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Abstract—The hydrated form of tubular halloysite [halloysite (10 A)] was observed by a conventional electron microscope
equipped with an environmental cell (E.C.), by which the *‘natural’ form was revealed without dehydration of the inter-
layer water. This study mainly reports the selected area electron diffraction (SAED) analysis of the halloysite (10 A) and
its morphological changes by dehydration. The SAED pattern showed halloysite (10 A) has two-layer periodicity in a
monaclinic structure with the unit cell parameters ofa = 5.14 A, b = 8.90 A, ¢ = 20.7 A, B = 99.7°, in space group Cc,
and almost the same structure as the dehydrated form of halloysite (halloysite (7 A)). This means that the dehydration of
the interlayer water did not greatly change or affect the structure of halloysite (10 A). Accompanying the dehydration of
the interlayer water, there appeared along the halloysite tube axis clear stripes that were about 50-1060 A in width. The
diameters of the tubular particles also increased about 10%. From the results of various experiments, such as a focussing
series, observation of the surface structure by the replica method, observation of end-views of the tubular particles, and
others, these two phenomena were explained as follows: Halloysite crystals have ‘‘domains’ along the c-axis direction,
the thicknesses of the “domains” vary ca. 50-100 A. They are tightly connected with each other when the halloysite is
hydrated, but are separated from each other by the dehydration of the interlayer water, whereupon the stripes come into
existence along the tube axis. Taking these considerations into account, a model of dehydration is proposed. Moreover,
a new method of calculating the g-angle is proposed in the Appendix.
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INTRODUCTION

The interlayer or adsorbed water in some clay min-
erals, such as halloysite (10 A),* montmorillonite, ver-
miculite, imogolite, allophane, etc., is quite susceptible
to dehydration in dried air, in vacuum, or at moderately
high temperature in the atmosphere. The dehydration
or deformation of these specimens, therefore, neces-
sarily occurs when we have observed them by conven-
tional electron microscopy. On the other hand we can
observe the wet or hydrated specimen without dehy-
dration by optical microscopy, but the resolving power
is limited and it is impossible to observe the desired
details of these clay minerals. The interlayer or ad-
sorbed water is an essential component of these clay
minerals. In this sense, we have only observed a ‘‘tem-
porary feature” instead of the ‘‘real feature’ of wet

analysis of minute hydrated crystals and biological
paracrystals (Fukami, et al., 1974; Parsons, 1974; Dor-
set and Parsons, 1975). It has been confirmed also by
some investigators that an environmental cell attached
to a conventional transmission electron microscope is
effective for observing an electron microscopic imaging
of wet specimens without dehydration.

Halloysite is well known as a kaolin mineral com-
posed of 1:1 layers, which occurs in different mor-
phological forms, i.e., tubular and spheroidal forms.
The main geological occurrence of halloysite is in soils
and weathered rocks, and the relation of occurrence
and morphology has been studied by a number of au-
thors (Sudo and Ossaka, 1952; Nagasawa et al., 1969;
Bates, 1971; Askenasy et al., 1973). The structure and
morphology for halloysite (7 A) has been investigated

and/or hydrated specimens when they are viewed by
conventional electron microscopy.

Recently environmental cells have been developed
that enhance the possibilities of electron diffraction

*Various terms are currently used for the hydrated and the less hy-
drous forms of halloysite. We use the terms halloysite (10 A) and hal-
loysite (7 A) to express the hydrated and the dehydrated forms of hal-
loysite, respectively, on the basis of the recommendation of the
nomenclature committee of A.LLP.E.A. at Mexico City (1975). The
term halloysite, however, is occasionally used as a group name, i.e.,
both forms of halloysite, in this paper.
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with conventional electron microscopy (Bates et al.,
1954; Honjo et al., 1954; Honjo and Mihama, 1954;
Souza Santos et al., 1965; Chukhrov and Zvyagin, 1966,
Dixon and Mckee, 1974). The basic structure of halloy-
site (7 A) was established, but that of halloysite (10 A)
has not been examined directly to date, because of the
susceptibility of its interlayer water to dehydration. We
successfully observed the hydrated form of tubular hal-
loysite in an transmission electron microscope
equipped with an environmental cell. This paper mainly
describes the selected area electron diffraction (SAED)
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Table. 1. Evaluation of interlayer water for halloysite (10 A).

Obs. (%) * Calc. (%)
Halloysite(loﬂ)from
Kusatsu 12.3
A1281205(OH)4'2H20 12.2
A1281205(0H)4'4H20 31.8

* o

analysis of halloysite (10 A), and the changes in mor-
phology resulting from dehydration of its interlayer
water.

SPECIMEN
X-ray powder diffraction and thermal properties

The observed specimen was a halloysite (10 A) from
Kusatsu, Gumma Prefecture, Japan, which showed tu-
bular particles in electron micrographs. Under natural
room temperature and humidity, the halloysite (10 A)
showed a strong basal reflection of 10.1 A by X-ray
powder diffraction analysis. The spacing of the basal
reflection ranges from 7 to 10 A depending upon the
state of hydration. These two typical X-ray powder dif-
fraction patterns are shown in Figure 1. The 4.44 A
peaks are strong in comparison with the first order basal
reflection. These patterns are fairly characteristic of
halloysite using the criterion of Brindley (1961) which
requires the 4.44 A peak to be more than half the in-
tensity of the first order basal reflection. The strong
basal reflection of 10.1 A was largely lost when the in-
terlayer water was dehydrated and the 7.4 A reflection
appeared clearly [halloysite (7 A)]. This phenomenon
also occured at a temperature slightly higher than the
usual room temperature, and in a vacuum of about 1
Torr at room temperature for a short period. Once the
interlayer water of halloysite (10 A) was lost, it was not
restored by treatment with water or ethylene glycol,
that is, the dehydration is an irreversible reaction.

