelets (E) have a strong effect on the diffrac-
tion pattern and also have been used to interpret X-ray
data (Kodama et al., 1971). In a recent X-ray study of
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Fig. 1. Schematic structure of a clay-water system showing the bulk arrangements of clay platelets (shaded) and the structural defects A, B, C,
D, E referred to in the text. The inset shows the crystalline structure of montmorillonite O = O; @ = Si; W = Al(Mg, Fe, etc.); © = OH;
M* = Li*, Na*, K+, Cs*; T, tetrahedral coordination; O, octahedral coordination; H, = water space (A); ¢ = clay platelet thickness, 9.6 A.

phyllosilicates Plangon and Tchoubar (1977) have cal-
culated the effect of defects similar to these on (hk0)
reflections. Taylor and Norrish (1966) and Tchalenko
et al. (1971) have examined the spread of platelet ori-
entations by X-ray powder diffraction but the difficulty
in determining this spread is in correcting for the ab-
sorption of the X-rays which can be overcome only by
using very small samples and X-rays of different wave-
lengths.

Void formation (A in Figure 1) in dry clays has been
studied by sorption of gases into both pore and inter-
lamellar regions (Aylemore, 1977; Diamond, 1971).
Norrish (1954) has suggested that edge to edge inter-
actions contribute significantly to the properties and
structure of montmorillonite—water systems in the gel
state, and Rowell (1965) has related edge to face struc-
tures to void formation in samples that have suffered
some lattice collapse. Fink (1977) has proposed meth-
ods to reduce the likelihood of edge to face structures
in gels.

Neutron scattering may be used to study both the
structure of a system (by neutron diffraction or small
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angle scattering) and its dynamical properties (neutron
quasielastic and inelastic scattering) (Willis, 1972). In
comparison with X-ray diffraction, neutron diffraction
has several advantages for the study of heterogeneous
systems such as the clays. First, attenuation of a neu-
tron beam in a sample is much less than for X-rays. The
‘absorption’ length for neutrons passing through a clay
containing two molecular layers of water between
platelets is approximately 30 mm but for X-rays is only
about 0.1 mm. This means that, for practical examples
of oriented clays, neutrons will be scattered equally
from internal and external parts of the sample. Large
samples are used for structural determinations to pro-
duce scattering of adequate intensity so that external
surface effects become negligible. Because small sam-
ples must be used for X-ray experiments, X-ray powder
diffraction patterns may be dominated by structural
properties which are not at all representative of the bulk
material. It is known, for example, that clay samples
prepared by shearing show preferential orientation of
the platelets (Mitchell, 1953), presumably at the surface
of the sample. The ratio of the external surface to the
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Fig. 2. Electron micrographs of lithium montmorillonite in water. The first picture is taken from a sol of very dilute clay concentration (0.01%).

Here the magnification is such as to be able to observe directly the larger single platelets. Note the wide range of diameters of the plates and their

jagged appearance. This photograph was taken in transmission mode. The second picture is taken in scanning mode. It shows a photograph of
a fractured dried out clay sample. The general structure of faults can clearly be seen.
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Table 1. Neutron and X-ray scattering data.

Element Neutrons! X-Rays?
b-10* cm o 10* cm? f,- 102 cm

H -0.374 81.5 0.28

D 0.667 7.6 0.28

[0} 0.58 4.24 2.25

Al 0.35 1.5 3.65

Si 0.42 22 3.95

t b = coherent scattering length for neutrons; o = total cross
section.
2 Form factor f, is for X-rays at sin ¢ = 0.

mass should be kept as small as possible by increasing
the size of the sample. X-ray powder diffraction can be
done from large samples but absorption leads to large
attenuation effects which are difficult to correct espe-
cially when measuring the spread in platelet-orienta-
tion. The second property of neutrons is that they are
scattered relatively strongly by light atoms (see Table
1). Hydrogen and deuterium scatter with different
phases and amplitudes and further structural informa-
tion can be obtained therefore by using isotopic sub-
stitution or H-D scattering contrast as controllable vari-
ables. Finally, it is relatively easy to obtain neutrons of
longer wavelengths (0.5 < X (A) < 30.0) suitable for
small angle scattering experiments (Jacrot, 1976).
These may be used to study the long repeat spacings
found in clay—water systems and are of particular value
for following the swelling of clays to the gel and sol
states. Preliminary results of neutron small angle scat-
tering from clay-water sols are described by Cebula et
al. (1978).

No neutron diffraction experiments on aqueous dis-
persion of clays in water have been published. Adams
et al. (1976) have done neutron diffraction from kaolin-
ites intercalated with organic compounds and have suc-
cessfully determined positions of hydrogen atoms in
these systems.

