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The use of the electron microscone in the study of ionic processes

in solution has not been previousiy reported. In the present work,
the hydrolysis products of zirconyl chloride was examined by high
resolution electron microscory. Characterization of various hydrates
of zirconyl chloride was carried out, using X-ray and electron diff-
raction. The hydrolysis was brought about by the reflux of aqueous
solutions of zirconyl chloride., Removal of samples of the colloid

at various stazes of hydrovlysis, and subsequent examination of the
solids obtained by repid dehydration of the samnles, using an watomiser,
has enabled structural units consiztent in size with a proposed tetra-
meric cation Zr(OH)24H2O:] 2+ 10 be resolved in the electron micro-
scope., Single-crystal filsments of chrysotile asbestos were used as
a supporting network for the psrticles, and their lattice imzges used

es a magnification calibration.

Later stages of the hydrolysis produced nolymerization of these tetra-
meric species, and ageing finally oproduced monoclinic zirconia, The
structure und nroperties of the cri;stalline zirconia particles is
discussed, =nd evidence from other ophysical tecliniques is presented.

A sugsested mechznism relating the various structures is supported by

pH measurements obtained during the hydrol;sis,

A prelininary stvdy of the hydr.lysis of thorium (IV) showed & chain

‘structure in the early stages of the reaction, the chains being similar
{'

. . el (g 2n+ s . . .

in diameter to the [’rh((m)? :]n chains »resent in basic thorium

szlts,

A high-rescluticn electron microscone study of Chrysotile was carried

out and the characteristics of fikres from various sources is discussed.
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1.

INTRODUCTION

ZIRCONTUL s The chemistry of zirconium, discovered in 1789, has been
well knovn for its complexity. In particular, information about
aqueous zirconyl species was for a long time confusing and often con=-
tradictory, as Comnick and McVey (1949) pointed out. Most of the
early work on zirconium was concerned with identification of solid
phases and this information was collected as a monograph by Venable
(1921).  Subsequent data was collected by Pascal (1931) and Blumenthal
(1954) attempted to correlate the mass of data then available, and to
this end a "system of zirconium chemistry" was presented., Blumenthal
gave a more detailed account of zirconium chemistry in a book (1959),

although many new and significant facts have emerged since then.

Zicconium has found wide usage in the oxide form, being thus used as a
refractory, in the development of corrosion-resistant furnace linings
(Hoyashi and Doihara, 1968). It has also been used as an opacifying
pigment in enamels, although the thermel failure of such enamels was
an early cause for concern before the various polymorphic transitions
of 2r0, were demonstrated by Cbhn and Tolksdorf (1930).

More recently, interest has been directed towards agueous zirconium
chemistry and to the structural relationships between aqueous Zr (1v)
species and hydrous zirconia, especially since hydrous zirconia has
been shown to be an ion exchange medium (Amphlett, lcDonald and
Redman, 1953; Britz and Nancollas, 1969).

POLYMERIC Zy (IV) IONS: The hypothesis that Zr (IV) polymerizes on
hydrolysis has been held for a long time, although detailed descriptions

of the processes involved were often contradictory, when different
approaches were used. As early as 15898, Venable and Baskerville, in

the course of studies of zirconyl chloride, noted the formation of

"hydrogeles" /
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/ "hydrogeles" in aqueous Zr (IV) solutions, although they were unable
to explain their formation. That pulymerization took place in Zr (IV)
solutions was first suggested by Ruer (1505) and Venable and Jackson
(1920) on the basis of conductivity changes in the solutions. PFurther
evidence of polymeric Zr (IV) ions in aqueous solution was obtained
from freezing point studies by Adolf and Pauli (1921), who also suggested
that each zirconium atom was attached on average to three hydroxyl
groups. The idea that a monomeric 2r0t* ion predominated in agqueous
solutions over & wide range of acidity was, however, still held by

some workers (e.g. Chauvenet, 1920), although a variety of techniques
were now providing additional evidence for polymerization (Britton,
1925, Jander and Jahr, 1935).

Laubengayer and Eaton (1940), using electrolysis and polarography
suggested, from a high average polarographic deposition potential for

Zr, of 1.7 volts, that complex 2Zr (IV) ions in solution had reasonable
stability, whilst the variation in the potential with pH seemed to
indicate changes in the nature of the complex ions with changing con-
ditions, in general sgreement with earlier observations (Adolf and

Pauli, 1921). Small polymers were also indicated from meesurements of
the hydrolysis of ZrCl4 in acid solutions by Kraus and Tyree (1949),

and from the rate of Zr (IV) uptake by ion exchange resins by Lister

and McDonald (1952). Connick and McVey (1949), however, pointed out
that, at that time, no definite identification of a single 2Zr (IV) complex
had been possible, all the data then .availeble being capable of nore

than one interpretation. Furthemiore, the techniques normally used in
such investigations, e.g. freezing point lowering, spectrophotometric
analysis, etc., were not ideally suitable, because of the tendency for
hydrolysis to take place in aqueous Zr (IV) solutions. By measuring

the equilibrium between Zr (IV) in an aqueous phase and an organic phase
incorporating a chelating agent, thenoyltrifluoroacetone, it was shown
that, at low Zr (IV) concentrations, the average species in 2l perchloric
acid was between Zr4+ and Zr (OH)3+. These results however were not

accurate, /
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/ accurate, due to the presence of some unidentified impurity,
although some of the irregularities were consistent with there being

polymeric species present at low acidivy.

Extending this work, Connick and Reas (1951) suggested that polymers
began to form at Zr (IV) concentrations of approximately 2 x 10-32 in
2M perchloric acid and at 2 x 10-47_31 in 1M perchloric acid. The poly-
mers were thought to form a continuous series from a dimer with between
three and five hydroxyl groups attached. This "continuous polymeri-
zation" hypothesis was first presented by Graner and Sillen (1947) for
Bi (III) hydrolysis. Again, however, the presence of some "impurity"

cast doubt upon the exact interpretation of the data.

Fu-ther work by Zielen and Connick (1956) confirmed that the Zr (IV)
monomer in 1 and 2l perchloric acid was Zr4+
merization began at 5 x 10—42 Zr in 24 acid, and at 10-4M Z2r in 1M

acids At concentrations up to 0,024 Zr, trimers and probably tetra-

end showed that poly-

mers were present in the solution. There was, however, no evidence for

the dimers proposed earlier by Connick and Reas (1951).

Ultra-centrifuge studies by Kraus and Johnson (1953), of 0.05 and
0.12 M 2r (IV) in 1M perchloric acid/sodium perchlorate solution
suggested a degree of polymerization of about three. They found no
evidence for the higher polymers, as sugzested by Connick and Reas
(1951).  Johnson and Kraus (1956) found a degree of polymeriz.tion of
3.5 for 0,05 M 2r (IV) in M HCl/NaClO4.
or tetramers, agreed with the findings of Zielen and Connick (1956),

This, corresponding to trimers

while Williams-\ynn (1959) was also able to propose a degree of poly-
merization of approximately four, for Zr (IV) in 1.5 HCL, on the

basis of diffusicn coefficient measurements., Turbidity measurements

by Angstadt and Tyree (1962) gave evidence for a trimeric Zr (IV) species
in 2,8 X HC1l, in general agreement with other results, although a value
of six Zr (IV) ions per aggregate in 0.75 L HCl was rather higher than
values [



4,
/ values obtained by other workers (e.g. Johnson and Kraus, 1956) .