DTA curves showed clear endothermic peaks at
about 110 and 560°C, and a sharp exothermic peak at
about 990°C. TG analysis indicated about 12.3% weight
loss between 20 and 300°C. This value indicates that the
interlayer water of the halloysite (10 A) exists as two
water molecules per a basic formula of Al,Si;O5(OH),
as shown in Table 1.

The calculated intensities of basal reflection for hal-
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Observed value by TG, between 20°C and 300°C.

loysite (10 A) (having two water molecules per a basic
formula in the interlayer) and halloysite (7 A) (no water
molecule in the interlayer) are listed in Table 2. Ac-
cording to Table 2, it is obvious that the first and the
third order reflections of halloysite (10 A) are compar-
atively strong, whereas the halloysite (7 A) shows
strong first and second order reflections.

Effect of temperature and humidity

A specimen coated on a slide glass was treated for 30
minutes in a box in which the relative humidity and tem-
perature were controlled. The temperature was held at
steps ranging from 25 to 75°C. After the treatment, the
specimen was X-rayed to determine the change in the
basal spacing from 10 to 7 A (Figure 2). When the rel-
ative humidity was held at 40%, halloysite (10 A) was
changed to halloysite (7 A) at about 40°C. Under a rel-
ative humidity of 100% or slightly less, the change oc-
curred at about 65°C. When the specimen was main-
tained in an oversaturated state, as in a hot water bath,
the halloysite (10 A) did not dehydrate up to about 95°C.
It is revealed, therefore, that the dehydration temper-
ature of the interlayer water in halloysite is strongly
affected by the relative humidity.

EXPERIMENTAL PROCEDURES
Environmental cell

The environmental cell (E.C.) used in this study has
been developed by Dr. A. Fukami, one of the authors,
at his laboratory of Nihon University (Fukami and Ka-
toh, 1972). This E.C. is a type composed of a copper-
microgrid having a single hole, as is used for the con-
ventional electron microscope, sealed by a thin film.
The principle and details of various types of E.C. are
described in previous papers (Fukami, et al., 1974; Fu-
kami and Murakami, 1974; Parsons, 1974).
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Fig. 1. X-ray powder diffraction curves for tubular halloysite of the
present specimen. (A) halloysite (10 A); (B) halloysite (7 A).

This E.C. can be set arbitrarily to gas pressures from
760 Torr to vacuum. The wet specimen was introduced
into the E.C. attached to an electron microscope (JEM
7A) with an accelerating voltage of 100 kV and con-
trolled gas pressure and relative humidity.

Specimens viewed in the conventional electron mi-
croscopes are usually damaged by the irradiating elec-
tron beam. In addition to this damage, they also are
damaged by the dissociation products, such as ions or
radicals generated by the electron beam striking against
gas or water molecules in the E. C. Quantitative inves-
tigations of these damages have been performed (Fu-
kami et al., 1974) where it was found that the electron
dosage (ampere X time/cm?) which did not damage bi-
ological specimens was about 1073 coulomb/cm?.
Moreover, the specimen temperature when exposed to
the electron beam in the E.C. was examined semiquan-
titatively using the dehydration phenomenon of halloy-
site (10 A) in this study.

Observation by environmental cell

A drop of the hydrated halloysite suspension was
placed on a single-hole copper-microgrid sealed by a
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Fig.2. Variation of basal-spacing versus the temperature and relative

humidity for halloysite (10 A). O: relative humidity of 100% or a little

under; A: relative humidity of 40%; —: dehydration temperature of hal-

loysite (10 A) in the condition of 100% or a little under of R.H.: ----—:

dehydration temperature of halloysite (7 A) in the condition of 40%
R.H.

thin carbon film. One minute was allowed for crystals
to precipitate from suspension onto the microgrid sur-
face before the E.C. was inserted into the electron mi-
croscope.

Electron microscopic observation was performed by
a conventional electron microscope (JEM 7A)
equipped with the E.C. and operated at 100 kV. Gen-
erally, in this study, halloysite (10 A) particles were
observed under a water-saturated atmosphere at less
than 100 Torr (abbreviated as E.C. (air)). Next, the at-
mosphere was exhausted to vacuum (abbreviated as
E.C.(vac)). The same particles were observed also in
vacuum. This process is called ‘‘dynamic observa-
tion.”’

Electron microscope images of ‘‘dynamic observa-
tion’” were taken using an industrial X-ray film (Fuji Ix-
150). The other ordinary images, such as Figures 13 and
14, were taken by a usual film for electron microscopy.

RESULTS AND DISCUSSION
Estimation of the specimen temperature

We estimated the specimen temperature in the elec-
tron microscope with the E.C. from the dehydration
temperature of interlayer water of halloysite (10 A).
SAED patterns of halloysite (10 A) in the state of E.C.
(air) were changed to that of halloysite (7 A) by raising
only the electron dosage. This experiment was per-
formed with as large a number of halloysite particles as
possible in the selected area.