EXPERIMENTAL METHODS
Preparation of samples

The raw clay material used was bentonite from Clay
Spur, Wyoming (A.P.I. No. 26). Standard techniques
described elsewhere by Callaghan and Ottewill (1974)
were used to remove residual organic compounds and
traces of undesirable heavy metal cations. Experiments
were done using Li, Na, K, and Cs as homionic forms
of montmorillonite.

Two methods were used to prepare the compacted
samples. In the first method, a specialized apparatus
was used to compress clay dispersions at constant pres-
sure so that the clay platelets were aligned against a
millipore filter (Barclay and Ottewill, 1970). In this
method a number of compression-decompression
cycles could be carried out in order to improve the reg-
ularity of the arrangement of the platelets. The milli-
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pore filter also provided a robust support for the sample
and thus facilitated its removal from the apparatus. In
the second method, water was sucked out of the sol
through a filter, approximately as described by Shaw
(1972). Both methods give samples with a spacing of
about 20 A (2.0 g H,O/g clay). Finally, the samples were
dried down to a water content of less than 0.3 g H,O/g
clay, corresponding to approximately three molecular
layers of water between the platelets. The number of
cations also present between the layers is determined
by the cation exchange capacity.

The sizes of sample varied from 1 to 3 cm in diameter
and were chosen to contain sufficient clay to transmit
about 95% of the incident neutron beam. At this trans-
mission secondary scattering events are negligible and
so no complicated corrections for this are necessary.
Typical samples were 0.5-1.0 mm thick, with water lay-
er thicknesses (H, in Figure 1) of up to 10 A; this value
can be compared with 9.6 A for the thickness of the
single montmorillonite platelet (C in Figure 1).

Sample environment

The adsorption isotherms for water vapor into the
montmorillonite used in this work have not been mea-
sured. For comparison with the diffraction results it is
assumed that they are similar to those on other mont-
morillonites (Mooney et al., 1952; Keren and Shain-
berg, 1975). The water content of the sample can be
fixed therefore by choice of the appropriate relative
humidity and temperature. To control the temperature
and relative humidity of the sample during experiments
a special aluminum chamber was made. Thin aluminum
is transparent to neutrons, so windows were machined
in the walls of the chamber allowing passage of incident
and scattered neutrons to and from the sample. The
chamber was airtight except for a gas inlet and outlet
through which was circulated air at a known relative
humidity produced by bubbling the air through a suit-
able saturated salt solution with a small diaphragm
pump. Salt solutions and their relative humidities have
been tabulated by O’Brien (1948). The temperature of
both the sample chamber and salt solution was con-
trolled by constant temperature jackets. Samples were
considered to have reached equilibrium when no fur-
ther change in their diffraction pattern could be de-
tected. Changing the number of water layers in a sample
took about 6 hr.

Neutron diffractometers
Three neutron diffractometers were used:

(1) Guide tube, 7H2R at A.E.R.E. Harwell (Haywood
and Worcester, 1973).
Incident wavelength, A = 4.73 A.

(2) D16 at Institut Laue-Langevin (I.L.L.), Grenoble
(Institut Laue-Langevin, 1977).
Incident wavelength, A = 4.63 A.
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Fig. 3. Loci of scans through reciprocal space. The lattice is shown

as a series of dots and the direction of the scans is indicated. k,, k, are
the wave vectors of the incident and scattered neutrons.
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These are single crystal type diffractometers with a de-
tector which can be scanned in a plane, moving through
an angle of 26 with respect to the incident beam. The
sample can be rotated about the same axis as the de-
tector. The angular resolution of each machine can be
varied by the use of slits before and after the sample.

(3) D11, I.L.L. Grenoble (Schmatz et al., 1974).
Incident wavelength, 4.0 < A < 16 A.

This instrument has a two-dimensional multidector
(64 x 64 cm?) with its center on the line of the incident
beam. Small angle scattering close to the transmitted
unscattered beam as well as Bragg spots or Debye-
Scherrer rings can be measured in two dimensions in
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Fig. 4. Comparison of (001) reflections from a lithium-montmorillon-
ite sample obtained by neutron and X-ray diffraction. The plots have

been transformed to s because the wavelength for the two experiments
was different. (RH = 76%, d = 15.1 A)

1l

a single exposure. This is similar to a normal Debye-
Scherrer X-ray camera but with the sensitive area close
to the primary beam.

RESULTS

Three types of diffraction experiment were done and
are treated separately below. The loci of these scans
through the reciprocal lattice are summarized in Fig-
ure 3.