The first direct evidence for polymeric zirconyl ions was obtained
for a solid, rather than for a solution of a zirconyl salt.
Clearfield and Vaughan (1956), in an X-ray structure analysis of
cryztalline ZrOClstzo, showed that Zr (IV) species to be & complex
in which four Zr atoms, located at the corners of a slightly dis-
torted square, were linked along each edge by two hydroxyl bridges,
one above and one below the plane of the square. Four water mole-
cules were also bound to each Zr atom, so that the eight oxygen atoms
around it formed a distorted square anti-prism, as shown in figure 1.
- No evidence was found for Zr-Cl bonds in the complex itself. This
complex cation EZr (OH)Z' 4E,0 ] g*', the stable species in zirconyl
chloride octahydrate, was in the same weight range as the polymers
proposed by Johnson and Kraus (1956), on the basis of their ultra=-
centrifuge measurements, snd there was speculation as to whether or not
the cyclic cation remained intact in solution. This speculation was
resolved by Muha and Vaughan (1960) who were able to explain lov-angle
scattering curves from an aqueous solution of Hf0012.8H20 if a cation
similar to that found in the crystalline solid, was assumed to be
present. For solutions of zirconyl chloride, additional low-angle
scattering implied that a more highly polymerized species was also
present, giving rise to larger inter-atcmic distances. The proposed
tetrameric species is shown in figure 2 and is very similar to that

found in the crystalline state.

In an extensive study of aqueous zirconyl solutions, Ermakov,

Marov and Belyeva (1963) arrived at similar conclusions to those of
Clearfield, luha and Vaughan (1956, 1960). The same workers also
noted small, but systematic variations in conductivity, and freezing-
roint depressions of such solutions, with respect to time, and thus
detected a slight ageing effect in the solutions.

Matijeviec /
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Projection of one unit cell of Zr(Cl,8H,0 on (oo01),
showing the cyclic tetraner [?r(OH)24H20:] 2+. Bonds

in the tetramer are shown as solid lines.

(after Clearfield & Vaughan 1956)






6e

I+
I
I
[ =]
(=
e
[0S

Structure proposed for tetrameric

cation in zirconyl chloride solutions.

(after luha & Vaughan 1960)
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/ Matijevic, lathai and Kerker (1962), using surface chemistry
techniques to determine the charge on solute Zr (IV) ions, were also
able to demonstrate an ageing effect, the nature of the solute

changing slowly with time.

Using extremely accurate potentiometric measurements, Roy (1968)
postulated several Zr (IV) complexes in perchloric acid. At acid
concentrations between 4 x 10-?M and 2 x 10_1M, and Zr concentrations
between 10-;M and 4 x 10’?&, he proposed the following as being possible

complexes in solution:-
o 0 4+
a) E; Zr >2r < °>Zr<) I j , 1 being from 3 to 5

b) [:-Z:lc-o-(Zx'--o)-z,l:-jz(n+1)+
| | I

He rejected b) and presented a) as being the most likely complex undexr

the conditions of the experiments which he carried out.

HYDROUS ZIRCONIA:  "Hydrous Zirconia" is the term commonly applied to

the gelatinous amorphous precipitate which is formed on the addition of

base to Zr (IV) solutions. Because the precipitate may retain
significant anounts of anions, it begins to form before complete
neutrality is attained (Larsen and Gammil, 1950, Tananaev and
Bokmelder, 1958). Foreign anions may be replaced by hydroxyl groups
by washing the precipitate with water, or dilute base,

By means of infra-red studies Fish, Kindness and Landes (1959) and
Cabannes -~ Ott (1960) sought evidence for the presence of hydroxyl
groups in hydrous zirconia. However, any hydroxyl stretching fre-
quencies were masked by & broad water absorption band, and no conclusive

evidence was found in these studies.

Thomas and Owens (1935) prepared sols by dialyzing mixtures of hydrous

zirconia /



8.

/ zirconia and zirconyl chloride solutions. Addition of potassium
salts to these sols resulted in large increases in pH, which the authors
interpreted as evidence for the displacement of hydroxyl groups from

the zirconia by the added anions. Thomas (1934) demonstrated that

aged, or boiled sols showed a much smaller pH increase than freshly
prepared sols., He considered these zirconia sols to be composed of
polymeric systems, the metal atoms being bound by hydroxyl bridges.
Oxolation, the process whereby these bridges became oxide or "oxo"

bridges was brought about by either prolonged ageing or boiling,

Other studies carried out at about the same time confirmed an ageing
effect in zirconia sols. Prakash (1932, 1933) found that the "diamagnetic
property" of zirconium hydroxide increased with ageing. He also

studied the effect of temperature on the setting time of "zirconium
hydroxide jellies". Specific conductivity was showm to increase with

age (Sharma and Dhar 1$32), whilst Robinson and iyres (1933), heating
ZrO2 hydrosols, observed decreases in viscosity, pH and "flocculation

value". At the same time, light scattering was observed to increase.

Of these ageing experiments, the most significant are probably those
by Thomas (1934) and Robinson and Ayres (1933), from vhich it may be
concluded that (i) structural changes were occurring within the
zirconia and (ii) the average particle size was increasing with time.

Both of these ideas were revived later by Clecrfield,

Barly attempts to induce cry-tallinity in zirconia (Bma and Niclassen,
1924) were only partially successful. Later, however, Clearfield
(1964b) was able to produce both monoclinic and cubic modificaotions of
hydrous zirconia by refluxing aqueous slurries of arorphcus hydrous
zirconia. Large decreases in plH were observed, and taken to signify
the replccement of the anions originally present in the hydrous oxide
by hydroxyl groups. Similar results were obtained when Clearfield
refluxed aqueous solutions of zirconyl chloride. X-rey line broaden-

ing measurenents suzgested that there was an upper limit of about 1208
for /
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/ for the crystallite size, and the close agreerent between the inter
planar specings and those of the calcined oxides suggested that the
actual composition of the crystalline hydrous zirconia was in fact
¢lose to (ZrOz)n. The crystalline hydrous oxide particles still,
however, contained a significant amount of coordinated vater, and the
retention of ion exchange properties (Amphlett, licDonald asnd Redman,
1958) indicated the presence of hydroxyl groups, the bulk of which was
thought to be on the surface of the crystallites., The general formula

for hydrous zirconie was given by Clearfield (1964&) ast-

‘:ZrOb (om) 4-2p° K0 ]n

the value of 'b' being variable according to the conditions of

preparation.

With the general composition of esmorphous zirconia thus established,
Clearfield (1964a) was able to postulate & mechanism whereby the
crystallization from solution could take place. Lundgren (1959) had
pointed out a structural similarity between the tetrameric complex in
2x0C1,8E,0 (figure 1), and the spatiel distribution of Zr0, chains in
the fluorite lattice of cubic zirconium dioxide. This provided a

basis for Clearfield's proposed mechanism of crystal growth, which was
based on cross-linking of tetramers. Since monoclinic Zr02, the

stable modificatiun at room temperature may be regarded as a distorted
fluorite lattice (Lundgren (1959), a relationship between monoclinic
ZrO2 and Zr00128H20 could be established, via the tetrameric cation.
More recently, thermal analysis and Infra-red Spectroscopy have been
used by Vivien, Livage and liazieres (1970) to demonstrate that amorphous
zirconia contained water molecules and residual hydroxyl groups. The
general formula given for the "hydrated hydroxyoxide" was Zr02_x(0H)2xyH20,
which is seen to be the same as that proposed by Clearfield (1¢64a).

The authors noted a correspondence between the Zr - O absorption bends

of /
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/ of the hydrated hydroxyoxides znd those in the crystalline oxides,
These results were subsequently supported by Broad-band N.M.R. studies

(Vivien, Livege, Mazieres, Gradsztzjn and Conard, 1970) .