SAED patterns of halloysite (10 A) were obtained
with current densities at the specimen of about 10—
10~3amp/cm? for periods of 2 minutes exposure under
the condition of E.C.(air). But the specimens were
present under the condition of E.C.(air) for about 10
minutes in all, which was needed for researching, de-
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Table 2.  Calculated intensity of halloysite (10 A) and halloysite (7 A).
Halloysite (10A) Halloysite (7R)
A1251205 (OH) 4‘ 2H20 A1251205 (OH) 4
o (<]

d(a) I/I, d(a) I/Io

002 10.20 100 7.20 100
004 5.10 3 3.60 116
006 3.40 10 2.40 30
008 2.55% 3 1.80 10
00-10 2.04 5 1.44 12

ciding and focussing the visual field, and for exposure
of the images. Under the same condition of E.C.(air),
the current densities at the specimen were increased in
several steps, and the basal diffractions were observed
as streaks from 10 to 8 A with about 10-2amp/cm? for
periods of 2 minutes exposure. With about 10-'-
10~2amp X 2 min/cm? the basal diffraction spots and
ring of 7.4 A were obtained. It is obvious that the basal
spacing of the halloysite correlates with the electron
dosage at the specimen. The shrinkage of the basal
spacing that is derived from dehydration of the inter-
layer water will be changed as a result of raising the
temperature in the E.C. by exposure to the electron
beam. From these results, the relation between the
specimen temperature and the electron dosage at the
specimen in the E.C. was estimated. Under the con-
dition of E.C.(air), the transition temperature at which
the halloysite changed from the 10 A phase to the 7 A
phase was estimated as about 65°C because it occurred
at about 65°C in the case of 100% relative humidity, and
at about 40°C in the case of 40% relative humidity.

SAED analysis of halloysite (10 A) and
halloysite (7 A)

SAED patterns of a single crystal of halloysite (10 A)
could be obtained under the water-saturated air con-
dition, E.C. (air), with current density at the specimen
of approximately 10~*amp/cm? and exposed for a period
of 2 minutes (Figure 3). This pattern shows no change
during exposure for a period of 10 minutes. Then, ‘‘dy-
namic observation’’ was applied and the same particle
was observed in vacuum. The SAED pattern obtained
under E.C. (vac) is shown in Figure 4, which is the same
pattern usually observed by conventional electron mi-
croscopy. The characteristic feature of the SAED pat-
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tern from a single crystal of halloysite is that it contains
reflections corresponding to two zones of hkl and A0L.
This is due to the full rotational symmetry arising from
the cylindrical character of the ‘‘single’” crystal. The
orientation of the crystal axes is obvious from the dif-
fraction spots in Figures 3 and 4, that is, the horizontal
direction is the b*-axis and the a*- and c*-axes are per-
pendicular to the b*-axis.

Generally, SAED patterns from cylindrical crystals,
such as halloysite or chrysotile, show a tendency for
hkl reflections to appear as streaky diffraction spots and
hOl as sharp diffraction spots. The present specimen
shows essentially this relationship. Honjo et al. (1954)
and Honjo and Mihama (1954) studied many single
crystals of halloysite or “‘tubular kaolin’’ by electron
microscopy and reported that most of the crystals
showed the fiber axis to be the s*-direction, with the
a*- and c*-directions perpendicular to b*, as in the
present study.

Microdensitometric traces along the basal reflections
were performed for the SAED pattern of halloysite (10
A) and halloysite (7 A) as shown in Figure S. The basal
reflections of halloysite (10 A) were observed clearly
at 10.2 A and coincided with that of the halloysite (10
A) observed by X-ray powder diffraction analysis in the
natural wet state (Figure 1), which indicated that the
SAED analysis was performed without dehydration of
the interlayer water of halloysite (10 A). On the other
hand, microdensitometric traces for the SAED pattern
obtained in the condition of E.C. (vac) shows 7.4 A and
3.7 A basal reflections (Figure 5,B). This shows that the
interlayer water of the halloysite (10 A) is completely
dehydrated.

Clear basal reflections of 9.9 A, 8.6 A, 7.9A, and 7.3
A could be observed in a single crystal at one time as
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Fig. 3. SAED pattern of a single crystal of halloysite (10 A) obtained by electron microscope with E.C. The condition in E.C.—water-saturated
air condition with 80 Torr; Current densities—about 1074 amp/cm? for 2 minutes exposure.

Fig. 4. SAED pattern of a single crystal of halloysite (7 A) obtained by electron microscopy with E.C. The condition in E.C.~—vacuum condition
with 1075 Torr; Current densities-—about 10~* amp/cm? with 2 minutes exposure.
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Fig. 5. Microdensitometer traces along with the [#0/] direction on the
SAED patterns. (A) for halloysite (10 A); (B) for halloysite (7 A).

shown in Figure 6, which shows an intermediate state
between fully hydrated and fully dehydrated halloysite.
A broad basal reflection ranging from 10 to 7 A is often
recognized in X-ray powder diffraction, but it had not
been obvious previously whether the particles of hy-
drated and dehydrated halloysite existed as a mechan-
ical mixture in the powder specimen or whether both
hydrated and dehydrated parts coexisted in one halloy-
site particle. This result reveals that the partial dehy-
dration occurs in one halloysite particle and that each
phase contributes to the electron diffraction. This
means that a single crystal of an halloysite particle can
exist at an intermediate state between the fully hydrat-
ed and the fully dehydrated forms, and that most of the
layers in the crystal make a random interstratified
structure between halloysite (10 A) and halloysite (7 A).