Normal crystal diffraction: «w, 26 scan

Starting with the plane of the sample in line with both
the beam and the detector, the sample orientation was
changed by w(= 8) and the scattering angle between
beam and detector by 2. This experiment gives a con-
ventional diffraction pattern of the (00/) reflections.
Though the range of 26 used would include five orders,
usually only the (001) reflection was observed and that
was always very broad compared with the resolution
of the machine. At higher angles there was just a high,
flat background. X-ray patterns obtained for identical
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Fig. 5. Diagram showing (001) reflections in the neutron diffraction pattern at various relative humidities from a compacted lithium-montmo-

rillonite-water sample. Background scattering from the sample humidification chamber has been subtracted.

samples usually gave up to four orders of reflections
with much narrower peaks. The different appearances
of the first reflection (001) in neutron and X-ray patterns
from the same sample are shown in Figure 4. The X-ray
pattern is characteristic of a well-ordered structure
while the neutron pattern is characteristic of a highly
disordered structure (see discussion below). This sup-
ports the suggestion made in the introduction that an
advantage of neutron scattering is that it observes the
average, less well ordered structure, of the whole sam-
ple, while X-ray diffraction is from better ordered parts
of the clay close to the surface of the sample.

Neutron diffraction patterns of this type were re-
corded at several relative humidities and a set of results
for the lithium-montmorillonite-water system is shown
in Figure 5.

The patterns shown here are from samples prepared
by compression using two decompression-compression
cycles. No difference for this type of pattern was seen
between compression samples and samples prepared
by suction. Likewise no difference was seen between
the patterns from Li, Na, K, or Cs samples other than
the expected changes in the basal spacing associated
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with each ion. As the relative humidity increases there
is a stepwise increase in the thickness of the water layer
from one to two to three molecular layers. Because the
neutron reflections are very broad they overlap, but the
best quantitative explanation of the overall peak shape
at any given humidity is that it is composed of one or
more peaks arising from diffraction from domains hav-
ing spacings corresponding to one, two, or three layers
of water. This is shown by the asymmetry of the com-
posite peak at relative humidities of 47% and 58% (Fig-
ure 5). They both appear to be made up of at least two
diffraction lines. Another feature that can be seen in
Figure 5 is the decrease of intensity of the peak with
relative humidity. This is caused by the change in the
structure factor of the reflection as a function of water
content. The background also decreases with relative
humidity because it arises largely from incoherent scat-
tering by the protons in the system. In similar experi-
ments on samples having D,0O instead of H,O in the
water layers no incoherent scattering was recorded but
also no reflections were seen at all. This is because,
uniike an H,O layer, the scattering length density of a
D, O layer is positive and comparable with that of a clay
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Fig. 6. Plot of basal spacing (peak position represented by )
and skewness of reflections from Figure 5. Here the skewness (-----)
is taken as the half width of the peak at half height above the back-
ground. Note the reversal in skewness as the relative humidity changes
from 47% to 58%. At 47% the bulk of the peak is on the low 20 side
indicating the presence of d spacings larger than the mean. At 58% the
larger basal spacing has become the mean and the asymmetry on the
high 26 side shows the existence of basal spacings smaller than the
mean.

platelet. The contrast of the clay in H,O is therefore
much greater than in D,O. This reduction in contrast
accounts for the very small structure factors for both
D,0O samples and samples containing very little H,O.

Figure 6 shows the variation of the basal spacing and
full width at half maximum of the (001) reflection with
relative humidity. The information for this figure is cal-
culated from the reflections shown in Figure 5. Figure
6 shows that, at least on the plateaus of the step line
curves, the number of water layers between platelets
is well defined. This is deduced from the relatively nar-
row and symmetrical shape of the diffraction peaks at
these humidities. In the region of changeover from one
to two molecular layers of water between plates (rela-
tive humidities of 47% to 58%) more than one diffrac-
tion maximum must be present to account for the width
and shape of the observed lines.

Rocking curves: w, 20 = constant scan

The detector was set at the angle, 26, corresponding
to the 001 reflection and the sample rotated through an
angle w with respect to the incident beam. This rocking
curve experiment in principle measures directly the
spread in the orientations of regions in the sample
where platelets are stacked together. When the orien-
tation of the sample is such that the plane of the sample
is parallel to the incident beam (w = 0) or to the de-
tected beam (w = 26), the intensity of the detected
beam is strongly reduced because, in these positions,
the path length of the beam through the sample is very
long. From the thickness and the transmission coeffi-
cient of the sample, measured as described in the Ap-
pendix, Part 1, an attentuation factor can be calculated
for all @ and 26 except very closetow = O and w = 26.
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Fig.7. Rocking curves for lithium montmorillonite (RH = 32%,d =
c+ H, =121 A). o = observed data, O = data corrected for atten-
uation. = Gaussian + flat background.