Although the conclusicns of Vivien, livage and Mazieres were in good
egreement with those of Clearfield in that both agreed upon the com=-
position of amorphous zirconia, the actual structures proposed for the
material vere different. Clearfield's proposed structure was based
upon cross-linked tetramers, whilst that proposed by Livage, Mazieres,
and Doi (1966, 1968 a, b), obtained from X-ray and neutron diffraction,
was based upon the tetragonal phase of Zr02. Inter-atomic distances
obtained from Fourier transforms compared favourably with those of

tetragonal Zr02, and the proposed structure largely depended upon this,

CRYSTALLINE ZIRCO:TIUN DIOXIDES: Zirconium dicxide has becn shown to
exist as a number of different modifications by CBhn (1935), Clark and
Reynolds (1937) and Komissarova, Simanov and Vladimirova (1960). The

most widely studied of these modificaticns is the stable, monoclinic
phase which, besides occurring naturally as the mineral Baddeleyite,

has been produced by the thermel éissociaticn of zirconyl salts, or by
ignition of “zirconium hydroxide" at temperatures between 600 and 1000°C
(Ruff, Ebert, 1929, Clark and Reynolds, 1937, Clabough end Gilchrist,
1952). The following lattice parameters have been reported:=

Table 1 /
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/ Table 1
LATYICE PARALEERS OF LONOCLINIC Zr0,
SOURCE 2 [v(® [ o @ [ s

Yardley (1926) 5,17 5,27 5,31 80°32!
Ruff & Ebert (1929) 5,184 5.276 | 5.319 | 80°s8!
Cbhn & Tolksdorf (1931) 5,22 5,27 5.38 80°32¢
Duwez, Odell & Brovm . (1952) |5.17 5,26 5.30 80°10"
Curtis, Davey &

Johnson (1954) 5.20 5,25 5.38 30%21
licCullough & Trueblood o
(1959) 5417 5.23 5434 80°45"
Adam & Rogers (1959) 5.14 5,21 5.31 80°36"
Komissarova, Simanov &

Vliadiairova (1560) 5.12 5,20 5.30 50°%491

Monoclinic Zr02, accepted as being the stable form between roum temper-
ature and 1000°C (CBhn 1935), has been the subject of several X-ray
crystal structure analyses, The first, by Haray-Szabo (1936) was
based on the available X-ray data by Yardley (¥26,. This proposed
structure required unsatisfactcry packing arrangements and also involved
some unreasonable bond lengths. IicCullough and Trueblood (1559) were
able to propose another structure, based on projection data, and again
using natural baddeleyite. This structure, later ccnfirmed and
refined by Smith and Newkirk (1965) has an interesting feature in that
each zirconium atom is surrounded b} seven nearest neighbour oxygzen
atoms, ratlier a novel devarture from the usual eight-fold coordination
associated with Zr (IV), as pointed out by Gillespie (1951). Smith
and Newkirk used synthetic single crystals, thereby overc.ming the
problem encountered by the earlier workers, of finding crystals which
dida /
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/ did not exhibit twinning. Their analysis was based on the cell

parameters given by Adam and Hogers (1959).

The high temperature, tetragonal form of ZrO2 vas first observed by
Ruff and Ebert (1929) and is usuzlly regarded as representing a dis-
torted fluorite lattice., By igniting "zirconium hydroxide" at

500 - 600°C, a tetragonal form of Zr0, was obtained by Clark and
Reynolds (1937), who regarded it as being identical to the high tem-
perature tetragonal phase which could be produced from mcnoclinic
zr0, by a reversible change at 1100°C (Ruff end Ebert, 1929, lurray
and Allison, 1954). The findings of Clark and Reynolds (1937) are
contradictory to the claim made by CBhn (1935), that monoclinic ZrO2
was the stable phase up to 1000°C,

The following are accepted as being the lattice varameters of tetra-

gonal Zr02.
Table 2

LATTICE PARALETERS OF TETRAGCIAL Zr02

SOURCE TYPE a (&) c (X)

Ruff & Ebert

(1929) High Temp. 5,076 5,160
Clark\& Reynolds

(1937 Low Temp. 5.074 5.160
Komissarova et al

(1960) Lov “emp. 5.08 5.16

Regarding tetragonal Zr0, as a body centred latiice, ratiaer than a

2
Lo . . ~\
face-centred lattice, as is commonly apnlied, Tuefex (1902) reported

the [/
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/ the unit cell dimensions as being, a = 3.64, ¢ = 5.27 R, at

125000, and provided a crystal structure analysis on this basis.

A cubic form of Zr0, was reported by van Arkel (1924) to be steble at
tenperature greater than 14OOOC. However, other workers (Ruff and
Ebert, 1929, CBhn and Tolksdorf, 1930, Passerin 1930, Duwez and Odell
1950) have suggested that this phase is only stable in the presence of
othere oxides, such as those of Be, Mg, Ca, etc. lore recently, this
cubic phase is claimed to have been produced from monoclinic ZrO2

end at 100°C, by the action of fast neutrons (Wittels and Schimil 1956).
The lattice parameter, a, is reported by various authors as between
5.06 and 5.10 ﬁ, the accepted value being 5.08 2, as given by Duwez

and 0dell, (19%0).

In the course of refluxing aqueous slurries of amorphous hydrous

zirconia Clearfield (1964) noted a progressive transformation:-
amorphous ———3»- cubic + monoclinic ———=». monoclinic hydrous zirconia

He also noted the very close similarity between the lattice spacin s
and those of the calcined oxides. The cubic hydrcus zirconia has been
questioned by Garvie (1965) who pointed out that when this phase was
heated, some of the broad X-ray lines emerged as the characteristic
tetragonal doubl:-ts. Thus the "cubic" phase was sugzested to be in
fact the tetragonal form, with the X-ray doublets masked by a line
broadening effect. The occurrence of the metastable tetragonal ZrO2
at relatively low temperatures was attributed by Garvie (1965) to a

crystallite size effect,

A trigonal form was claimed by CBhn and Tolksdorf (1930, 1935), for
temperatures in excess of 190000, having parameters a = 3.5% and
c = 5,99 3. However, since later workers have failed to produce this

modificaticn, its existance has been disclaimed, as by Veber (1957).

/ -
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CRYSTAL:.INi. HYDRATLS OF ZIRCOLYL CHLORIDE:  Numerous crystalline

hydrates of zirconyl chloride have been described. The most easily

prepared, and consequently the most widely studied is the octahydrate,
The formula Zr00128H20 was first assigned by Paykull (1873) to the
crystalline solid obtained by dissolving zirconium hydroxide in hydro-
chloé&c acid and allowing the solution to evaporate slowly. This
formula was confirmed by Venable and Baskerville (1898), who also pre-
pared the hexa- and trihydrates . The octahydrate has been largely
used as the starting material in the preparstion of lower hydrates.
Thus Venable (1894, 1898) prepared tri- and dihydrates, whilst Lange
(1910) obtained the tetranydrate. Using similar techniques Chauvenet
(1912, 1917) produced compounds said to contain 6 and 3.5 molecules of
vater, as well as the anhydrous ZrOCl,., Missenden (P22) also prepared
anhydrous zirconyl chloride, as well ss the monohydrate. Dehydration
in dry air was used by Akhrap-Simonova (1938) to prepare 2r0C1,2H,0,
whilst heating Zr00128H20 2t 180 - 270°C formed the anhydrous salt. A
series of hydrates containing 6, 4, 3 and 2 molecules of water was pre-
pared by Schmid (1927).

Many of these results from varicus workers are contradictory in detzil,
a probable recason for this being that the analytical methods available
to these early workers did not provide sufficiently accurate data upon
which to base formulae, Furthermore, hafnium-free zirconium prepara~
tions were not readily obtainable and consequently there was some

impurity always present.

The confusion led Komissarova, Plyuschev and Kremenskya (1960) to

carry out an extensive investigation into the dehydration of Zr00128H20,
which was prepared from hafnium-free zirconium. By thermal dehydration
they showed the existence of the tetra and trihydrates, and at
temperatures at which further dehydration was induced, chlorine was
lost also, so that the final product was Zr02. This was found at

temperatures /
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/ temperatures ranging from 140 to SOOOC depending upon the physical

technique being employed.