The (020) diffraction in both SAED patterns of hal-
loysite (Figures 3 and 4) appears at 4.45 A, which in-
dicates that b, = 8.90 A, and the neighboring diffrac-
tion spot appears perpendicular to the b*-direction at
about twice the spacing of the first order basal reflec-
tion. Microdensitometric traces for SAED patterns of
both the halloysite (10 A) and the halloysite (7 A) were
performed along the (02/) direction as shown in Figure
7. The upper trace (A) is for halloysite (10 A) and the
lower (B) for halloysite (7 A). The distance between the
(020) diffraction spot and its nearest neighbor is about
20 A for halloysite (10 A) and is 14.6 A for halloysite
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Fig. 6. SAED pattern and the microdensitometer trace of a single hal-

loysite crystal, showing an intermediate state of the fully hydrated and

the fully dehydrated form of halloysite. Microdensitometer trace along
with [00!] direction.

(7 A). These values are just double the spacing of the
first order basal diffraction spot in each case. There-
fore, we index the spot adjacent to (020) as (021) and
the first basal diffraction spot as (002). There appear
two small peaks between 020 and 021 (Figure 7). It is
ambiguous whether they are ghost peaks or the type of
02/. When they are of the latter, the higher ordering in
the layer stacking sequence than the two-layer peri-
odicity can be considered. But these small peaks seem
to be ghost ones judging from the tolerance of micro-
densitometric trace and some other features. /-index
numbers of (02/) thus appear as odd numbers, while
(00/) are even I-numbers. From these results, we could
confirm that both halloysite (10 A) and halloysite (7 A)
have a monoclinic structure with two-layer periodicity.

Previously, two-layer periodicity had been reported
by some investigators (Honjo et al., 1954; Honjo and
Mihama, 1954; Souza Santos et al., 1965; Chukhrov and
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Fig. 7. Microdensitometer traces along [02/] direction on the SAED
patterns. (A) for halloysite (10 A); (B) for halloysite (7 A).
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Zvyagin, 1966) for halloysite (7 A). They were, how-
ever, all for the dehydrated form because the specimens
had been dehydrated in the high vacuum of the electron
microscope. In this study, we have obtained SAED
analysis for tubular halloysite (10 A) and have shown
a monoclinic structure with two-layer periodicity in
both halloysite (10 A) and halloysite (7 A).

Indices for SAED patterns from halloysite (10 A) and
halloysite (7 A) are shown in Figure 8. The arrows in-
dicate a shift of a diffraction spot resulting from dehy-
dration. As the diffraction patterns are otherwise sim-
ilar, it is considered that the structure of both states
is scarcely changed by the dehydration of the interlayer
water except for the shrinkage of the basal spacing.

The SAED patterns for both halloysite (10 A) and
halloysite (7 A) agree with the extinction conditions of
space groups Cc and C2/c. These are:

hkl:h+ k=2n
hO!l:1l=2n;(h=2n)
0kO:(k=2n).
They do not agree with that of the space group C2/m.
As kaolin minerals have no center of symmetry in the

unit cell, the space group of halloysite (10 A) and hal-
loysite (7 A) must be Cc (C%,). Parameter measurements
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on these specimens with a gold standard give the fol-
lowing values:

Halloysite (10 A); a = 5.14 = 0.04 A
b =890+ 004 A
c=207=01A

B = 99.7°%

Halloysite (7 A); a = 5.14 = 0.04 A
b =890 +0.04 A
c=149=+0.14A
B = 101.9°%.

They are given in Table 3 with some previous data for
halloysite (7 A) and other kaolin minerals (kaolinite,
dickite, and nacrite). B-angles obtained for the present
specimen, halloysite (10 A) and halloysite (7 A), are
99.7° and 101.9°, respectively. If it can be assumed that
the stacking sequence of kaolinite layers, a component
layer of halloysite, was maintained with no change
through the dehydration, the 8-angle of the halloysite
(10 A), i.e., 99.7°, would increase to about 104° because
the basal-spacing shrinks about 30% from 20 A to 14 A.
The observed B-angle in the present study is 101.9°,
which is smaller than the predicted value of 104°, but
the observation error for the B-angle is about =1°, so
that the observed increase in value for the B-angle with
dehydration is reasonable.

The structure of kaolinite was first established by
Brindley and Robinson (1946) and Brindley and Na-
kahira (1958). After that, Drits and Kashev (1960) and
Zvyagin (1960) examined kaolinite closely by X-ray and
electron diffraction, respectively, and reported more
precise structures. On the other hand, the structure of
dickite was examined in considerable detail by Newn-
ham and Brindley (1956) and Newnham (1961) because
a larger crystal could be obtained easily. The cell pa-
rameters are also shown in Table 3.

According to the latter authors, the vacant site of Al
ions in the octahedral sheets of dickite alternates be-
tween C and B in successive layers to create a two-layer
monoclinic structure, and the 8-angle shows about 97°.
In kaolinite each octahedral sheet is identical and all of
the vacant sites are in C or B (A site was also reported
rarely) throughout the layers, and the B-angle takes
about 104°. Bailey (1963), however, proposed a modi-
fied direction of the z-axis for dickite which would make
B similar to that of kaolinite, i.e., 8 = 104°. It is, there-
fore, difficult to identify only by the value of B-angle
whether the kaolinite layers in an halloysite crystal al-
ternate as a sequence of a kaolinite type or as a dickite
type or as the other type.

Chukhrov and Zvyagin (1966) reported that halloy-
site (7 A) has the layer stacking sequence o7 + 03T

+These B-angles were calculated from each SAED patterns, re-
spectively, following the new method developed by N. Kohyama, one
of the authors. The calculation makes use of rotational symmetry of the
tubular crystal which appears in the Appendix.
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Fig. 8. Indices for observed SAED patterns from the halloysite tubes. Left side indices: halloysite (10 A); right side indices: halloysite (7 A).