Details of the calculation are given in the Appendix,
Part 2.

A typical measured rocking curve is shown in Figure
7 with the corresponding curve after the attenuation
corrections have been applied. The small incoherent
scattering background has been subtracted. The full
width of the peak at half its maximum above the flat
wings is a convenient measure of the mean mosaic
spread in the sample. This has the same value of about
40° for both compression and suction samples. It is also
independent of exchanged cation. The spread has ap-
proximately the shape of a Gaussian superimposed on
a flat ‘background.” The significance of the ‘back-
ground’ is described below in connection with the rel-
ative ‘powder’ and ‘crystal’ contents of the sample.

Powder diffraction: @ = 90°, 28 scan in
two dimensions

The third type of experiment was done on the neutron
small angle camera, D11. Both sample and multidetec-
tor are perpendicular to the incoming beam, thus giving
a diffraction pattern in transmission. An isometric pic-
ture of the counts recorded in each counter of the two-
dimensional detector bank is shown in Figure 8(a).
A complete Debye-Scherrer ring is observed showing
that at least some of the clay platelet stacks are ran-
domly oriented. Since the sample is perpendicular to
the beam this reflection corresponds to parts of the
rocking curve (Figure 7) at @ = +90° which are flat and
not very intense. We attribute the appearance of a com-
plete Debye-Scherrer ring to powderlike elements in
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Fig. 8. Transmission diffraction pattern (a) obtained from a lithium-montmorillonite on the camera D11. The central square is the shadow cast

by the incident beam stop protecting the counter. The Debye-Scherrer ring is seen clearly. After suitable correction of the 2-D pattern, radial

integration gives curves of the type shown in (b). Lithium montmorillonite (RH = 76%, d = 15.1 A). O = twice compressed sample, ® = once
compressed, + = suction sample.

the structure. The widths of these diffraction rings are
comparable with the machine resolution.

In this experiment, unlike the others, samples pre-
pared by the two different methods gave different re-
sults. In Figure 8(b) are shown intensities integrated
around the Debye-Scherrer ring at various radii away
from the unscattered beam. The scale is converted from
radius to angle of scatter, 26. The samples used were
lithium-montmorillonite respectively sucked (A), once
compressed (B), and twice compressed (C). The more
intense peak observed for the twice compressed sample
shows that the degree of ordered conformation within
the randomly oriented fraction of the clay is increased
by compression.

DISCUSSION

The appearance of a Bragg diffraction pattern indi-
cates that there is some degree of order within stacks
of clay platelets in the clay-water samples. In every
case there is a strong, though broad, (001) reflection but
no higher orders can be distinguished. The width of a
diffraction line is usually taken to be inversely propor-
tional to the crystallite size, being given by the Scherrer
formula (Guinier, 1963). Applying this to the observed
width of the (001) reflection shows that the average
stack contains about seven platelets.

This small crystallite model is not a good description
of the system. First, considering the large diameter of
the platelets, the calculated thickness of composite
platelet stacks is so small that a large number of dis-
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ordered regions would have to be present in between
domains to accomodate all the platelets. For example,
in addition to small pockets of high order such as (D)
in Figure 1, there has to be interleaving of the platelets
in regions such as (A) and (B) in Figure 1 which are
better regarded as amorphous. Second, the shape of the
001 reflection is markedly asymmetric and this cannot
be explained in terms of particle size effects.

The faults listed earlier in the paper lead to irregu-
larities in the positions of clay platelets on the lattice.
If, for example, the clay platelets are not all equally
spaced the condition for Bragg diffraction is less well
defined and the pattern will be of generally poorer qual-
ity. It is also likely that no two platelets will be perfectly
parallel over all their area, leading to wedgelike chan-
nels, again giving rise to poorer definition of lines in the
diffraction pattern. A more convenient description of
the lattice is in terms of a distribution of basal spacings
about a mean value.