From solubility consideretions, Goroschenko and Spasibenko (1962),
suggested that two hydrates, the octa- and trihydrate were obtainable
as equilibrium forms. Later (1967) from measurements of water vapour
pressure above the crystals obtained by dehydration of the octahydrate
over H2804, at 20°C, they proposed a series of hydrates having 7, 6.5,
6, 5.5, 4.5 and 4 molecules of water. Characterizstion of the hepta,
hexa and tetrahydrates, as well as the octahydrate, has been carried
out by the same wurkers (1969), using heating thermograms, and infrared
spectroscopy. It appeared that all the hydrates thus studies contained
crystallization and coordination vater molecules, while, from the I.R.
spectra, Goroschenko and Spasibenko concluded that only the tetra-
hydrate contained Zr02+ions. This was in general agreement with the
X-rey study by Clearfield and Vaughan (1956) of the octahydrate, where

the Zr (IV) ions were cyclic tetramers,

Much of the early chemical interest in zirconium has been in the poly=-
merization associated with its hydrolysis, Many of the apparent
contradictions in the data presented by varicus workers can be explained
when the effect of ageing in the solutions is taken into account, bearing
in mind also that different physical techniques often tend to give
different results for a system. The processes whereby the salt

zirconyl chloride may be transformed into amorphous, and then crystalline
zirconia have been investigated end mechanisms accounting for these
changes have been presented. Structural models for amorphous zirconia
have been presented, from various sources. Iluch of the literature data
on the crystalline phases of ZrO2 is conflicting, and no relisble

phase diagram is obtainable. A probable reason for this is the marked

effect of small amounts of impurities upon the various phases.

Zirconyl [/
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/ Zirconyl Chloride itself has been studied widely and X-ray ctructural
data for its most stable hydrate, Zr00128H20, is available. Sonme
recent Russian work involviug thermegravinetry and infra-red spectros-
copy, h:s ~roduced what appezrs to be reasonable evidence for a whole

range of hydrates.

Cbject of Present Tork

The object of the present work was to investigate the hydr.lysis of
r (IV) in agueous solution. In particular, evidence was to be
sought in support of the tetrameric cations, as postulsted by othexr
workers. This would involve the examination of these and related
species in the electron microscone, changing as little as possible

their "solution" structure. The aims of the worl: may be broadly

defined as follows:-

(a) to develop a technigue for exauining the pol: meric snpecies in gas

close a state as possible to that in solution.

(b) to devise a means of resolving psrticles in the 5 - 10 2 size

range in the electron microsco:-e.

(c¢) to correlate structural features observed with pll, and other

physical data.

(d) to investi-ate the itransition ol amorphcus to cr:stalline zirconia,

as an ageing effect,
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ELLCTRON _MICROSCCPY

INTRODUCTION:  The sbility of a magnetic lens to focus an electron

beam was first demonstrated by Busch (1926) and a few years leter
Knoll and Ruska (1932) constructed the first electron microscope, &
commercial model becoming available in 1938 (von Borries and Ruska).
This instrument was capable of a far higher resolution than light
microscopes by virtue of the very short wevelength of an electron beam
and hopes were high that resolution of sub-atomic dimensions would

be achieved.

In an electron microscope the electron beam is produced by a heated
tungsten filament. The beam,accelerated by a potential usually
between 40 and 100 kilovolts, is collimated and focused on the specimem
by a condenser lens system. The electron image of the specimen is
then magnified, usually in three stages and a range o megnifications

from 200x up to 500,000x is available in modern instruments,

The theories of lens design and electron optics have been extensively
reviewed (Zworykin, Morton, Ramberg, Hillier and Vance, 1945, Cosslett,
1951, Hall, 1953, Hirsch, Howie, Nicholson, Pashley and Whelan, 1965)

and various aspects of modern instruments have been described.

Although modern high-perforzance instruments use electro-magnetic lenses,
other systems have been used from time to time, mainly on smaller micro-
scopes. The Hitachi 85 and Siemens Elmiskop 51 both use permenent
magnet lenses, whilst electrostatic lenses were used in some early
instruments although performance was poorer than for electromagnetic

lenses /
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EFIGURE 13
Ray diagrams in the electron micro=-
scope showing

a) transmission microscopy

b) electron diffraction

(after Hirsch, Howie, Hicholson,
Pashley and “helan, 1965)




1\\

N

K

—————— Object

Electron source

Condenser lens

Objective lens

1st. Intermediate
Image

Intermediate
lens

2nd. Intermediate
Image

.0.\ Focal plane of objective — Selector aperture

AN

Projector lens

Image

Microscopy
(0)

J

Diffraction
(b)




21.

/ 1lenses (Grivet, 1951). More recently, Fernandez-Moran (1966)
has constructed liquid helium-cooled super-conducting lenses, and

has claimed a marked improvement in resolution.

IMAGE FORMATICHN:

(i) Electron Optical Systems The electron optical system of the

microscope is shown schematically in figure 3, two modes of operation,

transmission and microscopy and electron diffraction being shown.

The illumineting system, siown in figure 3 as a single lens,
actually consists of two lenses. Two methods of illuminating the
specimen may teemployed, using either single or double condenser
lenses, as shovm in figure 4. The single condenser projects an
image of the beam cross-over near the electron source, onto the speci-
men, giving a minimum spot diameter of sbout 60 ., By using the
double condenser arrangement it is possible to restrict the illuminated
area to the field of view. In this way problems arising from over-
heating, charging and contamination of the specimen can be partially
avoided, The first condenser, a strong lens, dcmagnifies the beam
source by a factor of up to 100, the second condenser projecting this
image onto the specimen, with approximately a two-fold magnification.

In this way, a spot diameter down to 2 can be obtained.

Image contrast is formed by the objective lens and it is the quality of
this lens which largely determines the ultimate performance of the
microscope, Inaccuracies in the manufecture of the soft iron polepiece,

and inhomogeneities in its compositiun are among the limiting factors.

In light optical systems, compensaticn of lens defects is effected by
the use of concave as well as convex lenses, In electron optics,

however, equivalence is not possible, because magnetic lenses are all
convergent, so that aberration compensation camnot be achieved in this

waYe

The [
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FIGURE 4.

Single and double condenser illumination

in the Siemens Elmiskop 1 and 1A.

a) Single Condenser
b) Double Condenser

(after Hirsch, Howie, Nicholson,
Pashley and Yhelan, 1965)
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/ The other lenses in the megnification system, the intermediate and
projector lenses, are less important in terms of performance than the
objective lens, because thcy simply magnify the image, and its eberrations,
formed by the objective lens. Any short-comings in the performance

of intermediste and projector lenses will then be negligible by

comparison,

(ii) Information content of Electron Beam: An 80 KV electron beam

has a wavelength of 0.0423 and electron waves scattered by interaction
wilh the specimen will carry information about structural features
greater than this in size. This led to the early hopes of resolution
well below 18, However point resolution as discussed later is at
present limited to about 32, although lettice images below 13, heve
recently been obtained by Yada (1969)

The problem of attaining meaningful resolution is two-fold:-

(a) How may the information content in the scatiered beams be

recovered?

(b) Is there a meaningful way in which this information can be
interpreted?

There are also two factors limiting the retrieval and interpretation of

the information.

() The form in which the information is carried. The informetion

will be represented by perturbations in the electron waves.

(b) Abverrations. Defects in the electron optical system will also

give rise tc perturbations in the electron waves,

If the perturbations in the electron beams arising from structural

features in the specimen are significantly greater than those arising

from /
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/ from aberrations, then meaningful resolution may result, although

the exact interpreteation of it will be more difficult.

(iii) Electron Scattering: Before discussing the various approaches

by which these problems are tackled, it is necessary to summarise the
salient features of electron scattering. Two distinct types of

scattering affect an electron beam vhen it interacts with the specimen.

(a) Inelastic Scatterinz: (a) When electrons interact with orbital

electrons in the specimen they lose energy and asre inelastically
scattered. Inelastically scasttered waves are incoherent and do not
contribute towards meaningful image contrast, although some contrast
effects have been in fact observed, using only inelastically scattered
electrons. (Kamiya and Uyeda, 1961). Inelastic collisions of this
nature are responsible for scattering through angles of between a

1074 and 1072 redians and its effect is observed in crystalline
specimens as diffuseness of Bragg spots in the diffraction pattern of
a thick crystal,

(b) In addition to single inelastic collisions, the Coulombic inter-
action between a fast electron and the delocalized electrons of a
crystal can give rise to collective oscillations of the whole system

of coﬁduction electrons. These oscillations are known as plasmons
(Pines, 1956, 1963). The effect of these may be meglected in most work.