— o3 which is the structure designated as 1,3 by Zvy-
agin (1962). They deduced the structure on the basis of
the calculated |F|2-values of 02/ and 11/ reflections
from the parameters of the unit cell obtained from the
oblique texture electron diffraction patterns of halloy-
site (7A);a =514A,b=89A,¢c=147A,8=
96°. The calculated |F|2-values are in good agreement
with their observed intensity distribution of 02/ reflec-
tions where 0,2,2/ + 1 reflections are enhanced com-
pared to 0,2,2/({ # 0). The observed intensity distri-
bution of 02 for halloysite (7 A) by the present study
also shows a good agreement with this relationship,
whereas the observed B-angle is about 102° which is
similar to 104° and is obviously different from the value
taken on the basis of the calculation by Chukhrov and
Zvyagin (1966), by whom the structure of halloysite (7
A) was reported to produce the ideal B-angle 96°. With
regard to this contradiction, there seems to be present
a possibility of another structure for halloysite (7 A).
It is, at least, obvious that the observed 8-angle 102° is
satisfied with the displacement of 24/3 during one al-
ternation of two-layer periodicity. As it is difficult to
identify the halloysite structure only by the value of 8-
angle, the calculation of relative values |F|? for all the
possible models, and the comparison to the models by
Honjo and Mihama (1954) and Chukhrov and Zvyagin
(1966), and to the other structures of kaolin minerals
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are by all means needed. They are now in progress and
will be reported in the near future.

Morphological changes due 1o dehydration of
interlayer water

Some morphological changes due to dehydration of
interlayer water were clearly observed. Tubular hal-
loysite of the present specimen is characterzied by par-
ticles with a considerable variation in diameters ranging
from long narrow tubes to short ones (Figures 9a, b).
Figure 9a was observed in wet air atmosphere [E.C.
(air)] and Figure 9b in vacuum [E.C. (vac)]. By SAED
analyses they were confirmed as the fully hydrated and
the fully dehydrated forms of halloysite, respectively.
The halloysite (10 A) particles were observed as smooth
and uniform contrast tubes, and no stripes could be rec-
ognized in the images except for a light center region,
but in vacuum many dark and light stripes with widths
of about 50 to 100 A were observed along the tube axes.

The diameter of the halloysite tubes varies from 300
to 1200 A with the maximum frequency around 500 A
(Figure 10[3]). The diameter seems to increase with the
dehydration of the interlayer water. The diameter in a
wet air atmosphere compared with that in vacuum is
shown in Figures 10 and 11. In Figure 10 it is shown
that the diameter difference varies from 0 to 30%. If the
diameter were not changed, the points would plot on
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Table 3. Unit-cell data for halloysite (10 A), halloysite (7 A), and kaolin minerals.

ao (R) by (R) co (R) a 8 Y
Halloysite (10A)
(Present specimen) 5.14 8.90 20.7 90° 99.7° 90°
Halloysite (7A)
(Present specimen) 5.14 8.90 14.9 90° 101.9° 90°
" (Honjo, et al, 1954b) 5.14 8.93 14.7 90° 104° 90°
" (Honjo, et al, 1954a) 5.14 8.90 14.7 91.8° 97° 90°
" (Chukhrov, et al, 1966) 5.14 8.90 14.7 90° 96° 90°
Kaolinite
(zvyagin, 1960) 5.13 8.89 7.25 91°40' 104°40' 90°
Dickite
(Newnham, et al, 1956) 5.149 8.949 14.419 90° 96°48' 90°
" (Bailey, 1963) 5.150 8.940 14.736 90° 103°35' 90°
Nacrite
(Zvyagin, 1967) 8.89 5.14 43.1 90° 91°30' 90°

the line of y = x in Figure 11. They plot instead on the
line of y = 1.12x, and the increase in ratio of the di-
ameter in vacuum against the diameter in wet air at-
mosphere was estimated around 10% (this data came
from the black circles in Figure 10 [1]). These two phe-
nomena, i.e., occurrence of stripes and expansion of
the diameter in vacuum, are the main morphological
changes discovered by ‘‘dynamic observation’ of the
electron microscope with E.C. In the following, the
experimental results will be shown to explain the rea-
son why these morphological changes occurred.
Figure 12 shows the results of ‘‘dynamic observa-
tion”’ obtained from another tubular mineral, namely
clino-chrysotile, which has no interlayer water. The left
figure was obtained in E.C. (air) and the right one in
E.C. (vac). For the observation in vacuum the stripes
and/or expansion of diameter could not be recognized,
i.e., clino-chrysotile which has no interlayer water does
not exhibit any morphological changes during *‘dynam-
ic observation.”’ The appearance of stripes and the ex-
pansion in diameter of halloysite in vacuum, therefore,
must be caused by dehydration of the interlayer water.
It was confirmed also that the appearance of stripes
is not related to irradiation by the electron beam. Hal-
loysite (7 A) particles previously dehydrated in a high
vacuum were dispersed in water and dropped on the
usual copper-grid, then observed by an electron micro-
scope with the current density gradually increasing.
Halloysite (7 A) crystals having stripes did not show
any changes through the observation, and when the
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electron dosage was increased considerably, the mar-
ginal parts of the crystals became unclear and showed
smooth contrast like an amorphous material.