A reasonable model of the clay is that of platelets
stacked irregularly along the axis of a one-dimensional
lattice, a platelet lying at a distance d(1 + {(8)) from the
previous one where f(8) is much smaller than unity. The
chance of f(§) having a particular value is given by a
suitable distribution function. The simplest such func-
tion which accounts for the observations is a Gaussian
which can be characterized by a single parameter, 5,
related to the halfwidth (see Appendix, Part 3). A Gaus-
sian distribution has the advantage that it is easily in-
corporated into an analytical expression for the dif-
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Fig. 9. Diagrams illustrating disordered reciprocal lattices Z(s) and
the corresponding diffraction patterns, I(s), produced when multiplied
by |Fs(s)|. The calculations are for ¢ = 9.6 Aandd = 15.0 A. The
value of § is 1.25 corresponding to a half width in the lattice disorder
of about =10%
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Fig. 10. Analysis of an (001) diffraction reflection of lithium mont-

morillonite at RH = 76%, d = 15.1 A, ® = observed data. Full width

at half maximum (FWHM) = A(26) = 3.2°. = line calculated

using the disordered lattice model. The disorder parameter, 8, is the
same as for Figure 9.

fracted intensity. The diffraction pattern is constructed
by calculating the Fourier transform of the disordered
lattice to reciprocal space and multiplying this by the
square of the structure factor for a single platelet. The
details of the calculation are given in the Appendix, Part
3. Examples of the reciprocal lattice, Z(s), the structure
factor | Fy? (s)|, and the final pattern, I(s) are shown in
Figure 9 for a particular value of the disorder parameter
S. |s‘ = (2/A\)sin 6.

As well as explaining why higher orders of reflection
are weak, the model adequately explains the width and
asymmetry of the first order reflection. A comparison
of calculated and observed diffraction patterns is
shown in Figure 10. The best fits to the shape of the
(001) reflection are obtained with values of § which sug-
gest that the basal spacing frequently varies by +10%.
Within the model this could be caused either by wedge-
like channels or by variation in the spacing between
parallel platelets. The basal spacings for one, two, and
three layers of water are 12, 15, and 18 A respectively.

For the two-layer case, a Gaussian distribution of
10% gives a spread of lattice parameters from about
13.5to 16.5 A. This is not large enough for there to be
significant contributions from regions with one and
three layers of water. The fit of this distribution to the
observed diffraction patterns shows that the number of
water layers is reasonably well defined, at least on the
plateaus of Figure 6. If the spread of lattice spacing
were much greater, say 20%, there would be strong
overlap of the distributions corresponding to one, two,
and three water layers over the whole range of relative
humidity. Such a breakdown is likely in the regions of
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the steps of Figure 6, for example, for a Li sample at
47% relative humidity.

Because of the large ratio of diameter to thickness of
the platelets it is likely that there will be regions where
the platelets fold or buckle as in (C), Figure 1. Such
regions of gross folding will also reduce the definition
of the diffraction pattern. Giiven (1975) has calculated
that as the average radius of bending falls below 500 A
the (00!) reflections disappear rapidly. Even for bending
radii above 1000 A there is a significant effect on the
diffraction pattern. Since this effect is continuous in s
it will also change the shape of broad diffraction lines.
Saxena and Schoenborn (1977) have formulated the ef-
fect of vertical beam height and divergence with mosaic
spread in the sample on the intensity of observed re-
flections. Using their equations and the observed mo-
saic widths obtained in this work for the clay-water
samples, it is expected that the intensity of the (001) will
be depleted by ~55% and the (002) by ~76% of their
calculated values. This effect increases for higher or-
ders of diffraction. This will produce an additional cor-
rection factor to our model which will necessarily im-
prove the fit of both calculated intensities and line
shapes to the experimental data.

It can be seen from Figure 9 that the model predicts
a flat signal at high values of s. In principle, the ob-
served height of the ‘background’ could be used as an
extra parameter to be fitted by the model. In practice
it is not easy to separate this contribution from diffuse
scattering, incoherent scattering from protons, and low
intensity powder diffraction in between Bragg peaks.

Though it is not possible to separate the effects of
folding and stacking faults on the diffraction pattern,
the interpretation through the one-dimensional distort-
ed lattice model gives a more precise description of the
system than one based on particle size effects. A similar
conclusion was reached by Kodama et al. (1971) in their
analysis of the X-ray diffraction of microcrystalline
muscovites.

The interpretation of the rocking curve is that the
mosaic spread of the particles in the system is not flat,
as it would be for a random powder, and is not sharply
peaked, as it would be for a perfectly ordered poly-
crystal. The corrected distribution is accounted for by
a constant ‘background’ with a Gaussian above it.

Electron microscopy of dilute montmorillonite sols
shows extensive polydispersity of platelet diameters.
Similar experiments on compressed samples also show
a lot of folds (Figure 2). It is now suggested that the
peaked feature in the rocking curve can be attributed
to the packing of the larger platelets parallel to the plane
of the sample. Folds, wedgelike channels and misori-
entation of the particlelike regions contribute to the
Gaussian distribution. The flat contribution to the rock-
ing curve can only come from randomly oriented stacks
of platelets. Parts of the sample most likely to be ran-
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domly oriented are (B) and (C) in Figure 1. The former
in turn will be associated with the small platelet fraction
of the clay and may be the cause of folding faults
through edge to face interactions.