In addition, inelastic scattering will arise from the thermal vibration
of the atoms in the specimen. This scattering effect, however, is

also of little importance in most studies.

(b) Elastic Scattering: Electrons which interact with nuclei in the

specimen do not lose energy being elastically scattered. The scattered
waves are ccherent with respect to the primary beam, In a crystalline
specimen, the cngles through which electrons are elastically scattered

are determined by the Bragg Law, relating the crystal lattice geometry,

and /
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/ and the wavelength of the electrons, as shown in the equation:-

A= 2d) . 48in 8, A being the electron beam wavelength,
® the angle of diffraction, about 10~

radians,

2

dhkl is the interplanar spacing for
(hkl) planes.

CONTRAST FORMATICH:

(i) e, Thickness Contrast: A thick specimen will give rise to much
scattering of the electron beam and, if the scattered electrons are
then prevented from contributing to the final imzge by the insertion
of a limiting aperture in the back focal plane of the objective lens,
the thick parts of the specimen will be imaged as dark areas. A
similar situation erises with specimens containing heavy atoms and to

this type of contrast, the term "Mass-Thickness" Contrast may be applied.

(i) b. Diffraction Contrast: In crystalline specimens more than 1008

in thickness contrast is obtained by removal of Bragg diffracted beams
from the image-forming electrons, also by the insertion of a limiting
objective aperture. In this way areas of the specimen which are in a
strongly diffracting position will be imaged as dark areas, as in the

case of buckling contours often observed in thin crystals,

Kinematicel Theory: For thin specimens where the electrons interact

only once with the specimen, a mathem:tical treatment has been exten-
sively developed to &llow calculation of the intensity of the diffracted
beams. Known as the Kinematical Thecry, it accounts, wilh reasoneble
success, for contrast variations in crystalline specimens, arising from
dislocations, variaticns in thickness and other features (Whelan, 1959,
Hirsch, Howie, Nicholson, Pashley and Whelan, 1965). By calculating

the total scattered Intensity, and knowing the size of the limiting

objective aperture the total intensity of the remaining image-forming

rays /
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/ rays can thus be found, It must be noted, however, that in this
method the information content of the scattered electron waves is not
recovered. However, the detailed knowledge, albeit approximate,
provided by the Kinematical Theory, allows one to know what is being
removed from the primary beam and, although this beam itself earries
no structural information, the knowledge of the total inform:tion
loss, along vith the contrast features observed allows for reasonably

accurate interpretation of these contrast features to be made,

Dynamical Theorv: In thick crystals, the Kinematical Theory has its

shortcomings and the Dynamical Theory has been developed for electron
diffraction in thick crystals. This theory takes into consideraticn
the possibility of the diffracted wave being itself scattered by atoms
in the crystal. The interaction of primery and scattered waves is

also taken into account.

(ii) Phese Contrasts Contrast which arises from interference between

e transmitted wave of amplitude T and a scattered one of amplitude D,
of phase ( %} +X), reletive to the transmitted wave, is due to the

corbination of the two waves:=
yb‘: T + iDelx s X being the phase difference between the two waves.
The intensity of this wave is given by

,Vﬁ 2. 1= 2TD sin X , the condition for maximum contrast being

as follows:-

G oy = 4TD, if sin X =1
This contrast is known as phase contrast, since it is dependent upon
the phase difference introduced in the scattered wave by the object, and
by the objective lens. A correct interpretation of phase contrast

requires /
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/ requires an unlerstanding of the effect of this phase difference,)ﬁ ’
and an ability to control it. This contrast is dominant in the

5 =~ 152 size range in specimens less than 1008 thick. (Lenz and
Scheffels 1958, Thon 19G6)

The two factors which are important in determining the contrast are

the instrusental phase X , and the Fresnel transform, for an object of
finite thickness. The Fresnel transform is the vertical phase summation
in the object and is analogous to the Frauvnhofer structure factor in

crystallography.

In a 3-dimensional solid object, if the atoms are randomly disposed,
the image will be a random superposition of Airey discs, with the
appearance of random noise., All solids, however, possess short range
atomic order, so that the intensity distribution in the imuge ought to
represent the regions of short-range order in the object. If the
specimen thickness is comparable with the extent of these ordered
regions a reasonable interpretation of the image should be possible,
based on the Fresnel transform at a given value of defocus. The con-

trast G,, between two points is given by:-

12
febs
G5 =;%\_rl f (F, - F,)) sinXpgag - --- Q)

(F1 - F2) being the difference between the two real parts of the two

Fresnel transforms,

The contrast thus depénds on sinw)f, and also on (F1 - F2) and the
interpretation of phase contrast becomes the problem of attempting to
deduce (F1 - F2) from the above equation, knowing the behaviour of

sin for the partic.lar instrument. Quantitative determination of the
behaviour of sin}( cannot at present be determined and the following

phase expression is used to give a value of $-
1 g

/ -
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X = AL E- I Cpt o) oo (2)

Where Kl is the wave vector for the scaftered beanm, AL, the defocus
value, which is the controllsgble term and CS the spherical aberration
coefficient, The term X ab represents the effect of astigmatism,
which may be minimized by careful compensation. )ﬁ (t) describes the

effect of lens instabilities and zlso stray fields.

For maximum phase contrast it can be shown that:-

| x| ALcﬁQ— '_‘;_(_‘ Csﬁd': (21-|)1;£ 3

, 1 being an integer.

al

For small angles, the relationship p = %} can be applied as the relat-
ionship between the Bragg angle ﬁ' and the spacing ‘'a' in the object.

In equation (3), the value of defocus Z&[_o to optimise the contrast for
8 given value of 'a' is determnined by an isophase diagram as shovm in
figure 5, Thon (1966) has carried out extensive experimental studies
of this relationship, measuring the dominant spacings in the image as

a function of AL° , using a light diffractometer (Hansen and
Morgenstein, 1965). The agreement between his experimental results and
the theoretical treatuent was good and it was concluded by Heidenreich,
(1967) that t:e transform of a phase contrast image was capable of

yielding very important information.

Interpretation of phase contrast detail thus requires a knowledge of
defocus and of the Fresnel transform. The image point intensity dis-
tribution is a phase map in which points of equal intensity are points
of equivalent phase amplitude. This factor would need to be taken

into account for valid intercretation of high resolution images. The
variation of X with ALG shows why a true equiv:zlence cannot be made
for micrographs in a through-focal series, and without a knowlege of

zf§Lwand the Fresnel transform, any interpretaticns made of image phase

contrast must be tentative and at the present state of phase contrast

theory and imtrumental design this is all that is possible,

Recently /
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FIGUR

i

t 5

Iso-phase lines for maximum
phase contrast of spacing “a"
in an object as a function of

A L, the defocus.

(After Heidenreich, 1967)
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/ Recently, attempts have been made by Fernandez-Moran (1960) to
achieve high resolution phase contrast by the use of objective phase
plates of composite single crystal films with adjustable electric
fields, or ferromuagnetic thin-film apertures, thus permitting phase
shift contirol. He noted a marked improvement in resolutiva. Thon
et al (1968) made zonal correction plates, following suggestions by
Hoppe (1961, 1963, 1967) and Lenz (1963) that such plates, in the
objective lens, would improve resolution and phase contrast in the
image by remuving certain phases, The exact significance of their
results is however not clcar at present, although it appeared that
the resolution limit using a conventional circular aperture could be
surpassed, Other studies of phase contrast images have been carried
out by Locquin and Bessis (1948), Locquin (1955), Menter (1956),
Lenz and Scheffels (1958), Heidenreich (1965) and van Donsten and
Premsela (1966), and others,

(iii) Electron Scatterins Cross-Sections: For elastically scattered

electtons, the total elastic sczttering cross-section, Qel, may be

represented by the following:-

oo [ e papa

20 “f:o
am Beb) N 2T - a2
= f f ARSI f j I ) e pagu

20 -0 *zo ﬁ:FOlU
Where ﬂé = amplitude of sc. ttered wave, 3 the scattering angle, and e
the angle variable about the optic axis. [#@(%ﬁ)ln is the corres-
ponding intensity distribution at the back focal plzne of the objective,
and this is imaged as an electron diffraction pattern when the microscope

is operated in the selected area diffraction mode.