The electron microscopic image of halloysite (7 A)
crystal was taken also by means of a ‘‘through focus
series’’ to determine whether the images of stripes were
really represented by the amplitude contrast or were
derived from the phase contrast (Figure 13). If the
stripes in the images of halloysite (7 A) were derived
from the phase contrast, the contrasts of the stripes
would be changed by means of the ‘‘through focus se-
ries.”” The stripes, however, did not show any changes
in this series except for true focus image (Figure 13;
Af = 0). Therefore, it is revealed that the stripes repre-
sent a real texture in or on the crystal.

The replica method was applied to determine wheth-
er the stripes represent a surface texture of halloysite
crystals. As the result, the halloysite (7 A) particles
show smooth surfaces and almost rounded tubes which
contrast with the polyhedral morphology of halloysite
(7 A) tubes observed by Chukhrov and Zvyagin (1966)
and Dixon and Mckee (1974). No stripes or streaks
could be recognized on the surface, so it is concluded
that the stripes observed by transmission electron mi-
croscopic images exist as a real feature of the inner part
of the halloysite (7 A) crystal.

If some crevices exist in the inner part of the halloy-
site (7 A) crystal, the contrast of the stripes observed
in the electron microscopic image should be changed
if a heavy metal layer is infiltrated into these crevices.
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Fig. 9. Morphological changes of halloysite as observed by ‘‘dynamic observation.’’ (a) halloysite (10 A) observed in wet air atmosphere [E.C.
(air)]; (b) halloysite (7 A) observed in vacoum [E.C. (vac)].

N
@ 10F @
301 )
K oo
o o . 0 6 12 18 24 30
°\020-— . s ° ° A(olo)
'Oc‘:! . r'y.4 . . N L—
., R B ®
(8] °
g . ° . * < * ]
<) 10+ E 0k
q X% L] ﬁ'
0 ‘(—lll—l z L J 1
0 500 1000 1500 34 86,7 8,9 1011 x100

Diameter in air (A)

Diameter in air(Z\)
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The negative staining method usually used in the field
of biology was applied for this purpose. The fully de-
hydrated form of halloysite was immersed in a saturat-
ed solution of uranyl acetate for a few days. After that,
the halloysite (7 A) particles were washed by pure water
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and observed by electron microscopy. As shown in
Figure 14, the borders of the light center regions and of
large crevices show especially dark contrast. There-
fore, it is considered that the uranyl acetate layer has
infiltrated into these crevices. These crystals show a
smooth texture in contrast to be pretreated halloysite
(7 A) and seem to be similar to the images of halloysite
(10 A) rather than those of halloysite (7 A). This result
strongly suggests that some crevices exist in the inner
part of the halloysite (7 A) crystal because the contrast
was changed by the treatment.

Other halloysite features observed in E.C. (air) and
in E.C. (vac) are shown also in Figures 15a, b. In these
figures, the end-views (cross-sectional views) of hal-
loysite (10 A) and halloysite (7 A) can be seen in both
the hydrated and dehydrated state. Enlarged end-views
of halloysite (7 A) are shown in Figure 15b. It can be
seen that the tube is segregated into units of consider-
able thickness by the dehydration, and that crevices
occur between these units. This unit is considered to
correspond to the ‘‘packets’’ mentioned by Dixon and
Mckee (1974).

Next, the crystallite thickness along the c*-axis,
1.(002), was determined by a simple X-ray diffraction
method to determine whether or not the segregation by
dehydration makes the crystallite thickness smaller.
Crystallite thickness is given by the Scherrer equation:

In wet air
Chrysotile

Fig. 12. The ‘‘dynamic observation” of clino-chrysotile, showing tubular particles. (a) observed in wet air atmosphere; (b) observed in vacuum.
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Fig. 13. Halloysite (7A) particles observed by the **through focus series” with conventional electron microscope. —, overfocus; +, underfocus.

Ka
L= Beosd
where L is crystallite thickness, A is wave length of Cu
K., B is half-width of X-ray diffraction peak, 0 is dif-
fraction angle, and K is a constant (in this analysis K
= ] was used for the sake of convenience). 8 was mod-
ified by subtracting the instrumental broadening as de-
termined by a thick crystal of muscovite. The results
are shown in Table 4. As the g-values given in Table 4
include the effects of both crystallite thickness and lat-
tice strain, the 1.(002) values also include both factors.
But the latter is considered to be so small compared
with the former (lizuka and Kobayashi, 1975) that we
call L(002) the crystallite thickness or ‘‘domain” for
convenience in the following. The crystallite thick-
nesses of halloysite (10 A) and halloysite (7 A) are about
133 A and 116 A, respectively. The crystallite thickness
of halloysite (7 A) apparently seems to be just smaller
than that of halloysite (10 A). It would be caused mainly
by the change of layer thickness from 20.7 to 14.9 A,
but the number of layer per crystallite thickness (N) is
scarcely changed at all. It is concluded, therefore, that
the segregation caused by dehydration does not affect
the crystallite thickness, i.e., ‘“‘domain’’ size along the
c-axis-direction. This means the segregation occurs in
the same thickness as that of crystallite or scarcely larg-
er than that.
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On the basis of these experimental results, the ideal-
ized model of morphological changes by dehydration
is shown in Figure 16. Halloysite layers are considered
to be rolled spirally into tubes according to Figure 15
and to Dixon and Mckee (1974). In Figure 16, the left-
hand side shows the hydrated form and right-hand side
the dehydrated one. The upper pictures present the
cross-sectional view and the lower the transmission
electron micrograph image of the tubes. Each layer
means a ‘‘unit’’ equivalent to the crystallite thickness
(*‘domain’’) or just larger than the ‘‘domain,’” and the
width of stripes observed in the images is just similar
to the crystallite thickness. The ‘‘unit’’ consists of a
small number of unit-cells of 20.7 A or 14.9 A thickness.
The range of the number would be from 2 to 10 judging
from the width of stripes (Figures 9, 15), X-ray diffrac-
tion analysis (Table 4), and the packet thickness re-
ported by Dixon and Mckee (1974).1 When halloysite
is fully hydrated, the ‘‘domains’’ are tightly connected
with each other, but become separated as a result of
dehydration, and then can be seen as stripes along the
tube axis in the transmitted image. This separation is
caused by the shrinkage of the unit-cell from 20.7 to
14.9 A, and each crystallite thickness also shrinks about