The interpretation of the flat contribution to the rock-
ing curve given above, is confirmed by the D11 exper-
iment which gives the complete Debye-Scherrer ring in
the transmission diffraction pattern. This can be ex-
plained only by the presence of randomly oriented
groups of particles each consisting of several platelets.

At low water spacings used for these experiments
(one to three layers) there are no differences in platelet
packing for montmorillonite containing either Li, Na,
K, or Cs as exchanged cation. The only difference is
the variation of the basal spacing with relative humid-
ity. For K and Cs the transition from one to two to three
layers of water is much less sharp than for Li and Na
(Mooney et al., 1952). This does not seem to be asso-
ciated with any fundamental differences in the struc-
ture. Neutron small angle scattering experiments at
much higher water content (in the sol) indicate that with
increasing amounts of water the nature of the cation
does affect the relative arrangement of the clay plate-
lets.

The method of preparation might be expected to af-
fect the distribution of the larger platelets, the order
parameter & (spread in basal spacings), the fraction of
randomly oriented material and the quality of its pack-
ing. No difference has been found in the first two prop-
erties in samples prepared by compression and suction.
It seems probable from the D11 results that the quality
of packing in the powder fraction is much improved by
compression. Compression redistributes platelets from
grossly distorted regions increasing the fraction of ran-
domly oriented stacks of material. In both kinds of sam-
ple the randomly oriented fraction is small, about 8%.
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APPENDIX
Part 1

The law governing the attenuation of the neutron
beam is assumed to have the form:

Iy, = exp(—pl) M

u is the linear absorption coefficient, / is the path length
through the sample. I, is the relative intensity of the
unscattered beam.

A pencil beam of neutrons, formed by screening the
normal beam with cadmium slits, is produced. For the
same monitor count in each position, the sample is held
at angles to the fine beam so as to present path lengths
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directly through the sample which are integer values of
t. Here t is the average thickness of the sample and so
{ = nt. (With the plane of the sample at 90° to the in-
cident beam, n = 1, and for the sample at 30°, n = 2
and so on.) A plot of In(l,; ) against n has a gradient of
—ut. The quality ut is used for the attenuation correc-
tion. It is not necessary and in any case not of use to
separate u and t because t cannot be measured accu-
rately.

Part 2

Correction for attenuation of the beam passing
through the sample is taken from the general approach
of Buerger (1967). Consider the sample to be divided
up into n subunits, labelled i. The transmission factor,
T is:

T = Un Y expl-alty + t)] ®

i=1

where t;; is the path length of the incident beam in the
sample before scatter and t;, is the path length of the
scattered beam in the sample. For an arbitrarily shaped
sample (t;, + t;;) will be a function of the sample’s ori-
entation to both incident and scattered beams. For disk
samples with radius R very much greater than their
thickness t, equation (2) can be simplified. Dividing the
radius into ng units and the thickness by n, units, since
R > t then ng > n;. We can then write (2) as

T = expl—ult, + 1,)] 3)

For plane samples rotating at an angle @ and sampling
the scattered beam at an angle 26, both with respect to
the incident beam, we can separate three scattering
configurations shown in Figure 11. Expressions giving
the angular dependence for the three cases are:

1.t —%-llsin|w|
tp = % 1sin(20 + |w|) @
2.t = le‘sin[w[
2
t = % Isin20 — |w|) ©)
3.1, = L-1sin|w|
2
ty = % sin(|w| — 26) 6)

To correct the intensity measured at any (w, 26), I,(»,
20), divide I(w, 28) by T(w, 26). The correction be-
comes unreliable very close to @ = 0 and w =~ 26 and
corrections have not been made in these regions of w.
In equations (3)-(6) only the product ut appears and it

https://doi.org/10.1346/CCMN.1979.0270105 Published online by Cambridge University Press

Neutron diffraction from clay-water systems 49

Configuration !

[’
. /
t2
Configuration 2 /
t
t
l h

26-90<w< O

2
O<iw<28

g

/

Configuration 3

26< W <28 +90

26 2
%/

Fig. 11. Diagram to illustrate three configurations where attenuation

in plane samples is significant. The detector is at an angle of 28 to the

incident beam and is fixed. The plane of the sample rotates through .
The variation of t; and t, with w and 24 is shown.

is this quantity that is measured by the method in Part
1 of the Appendix.