For pha~e contrast the cross-section is given by the first of the two
integrels, arising from that portion of the diffraction pattern passing
through the objective aperture, whereas for diffraction contirast, the
cross-secti.n is determined by that psrt of the diffraction pattern which

falls /
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/ falls outside the limits of the aperture.

A similar treatment may be applied in the case of inelastically
scattered electrons. Since inelastic scattering tends towards small
angles, its cross section within the objective aperture will be large,

compered with that outside the aperture and, since inelastically

scattered electrons are not coherent, phase contrast is not enhanced

by their inclusion,

It has been mentioned by Crewe (1970) that the theory of elastic
scattering indicates that elastically scattered electrons are propor-
tional to the thickness of the specimen and to its atomic number to the
4/3 powver. Inelastically scattered electrons are proportional to the
thickness of the specimen, and the atomic number to the 1/3 power,
From this it can be seen that the ratio of elastic to inelastic scatt-
ering cross-sections for a given element will be proportional to its
atomic number. Thus light elements, such as carbon, have an inelastic
cross-section several times greater than the elastic cross-section,

as is shown in figure 6 which applies to 50 KV electrons (Lenz, 1954).

TIAN
s.:, | \

N\

0,1
! 10—=Z2 100

Figure 6 . Variation of ratio of inelastic to elestic scattering

- cross-sections with atomic number, (after Lenz, 1954)
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Specimens consisting of such elements are therefore not well suited for
high resolution phase contrast microscopy, because of the lurge con-
tribution from small-angle, inelastic scottering. In particular,
carbonaceous specimens, which include the whole range of biclogical
materials, are really unsuitable for good phase contrast. A further
disadvantage lies in the dissipation of energy into the specimen as

a result of inelastic scuttering. This is particularly damaging to
delicate organic materials, and also brings about randomization of thin
carbon films. (Dowell, Farrant and Williams, 1966). Specimens
containing heavy elements, provided they are sufficiently thin to

allow good penetration, are more suitable for phase contrast, in that

there will be a higher proportion of elastically scattered electrons,

FACTORS LIMITING LETRIEVAL OF INFORMATIONS

.Despite the efforts to improve the resolution attaineble in a modern
microscope, there are a number of factors which hinder total retrieval
of the information content of the scattered beams. Among these are
the variocus aberraticns which affect the electron optical systenm,

especially the objective lens, whose performance is most critical.

(1) Spherical Aberration: This is the most severe effect and results
in peripheral rays passing through the objective lens being brcught
to a focus before those closer to the axis, as shown in figure 7 .

Thus a point in the object is imaged as a disc by the objective lens.

Object |

image
Plane

Figure 7. Schemetic representation of spherical Aberration.
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This effect is overccme to some extent by the insertion of a limiting
aperture in the back focal plane of the objective lens, in order to
remove the most widely scattered waves. This procedure is used in
the production of diffraction contrast images. However as was noted
earlier there is an information loss due to the removal of these
scattered electrons and a compromise must be sought with regard to
the optimum size of the objective aperture. This compromise is

expressed in the equation:

a1
z -7
6“;,‘ =B Cs $ min being the minimum size of
a resolvable point object. B

is a constant, £ unity.

The optimum size of the objective aperture, oC,o: , is then given by:

-*

(; A is a constant, £ unity.

oL g = Qf

In practice, Lot ?

aperture, is about 6 x 10"'3 radians, corresponding to an aperture

the angle subtended at the specimen by the objective

diameter of approximately 49/* s and apertures of 30 and SOILL

diameter are used in conventicnal transmission microscopy.

Where phase contrast is required, larger objective apertures up to 200
in diamater are used, and in some cases they have been removed com-
pletely (Heideneich, Hess and Eaan, 1968), although the attendant
increase in informztion is normally offset to some extent by the

increase in Spherical Aberration. However, since

Cs = cf , f being the objective focal length,

¢ being = unity,

it can be seen that a reduction in focal length will reduce the Spherical
Aberration coefficient Cs’ Thus Heidenreich et al (1968) and
Fernandez-llorn (1966) were able to reduce the Spherical Aberration

effect /
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/ effect by reducing objective lens focal lengths (from 2.8 mm to

2.1 and 1.8 mm respectively).

Short focal length objective lenses are now an important feature in
current high resolution microscopes. The A.E.I,, E,}.8 electron
microscope features an objective lens of focal length 1.1 mm with

a guaranteed point resolution of 33,

Dowell (1962) was able to reduce Spherical Aberration in lattice

images by tilting the illumination at the Bragg angle, with respect

to the optic axis. Using this technique, lattice im=ges down to 0.882,
the (200) planes in Ni,have recently been reccrded by Yada and Hibi,
(1969). This method, however, is applicable only to lattice fringes

and is not a good criterion of resolving power.

(ii) Chromatic Aberrations Chromatic Aberration erises from the

energy spread in the electrons passing through the objective lens,

as a result of which the electrons of lower energy are brought to a
focus before those of higher energ., forming a disc of confusion at the
image plane. This spread in energy may be due to fluctuations in
power supplies to the lenses and in the high tension. In modern
instruments, howcver, such variaticns are kept within tolerable
limits. The other, more serious source of chromatic aberraticn is
the effect of different path lengths taken by electrons through the
specimen, and an important requirement for high resolution is that the
specimen be sufficiently thin for this efféct to be insignificant.
Cosslett (1957) has shiown that chromatic aberration will limit resol-
ution of points in a graphite to approximately one tenth of the

specimen thickness, at 100 KV,

(iii) Astigmetism: A third effect, important in high resolution

electron microscopy is astigmatisii, resuliing from assymetry in the
objective lens field, produced in turn by inhcmogeneities in the soft

iron polepiece, or by inaccuracies in its manufacture. The lens has

effectively /
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/ effectively different focal lengths for paraxial rays in the two
principal planes of asymmetry. In addition to inherent astigmatism
there is induced astigmatism due to contamination within the microscope
column, particularly on the objective aperture. Charge build-up on

the contanination produces distorting fields. Careful cleaning of
surfaces in the microscope which are exposed to the electron beam,
particularly the apertures,must be carried out in order to minimize

the induced astimatism. Correction,which is achieved by using a device
which produces an elliptical compensating field, may be performed using
the fringe test described by Haine and Mulvey, (1954). A particular
source of induced astigmatism arises from contamination of the objective
aperture, Devices for heating objective apertures in situ, to remove
contamination, have occasionally been described, as in the current
Ikstra Lem 4C, However, such devices have not been notably successful,
Perhaps the most important advance in this aspect is the production of

thin foil apertures which are virtually contemination-free.

(iv) Coherence: The coherence of the electron beam impinging upon

the specimen is an important factor in high resolution. The coherence
of the illumination is improved by the use of a small condenser

apertiure, resulting in much clearer Fresnel fringes, This is especially
useful in estigmatism correction. However, there is a conseguent
illunination loss and condenser apertures normally used are either

100 or 200 in diamater. The use of pointed filamunts was first
demonstrated by Hibi (1954), and a marked improvement in beam coherence
was shown. PFernhndez-ilordn (1966) has developed pointed cathodes

using single-crystal tungsten tips, whereas commercially available

pointed filaments are generally ground to a point,.

By using these filaments, a much higher current density is obtainable,

and consequently a smaller condenser aperture may be used.

With instrumental conditions carefully chosen and adjusted to zive

optimum performance, it is not always possible to achieve the best

resolution /
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/ resolution of which the microscore is then capable, in that the
specimen itself often imposes limits on the resolution. Beside the
thickness considerations mentioned earlier, there are a number of ways

in which the specimen is affected by the elcctron beam.