iDixon and Mckee (1974) calculated the number of unit-cells by
dividing the packet thickness by a 7.2 A layer, but it would be better
if the packet thickness is divided by 14.4 A layer because of the two-
layer periodicity.
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In vacuum, Halloysite infitrated

with uranyl acetate aq.
100 nm
[ S |

Fig. 14. Halloysite (7 A) infiltrated with uranyl acetate aqua.

. In wet air
1000m Halloysite

Fig. 15. Halloysite (10 A) and halloysite (7 A) particles observed by *‘dynamic observation.”” The edge views (cross-sectioned views) of halloysite
(10 A) and halloysite (7 A) can be observed in both (a) and (b), and that of the latter enlarged in (b) (insert).
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Original

Fig. 16. Idealized morphological change of halloysite (10 A) particle
by dehydration. Upper—cross-sectional views; Lower—transmitted
views of the tubes.

After Dehydration

30% compared to that of hydrated form. The diameter
of the halloysite (7 A) tube, however, expands about
10-20% compared to that of hatloysite (10 A). This ap-
parent contrast is explained as follows: Accompanying
the layer separation, the rolled configuration of halloy-
site gradually becomes loose since the attractive force
between the layers are weakened by the occurrence of
crevices. As a result the diameter of halloysite (10 A)
tube is considered to expand. But when the rolled layer
becomes loose, it need not always expand. That is, the
thickness along the c-axis is contracted by the dehy-
dration. On the contrary, the dimensions of the a- and
b-axes directions are not changed. Therefore, it could
be considered also that the diameter has kept the same
size with only the appearance of crevices in the tube or
has shrunk in compensation for the crevices by rolling
each layer more tightly. In these various possibilities,
it would be assumed that there is an inherent strain fa-
voring expansion when the rolled configuration of hal-
loysite is dehydrated, which is something like a book
rolled by one’s hand that expands upon relaxation of
one’s grip.

In regard to the origin of tubular halloysite from the
morphological changes revealed by an electron micro-
scope with E.C. as mentioned above, it is strongly con-
sidered that tubular halloysite (10 A) was formed pri-

Table 4. Crystallite thickness for halloysite (10 A) and halloysite (7

A).
B (002) L(002) N
Halloysite (104) 0.666° 1333 7
Halloysite (7R) 0.768° 1163 8

N : Number of unit-cell layers per L(002). Each

number was calculated with L(OOZ)/co.
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Fig. 17. Reciprocal lattice of halloysite. (1) the part of reciprocal lat-
tice of halloysite tube; (2) projection of the {020}; (3) projection of the
{010},

marily from a certain source material in nature and was
not altered from tubular halloysite (7 A) by the hydra-
tion of the interlayer water, that is, tubular halloysite
(10 A) is not of secondary origin after halloysite (7 A).
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APPENDIX
Calculation of B-angle from SAED pattern

The precise relation to calculate the lattice constants
from SAED patterns for platy or fiber crystals of sheet
silicates have been shown previously (Zvyagin, 1967;
Gard, 1971). They, however, used an oblique texture
electron diffraction pattern by a tilting apparatus for
taking the (200) and/or (hkl) reflections because the cal-
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Fiy. 18. Reciprocal lattice of halloysite. The notations are used for
the calculation of lattice constants.

culation needed these d-spacings. On the SAED pattern
of halloysite, (h0l) or (hk!) diffractions appear without
a tilting apparatus but the high order /-values usually
show streaky spots and the precise positions are un-
clear. Therefore, it is impossible to calculate the lattice
constant from these relations. We propose a new cal-
culation method in the following.

Figure 17(1) shows a reciprocal lattice of halloysite.
The tube axis of halloysite is along the h*-direction be-
cause the b-axis and b*-direction coincide. The cross-
sectional view shown in Figure 16 is, therefore, per-
pendicular to b*-axis. The a*- and c-axes are present
around b*-axis because of the rotational symmetry of
the halloysite tube. Figure 17(2) shows the projection
of the reciprocal lattice down b*, and c-axis parallel
to the electron beam. The Ewald sphere coincides with
[A20], and [02]] rotates around [0k0] because the hal-
loysite tube has rotational symmetry. Therefore, when
[02/] cuts the Ewald sphere, i.e., [#20], the reflections
occur that form the diffraction pattern. It is obvious that
the distance between the 020 and 021 spots is equal to
C,sinB. Figure 17(3) shows the projections of the recip-
rocal lattice down b* with the electron beam parallel to
the c-axis. Each spot in the 11/ or 11/ rows revolves
around [010], so that the spots appear near the 110 or
110 spots. It is clearly observed that the order of 11/
spots is not in order of /-values. For example, in this
case the order from 010 to the right side is 111, 110, 112,
111, and so on. Usually these diffraction spots do not
appear as spots but as streaks, and the nearest end of
the streak may correspond to 111.