Part 3

The calculation of the one dimensional distorted lat-
tice is taken from Guinier (1963). A diffraction pattern
of (00/) reflections may be represented mathematically
as

I(s) = |Fy(s)|-Z(s)- A(s) (7N
where
|s| = (2/A) sin 8,

I is the intensity, F, represents the structure factor of
the unit cell, Z is the reciprocal lattice and A takes into
account instrumental factors such as attenuation and
Lorentz factors. This is to be compared with the for-
mulation of I, (s) presented by Plangon and Tchoubar
(1977). By suitable choice of F, and Z we can construct
a diffraction pattern I. The simplest form for F, for the
clay plate is a two-sided, Heaviside function:

0 |x|>cn

Foa) = {l [x]|< c2

®)
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x is the real dimension and c is the thickness of the clay
plate. This form of F, is chosen for two reasons. First
it adequately represents the neutron scattering profile
across the clay—water system’s unit cell and second the
transform of Fy(x) to reciprocal space, F((s) is well
known:

f ) Fy(x)-exp(—2misx) dx = c-sin(msc)/(wsc)

9
The model for Z is taken directly from Guinier (1963).
6 is a parameter which characterizes h(x), which is the
distribution function of the distances between neigh-
boring points on the lattice. Z(s) has an analytical form
provided h(x) is chosen to be a Gaussian with a full
width at half maximum of §/0.85. & is defined as:

8 = fh(x)(x — d)? dx 10)
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PesioMe- ONMHCHBAaeTCH HCHOJIb30OBaHUE HENTPOHHON OUPpakUHUH OJS onpepelieHHs He-
KOTOPHX CTPYKTYPHHX CBOMCTB CHCTEM MOHTMOPHJUIOHHT-BOAA NPH HU3KOH KOHUEHT-
pauyH BoOH. O6pasIili MPUIOTaBJIHBAJIUCHE C NOMOWBI CXaTHS WX BHCACHBAHUS,YTO™
6H MOJIYYUTE 06pasus IVIHHH,cOZepXamHe OT OOHOI'O OO TpexX MOJIEKYJIAPHHX CJIOeB
BOIOH MeXOy IUIaCTUHKAaMH,

Okosio 10% MNacTHHOK B IVIMHAX OPHEHTHPOBaHH 6GecnopanouyHo. OcTallbHHE 4YacTHuu-~
HO OPHMEeHTHPOBAHH B IUIOCKOCTH of6pasua,C YyIrJloM PAacCeHBaHHUA B 40° x cpemheit
OPMEHTAallMM. BHUIO MPEANOoJIOKEeHO,UYTO 3TH OPHEHTHPOBAHHHE HOMeHH (OPMHPYKHTCS
U3 BGONBIHX I[JIACTHH,IPHCYTCTBYHWHUX B CHCTeMme. [uarpamMma nouppaxlUHH Bparra
Jyulle OBDbACHAETCH MOOEJIBK BeCHOPANOYHON peuleTkH,dYeM CMEuaHHOM MOIEeNipld C He-
B6ONBUIKMH YaCTHLAMM , UMEOMHUMH OIIPERes/IeHHH napaMeTp peuleTKH. My NpUBeJIM B KO-
JIMYeCTBEHHOE COOTBETCTBHE Kak HMHTEHCHBHOCTH oTpaxenu#t (001),rak u dopmy oT-
paxenu#t (001) ¢ momennw,KoTOpPas paeT NPHMEPHO cpeliHee 3HaueHWe M pacceu-
BaHua l'ayccHaHa,xapakTepu3ylmero NpoOMeXyTKH Mexny nJlacTHHKaMH. [IoJIoBHHa WH-
PHHH DacCeuBaHHA cocTaBiasgeT okosio 10% mapaMeTpa pelmeTKH.

He 6mUI0 OBHAPYXEHO 3HAUYHUTENIbHHX CTPYKTYPHHX pas3jnuud mMexngy Li,Na,K u Cs
MOHTMOPHJUJIOHHTaMu . MeTOn NPHUI'OTOBJIEHUA He BJIUAET Ha CTPYKTYDPHHE CBONMCTBA
6OJIBWHX IUVIACTHHYATHX YaCTHL,HO BO3OEeHCTBYEeT Ha 6eCHOopPAIOYHO OPHEeHTHPOBAHHYIO
épaxkuuio, [lapaMeTp pemweTKH IOCHeOHeH, NOBUIUMOMY,JIyudule ONpenesyieH I ob6pas-
OB, IPUTOTOBJIEHHHX C TOMOWBI CXATHUA.