(v) Contaninations This wag first noted by Watson (1947) and was for

a long time a major hindrance in high resolution microscopy, a deposit
of amorphous material building up on the specimen, under the action of
the electron beam, Fine detail was thus obscured, This deposit was
shown by Hillier (1948) and KBnig (1951) to be amorphous, and carbon-
aceous in composition and it was thought to be a hydrocarbon polymer
which was subsequently carbonised by further electron bombardment.
Elegant studies by Ennos (1953, 1954) and Heide (1958, 1963) have
furnished much information regarding the nature of contamination and the
processes involved in its formation, In the light of their findings,
various devices for reducing contamination rates, which may exceed 108
per minute, have been constructed (Schott and Leisegang, 1956, Heidg,
1958, 1960, 1964). Most modern electron microscopes are equipped
with anti-contamination devices, which consist of liquid nitrogen-
cooled jackets which surround the specimen, and on which the organic
vapours which lead to most contamination will preferentially condense,
By means of such devices contamination rates as low as 0.13 per minute
are possible and, except in cases where the specimen must undergo pro-
longed beam exposure, contamination no longer poses a serious problem.
Yada and Hibi (1966) noticed that a ¢ontamination layer could actually
be removed from a specimen, under the intense electrom beam irradiation

produced by a pointed filament.,

(vi) Specimen Stcbility: The stability of the svecimen is another

importent factor in electron microscopy. Many inorganic compounds,
particularly hydrates, will be unstzble in the vacuum under which they
are examined. Ionic salts, perticularly halides, are kncvm to break
dom to form oxides, etc. under intense beam irradiation which is a

more serious effect, rroducing physical as well as chemical changes.

Delicate /
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/ Delicate organic specimens deteriorate rapidly in the electron beam,
as a result of polymerization and cross-linking. The problem of
beam damage may now be largely avoided by the use of an image intensifier

which will allow a much lower electrom beam intensity to be employed.

RESOLUTION ¢

Resolution was discussed by Cosslett (1951) in terms of the distance
between the centres of two seperate points in the im:ge, and the
resolving power of a microscope is usually taken to be -the smallest

value for this distance which can be measured in at least two successive
micrographs (von Borries, 19443 Ruska,1954) the reason for this being

that electron noise can result in contrast effects which, in a single
micrograph, may be regarded as significant structure. Dowell, Farrant
and Williams (1966) however pointed out that a resolving power of 3% by
this criterion was by no means certain, since in pairs of micrographs
having the required correspondence of points, there were many more points
which did not correspond at all, This was attributed to structural
changes occurring in the specimen and they concluded that the traditional
test specimens which consisted of platinum particles on a carbon film,

were no suitable criteria for unambiguous resolution of 32 detail,

Another criterion of resolving power, suggested by Haine (1961) is based
on the width of Fresnel fringes around & hole in a thin carbon film.
This was estimated to be suitable for resclution up to 53, above which
the granularity of the film complicated the evaluation (Heidenreich,
Hess and Eaan, 1968).

More recently , lattice fringe spacings have been quoted as an estimate
of resolving power, particularly since crystal lattices with spacings

less than 2R have been resolved.

Thon /
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/ Thon (1964) has pointed out that lattice image formation and the
resolution of points ure achieved by two quite distinct mechanisms,
and point resolution was shown to be a much more exacting criterion of

instrument (and operator) performance.

Finally, an attempt was made by Kikutchi (1967) to show that 5% point
resolution by phase contrast, required only a single micrograph. The
argument was based on considerations of electron noise and specimen

damage occurring between the two exposures normally taken. Most high
resolution studies, however, continue to use two more micrographs for
comparison, since the mechanism of phase contrast image formation has

not yet been fully evaluuted.

Von Borries and Kausche (1940) derived an expression relating the
diameter d' of a polygonal platelet with n sides to the resolving
power, $ , of the microscope. For resolution of the shape of the

polygon, the following relationship was found:-

[ n)y /2 Al
a' = 2 6 (1 + cos n) = cot n , and a graphical represen=-

tation of this is shown in figure % .
Thus for a four-sided platelet of diameter 103 to be resolved as such,
a resolving power better than 103 by a factor of 3.7 would be required,

i.e. a resolving power of 2.78.

By comparison, modern high-performance microscopes guarantee a point-
to-pOint powver of 32 (JoEoOoL.CO. - J.BE.M. 1003; A.E.I' - Eol'{oe)-

ELECTRON DIF-RACTICH:

Crystalline specimens will, as his already been indicated, diffract an
electron beam, in accordance with the Bragg law. The diffracted beams,
along with the undeviated beam are brought to a focus at the back focal

plane of the objective lens, as shown in figure 3 .

In /
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FIGURE 8
Ratio of least diameter of
a polygon permitting recog-
nition of shape, to the limit
of resolution, 2s a2 function
of the number of sides of the

polygon.

(After von Borries and Kausche, 1540)
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/ In normal transmission microscopy, the interimediate and projector
lens are focussed upon the first intermediate image plane, so that the
final image is actually a megnified projection of this plane. For
electron diffraction, however, the focussed array of diffracted beams

at the back focal planc of the objective lens is imaged instead,

Selected Area Diffraction: This technique, developed by Le Poole

(1947) enables diffraction patterns to be obtained from small creas

of the specimen, so that a correlation between features obee rved in

the specimen and its crystallography may be made. For this technique
the intermediate lens is reduced in strength so that the back focal
plane of the objective is magnified and projected onto the final screcn.
By insertion of a selector aperture in the first intermediste image
plane, the srea of the specimen giving rise to a particular diffraction
pattern can be correlated almost exactly. The accuracy of selected
area diffraction hes been discussed by Agar (1960), Phillips (1960)

and Rieke (1961) and Spherical Aberration wes shovm to be one of the

major sources of error in the selected area,
Inter-planar spacings are derived from a diffraction pattern as follows:-
It may be showm that

D/2 = tan 2 8 , D being the diameter of a pair of diffraction
L

spots, or of a "polycrystalline" ring, L being
the effective camera length.

If © is small, then tan 2 ® ¥ 2 gin © 206

|+

and D=21L, 26

=412

23 ! from the Bragg relationship.

Therefore, Q;Q = L = "Camera Constant", K,

The /
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/ The camera constant may be found by calibraticn with a sample, of
known lattice perameters, which gives a sharp ring pattern. An

evaporated film of Thallous Chloride is often used for this purpose.

The accuracy of the camera constant is governed by small instrumental
veriations, errors in procedure, and errors in measurement, and can be

as good es 0.1 per cent,

It has been noted by Andrews, Dyson and Kcown (‘967) that the camera
constant actually veries with the diffracticn ring diameter, the
relationship being approximztely lineax. This variation is due to the

decreasing validity of the expression.
tan 2 6 = 2sin © ¥ 2 06

as the value of © increases. Thus, as the ring diameter increuses,
the camera "constant" increases, a typical example of this effect being

shown in figure 9 , the material used being Thallous Chloride,

Where D = 5 cm. and L = 40 cm., the correction to the interplanar
spacing is about 0.15 per cent, slightly larger than the variation

due to random errors.




FIGLRE ¢

Variation of camera cunstant with

ring diameter,
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SPCIVEN SUPPORT TECINIQULS: Conventional electron microscope

specimen mounts consist of either copper grids, or perforated Platinum-
Iridium discs. They are usually coated with a thin film of carbon
prepared by the evaporation method described by Bradley (1954). Such
films zre useful for supporting specimens at medium magnifications.

‘At high magnification, however, the structure of the carbon fiim itself
can affect the guality of the imege. It has been suggested by Boiko,
Palatnik and Dervyanchenko (1968) that carbon films ccnsist of paxticles
about 128 in diamater, which is certainly consistent with observed
results, althouzh the dependence of image granularity on objective lens
focussing (van Dorsten and Premsela, 15&9 makes accurate measurement
difficult. Furthermore, the evaporation conditions will control the

grain size of the caibon film,

Various methods of avoiding background structure in high resolution
images have been developed, the most widely employed being the use of
perforated support films, generally of nitrocellulose or formvar, and
reinforced with carbon. This technique was used by Bassett, lenter
and Pashley (1956) to resolve the (on) lattice image in a Moo3
with a spacing of 6.93 g. The crystal was suspended over & hole in

crystal
the support film and thus photographed.