The position of the 11/ streak changes with layer
thickness and with B-angle. The layer thickness de-
pends upon dehydration of the interlayer water. As the
B-angle changes towards 90°, the 111 spot moves to the
110 spot and passes over it at a certain angle, so that
the B-angle may be calculated from the 111 position as
shown in Figure 18.
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Figure 18 shows the reciprocal lattice with the Ewald
sphere corresponding with the [h10) direction. In Fig-
ure 18, a, b, and ¢ are the distances between 010 and
110, 010 and 111, and 110 and 111, respectively. The
positions of 010, 110, and 111 are named A, B, and C,
respectively. The foot of a perpendicular from 111 to
[h10] is named H. x and y stand for the distance of CH
and BH, respectively. The B-angle can be calculated
from the following equations:

x*+(a—y)P=>b Y
x4+ yr = ¢? 2

X
tan g* = bR 3)

From (1) and (2),

and

From (3),

B* = tan™! X
y
B*, therefore, can be calculated with the values of x and
¥, and B is expressed as 8 = w — B8*. a and ¢ corre-
spond with K/agsinB8 = K/d,o and k¢sing = K/d, g, re-
spectively. K is constant.

In actual calculation, a and ¢ are used as the distances
between the 200 and 200 spots, and the 002 and 002
spots on the diffraction pattern, respectively. b is the
nearest distance between the 11/ and 11/ streaks on the
diffraction pattern. .

As an example, d-spacings of some 02/ and 11/ reflec-
tions were calculated using the observed unit-cell pa-
rameters obtained by the above method. They are as
follows: Halloysite (10 A); 020 = 4.454,111 = 4.44A,
110 = 440 A, 021 = 4.35A,T12 = 4.27A, 111 = 4.18
A; Halloysite (7 A); 020 = 4.45 A, 111 = 4.42 A, 110
=438A,021 =4.26A,T12 =4.12 A, 111 = 4.02 A.
The order from 010 to the right side in Figure 17(3) well
coincides with these calculated results.
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Peswme- TunpaTHas dopMa TpysSuaToro rainyasura /rannyaszut (10A)/ uccnenosa-
JIaCh IOMO OBGHYHOM 3JIEXTPOHHEM MHKPOCKOIIOM,CHAaGXeHHHM MHKPOCEeTYaTOM KamMepoin
/M. K,/,6naronapa yeMy 6wUla BHABJIEHa "ecTecTBeHHAA" dopma 6€3 merunmpaTaluu

MEXCJIONHON BOAH.DTa CTaThkA NOCBAWEHA aHATH3y MeTOOOM 3HAKTPOHHOM IHOPakKiHy
H36pPaHHOW 30HH /DIOU3/ ramwyasuTa U ero MOpPHOIOTHYECKUX HﬁM&HeHHﬁ B pesyJyp-
TaTe nerunpaTauuyd, PHCyHok 3IU3 moxasani,uro ramnyasHT (10A) umeer OBYXCHOH—
HYH NePHOHHYHOCTH B MOHOKJUHA&JIBHOM CTPYKTYPe C rlapaMeTpPaMH eJIHHUYHOH Ader-
ki a=5,14 ,b=8,903,c=20,7 ,8=99,7" B mpocTpaHcTBeHHON rpynne Cc IOYTH Ta—
KY® %e CTPYKTYDY,Kak OGe3BOXeHHad (opPMa TalyasuTa /rannyaanT—T7§)/.9To o3-
HavaeT,uYTo IOerHgpaTauds MexXCJIONHOM BQOH He M3MeHAeT M He BO3pelicTsByeT 3Ha-
YHTENBHO Ha CTPYKTYPy rainyasurta (10A).Brnpouecce neruipaTalild MeXCJIORHON
BOOH BOOMBL OCeN TPYSGOK IOSBHJNCL CBETJIHE MNOJIOCH WHPHHOM okoyso 50-100A,MMua-
METPH TPY6UYaATHX YacTHI Takxe YBEJIMUWIHUCEH npuMepHo Ha 10%.B pesyamTaTre pas-—
JIMYHEX 2KCIEePUMEHTOB,TaKMX KakK cepHH (OKYCHPOBOK ,HAaGHwWIeHHE IMNOBEPXHOCTHOM
CTPYKTKPEH METOINOM PEeIpPOIOYKLHH,HabNoleHHe TOPUOB TpySuyaTHX YacTHL, H OPYTrHX,
3TOT (PeHOMeH O6bACHSETCA CJeOyImMM o6pasoM.KpHCTannu raulyasuTa uMment "no-
MeHy" ,HanpaB/leHHHE BIOONbL OCel C,ToNmUHa "moMeHOB" BaphpHpyeT B negenax 50-
100A.0HH TeCHO CBA3aHu OPYI C IOPYI'OM,KOrJa raJjulyasuT HaceHmeH BOIOM,HO pas-—
OeJANTCsA B pe3yipTare IeruppaTalldid MeXCJIOMHOM BOMAb,H TOorna IOABJISINTCA [o-
JIOCH BIOJL OCel TPY60K.I[I[pUHUMAs BO BHHMaHHe 3TH COOBpPaxeHHU: ,npemaraercs
Momenek merugpaTauuy.Bosee TOro,B NPHIIOXeHHN NperjlaraeTCA METOL BHEYHCIIEHHA
yrna B.
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