OnMHTH I10 H3MEeHEeHHMKW [apaMeTpa pelleTKH B 3aBHCHMOCTH OT BJIAXHOCTH YKa3HBAaKWT,
4YTO CTPYKTYPHAdA MOMOEJNb,KOTOPYKW MuH HCHOJIL3OBAaJIH,O0TBeYaeT TpebOBaHHAM,3a HCK-
JIIOYEeHHEM TakKUX BJIaXHOCTEeV,KOorna B CHCTeMe HabnwopawTcA H3MeHeHHSA cJioeB BOIOH
oT 1 no 2 wnu or 2 mo 3.

Kurzreferat- Die Benutzung von Neutronendiffraktion fiir die Bestimmung wvon
einigen strukturellen Eigenschaften von Montmorillonit-Wasser Systemen bei
niedrigen Wasserkonzentrationen wird beschrieben.Die Proben wurden durch
Kompression oder Saugen prédpariert,um Tonproben mit einer bis drei Molekiil-
schichten von Wasser zwischen den Platten zu ergeben.Ungefdhr 10% der Pl&tt
chen in dem Ton sind nicht geordnet.Der Rest ist teilweise in der Ebene der
Probe angeordnet mit einer Winkelspanne von 40° um die mittlere Orientie-
rung.Bs wird vorgeschlagen,daB diese geordneten Bereiche von den im System
anwesenden,gréBeren Plittchen geformt werden.Das Muster der Braggschen Dif-
fraktion kann besser mit einem nicht geordneten Gittermodell erkldrt werden
als mit einem gemis$chten Modell,welches kleine Teilchen mit gut definier-
ten Gitterabstidnden besitzt.Wir haben sowohl die Intensitdten der (00l) Re-
flektionen wie auch die AusmaBe der (00l) Reflektion gquantitativ einem Mo-
dell angepaBt,welches eine GauBsche Verteilung der Pl&ttchenabstédnde zulds-
st.Die Halbweite der Verteilung ist etwa 10% der Gitterabstdnde.Keine be-
deutenden strukturellen Unterschiede wurden unter Li,Na,K und Cs Montmori-
lloniten gefunden.Die Art der Ausfiihrung der Prédparation hat keinen Effekt
auf die strukturellen Eigenschaften der groBen Plattchen,beeinfluBt jedoch
den nicht geordneten Anteil.Der Gitterabstand der letzteren scheint besser
definiert zu sein fiir Proben,die durch Kompression hergestellt werden.Ex-
perimente mit der Variation der Gitterabstdnde mit Luftfeuchtigkeit deuten
an,daB das strukturelle Modell,mit Ausnahme von Luftfeuchtigkeiten,bei de-
nen das System von 1 auf 2 oder 2 auf 3 Wasserschichten {iberwechselt,hin-
reichend ist.
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Résumé-L'emploi de la diffraction de neutrons pour déterminer certaines
propriétés de la structure des systémes montmorillonite-eau 3 de basses
concentrations d'eau est décrite.Les échantillons ont &té préparés soit
par compression,soit par aspiration,pour donner des échantillons d'argile
ayant entre un et trois feuillets moléculaires d'eau entre les plaquettes.
A peu prés 10% des plaquettes dans l'argile sont orientées au hasard.lLe
reste est partlellement orienté dans le plan de 1'échantillon,avec une en-
vergure d'angle de 40° par rapport a4 l'orientation moyenne.Il est suggéré
que ces domaines sont formés par les plus grandes plaquettes présentes
dans le systéme.les diagrammes de diffraction de Bragg sont mieux expli-
qués par un modéle de réseau cristallin désordonné que par un modéle de
mélange contenant de petites particules ayant une périodicité d'édifice
cristallin bien déterminée.Nous avons quantitativement ajusté 2 la fois
les intensités des réflexions (001) et la forme des réflexions (001) &
un modéle qui permet une envergure de Gauss 3 la périodicité de plaquettes
autour d'une valeur moyenne.lLa moitié de la largeur de cette envergure est
d'environ 10% de la périodicité du réseau cristallin.Il n'a &té trouvé au-
cune difference significative de structure entre les montmorillonites Li,
Na,K et Cs.La méthode de preparatlon n'a aucun effet sur les propriétés
de la structure des particules 2 larges plaquettes,mais affecte la partie
orientée au hasard.La périodicité du réseau crlsta111n de cette partie
semble mieux définie dans les &chantillons préparés par compression.Des
expériences sur la variation de la périodicité de 1'édifice cristallin
due 4 1'humidité indiquent que le modé&le que nous avons employé& est adé-
quat sauf Z des humidités oli le systéme change d'une 3 deux ,ou de deux
d trois couches d'eau.
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