The use of perforated films offers a further advantage in that astig-
matism checks may be carried out with the same specimen. It is found,
however, thet when a drop of a colloidal sample is allowed to evaporate
on such a mount, the surface tensicn effects tend to draw most of the
particles around the edges of the holes, with the result that very few

of the particles actually vroject across them.

Thin clearage flakes of graphite, less than 10 2 thick, have been

used by Fernindez-lloran (1966) as supports, since they have a finer
and more regular substructure than carbon films, He also used thin
mica flakes with regular 100 2 holes, produced by fission tracks. The

use of asbestos fibres as a "filter" to colleét air-borne particles

was /
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/ was mentioned by Hall (1953) and various other techniques using
fibres as supports have been reported, although high-resolution work
was only carried out in a few of these reports (e.g. Fernandez-toran

1966) ,

In the present study, carbon and silica films were used as support
substrates for low and medium resolution microscopy and electron
diffraction. For high resolution it was found that fibres.of
chrysotile offered the best specimen support, in that background-free
micrographs of colloidal material could be obtained. A detailed study
of chrysotile was carried out and the results presented in Part 2 of
this thesis,

REGULAR ATTAINZAIT OF OPTIUN PLRFORMAIICE: The Siemens Elmiskop IA

used in the present study has a guaranteed point resolving power of

88. The tetrameric Zr (IV) species already mentioned,

[Zr (OH) e 4H O:I8 has length and width both equal to approximately
93, the dlstance between nearest Zirconium atoms belng 3. SOR
(Clearfiela 1969). For resolution of this tetramer to be a reasonable
proposition, the guaranteed resolving power of the microscope would
have to be attained, and surpassed if possible. Furthermore, a suit-
able way of preparing a specimen would have to be developed. The
actual shape of the tetramer would not be distinguishable, however,
since this would recuire a point to point resolving pover of 23, well

beyond the capabilities of the instrument.
The instrumental performance was improved in the following wayst:-

(i) Use of pointed filaments: Use of pointed filaments gave a marked

improvesent in beam coherence, evidenced by the increased number of
Fresnel fringes which were resolved. The higher illumination intensity
alloved the use of smaller condenser apertures, 50 or 100 in
diameter with a further improvement in coherence, and consequently in

the final inage cuality.

(i1) /
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(ii) Use of thin-foil apertures: The use of such avertures as a means

of lowering induced astigmatism has been noted. 50 diameter aper-
tures are available comnercially and in the initial stages of the work,
these were used in the objective lens system., Later, thin silver
apertures of various diameters were nmade, zfter the method described
by Stabvenow (1968). A conventional Pt / Ir aperture was first coated
with a layer of sodium metaphosphate, onto which a thin film of silver
was then evaporated. The silver foil thus formed was floated off in
distilled water and collected upon a support ring usually a widened
aperture, Vhen the assembly was dry the foil was fixed in position by

conducting adhesive and transferred to the microscope.
By using such apertures in both the condenser and objective lenses,
it was possible to operate the microscope for a period of several dajs,

without re-correcting the objective stigmator setting.

(iii) Phase contrasts This was improved by the use of a 200

diameter (thin foil) objective aperture, which allowed a greater number
of scattered rays to contribute to the final image, It was decided
not to use the technique of Heidenreich et al (1968) of completely
removing the objective aperture, because in the instrument used, there
was no facility for using = short focal length objective polepiece, and

consequently there could be no spherical aberration improveuent.

By operation of the microscope under the conditions described above,
with an accelerating voltage of 80 KV, and an instrumental magnification
of 160,000X it was possidle to achieve a point to point resolution of

ebout SR, wvhich was adequate for the requirenents of the study.

DMAGE RECORDING:

Electron microscone images are, in the Elmiskop 1A, recorded on
Photographic plates situated below the final screen. In this vork,

I1ford Special Lantern Contrasty plates were used, and proved adequate

for /
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/ for the high resclution studies, as well as for the more routine
work, The newer Electron Image Plates were also used in a series

of tests, but the increase in qualify was not sufficient to warrant

their exclusive use,
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X-RAY POVDER PHOUCGRAPHY s

Specimens for examination were trepared by drying end powdering the
materiel in an agate manner, The powder was mixed with ""Durofix"
adhesive, rubbed into a paste, and rolled between glass slides to
form a small tube approximately 0.2 mn. in diameter. When dry this
tube could then be mounted in an X-ray camera in the usual manner.
Use of a copper target and nickel filter gave Cu Kx’radiation, with
a vavelength of 1.5422. The generator was run at 35 Kilovolts and

15 microamps, for periods of time between 5 and 7 hours,

pH MEASURELZITT s

As soon as samples were removed from the refluxing solution, they

were cooled rapidly in order to retard further hydrolysis. An

E.I.L. model 23A/pH meter was used in conjunction with a digital
voltmeter and it was thus possible to measure pH to within 0,01 unit.
A covbination glass-colomel electrode was used, and the calibration
of the meter wus checked frequently, using standard buffer solutions
of 4,00 end 1,00, made by the methods described by Robinson and

Stokes (1959). |

NUCLEAR LIAGLIWTIC RESCIIANCE:

High resolution N.li.R. spectroscopy nay be used as a means of studying

exchange reactions in an ecuilibrium system.

A typical example would be two molecules, HA and H*B, participating

in the equilibrium reaction:=
HA 4+ H*B <———— H*A + HB

If there was no exchange and if the protons bound to A were chemically

different from those bound to B, two separated proton resonance

frequencies /



48,

/ frequencies would be detectable, provided their chemical shifts
vA.and VB were sufficiently far apart. Vhen exchenge does occur,
the spectrum would be determined by two parameters T and < , res-
pectively the average lifetime of the proton in each enviromment end
the frequency separation (in cycles per second) between the two

signals in the absence of exchange.

If T is much larger thantg: y 1ees T —> 00, two separate signals
are observed, the exchange beinz very slow. Vhen the rate of exchange
increazses a line broadening of the two signals is observed, whilst

for T values smaller than-%: , the two signals collapse into a single,
broad peak, Finally, when exchangze is very fast an averaged, sharp
signal is observed, The theory of sisnal shape has been developed

by Pople, Schneider and Bernstein (1959) and the effect of different
exchange rates demonstrated by Van der Berghe, Van der Kelen and
Eekhaut (1967).

A gimilar situation arises in the case of protons attached to mclecules
which are in different environments, although they are chemically
similar, For example if proton exchange between bulk water and water
vhich was in some way restricted, was sufficiently slow, two separate
proton sighals would be observed, provided I)A and \)B were sufficiently

well separated,

Parallel to these cases of proton exchange, but quite distinct, is
the exchange of molecules between two environments. Here the vprotons
renmain attached to the molecules concerned and the splitting of signals

will be determined by factors similar to those already menticned.

In the present work, high-resclution spectra were recorded on a VARIAN

T.60 H.l.R. spectrometer, The samples were aqueous suspensions of
hydrous /
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/ hydrous zirconia, prepared by refluxing zirconyl chloride soluticns,
To each sample a drop of dioxan was added, as a calibrant for the

chemical shift of the proton signals,

COLLCID PREPALRATION:

Amorphous zirconia has been prepared by precipitation from Zr (zv)
solutions by base, then fresh, this zirconia is partially soluble

in hot water. However, irreversible changes are brought about by
ageing, the effect being that the zirconia becomes insoluble. Finally,
it is possible to induce crystallization by further ageing, usually by
refluxing. Zirconia may also be obtained by refluxing zirconyl chloride
solutions and in the present work, this latter method was preferred,

most of the samples studied being prepared by refluxing 100 ml. solutions
of zirconyl chloride. This method offered an advantage over ammonia-
precipitation, since there was an opportunity to examine the hydrolysis

products at varicus stages in their formation.

MATERIAL USLD:

The zirconyl chloride was obtained as the octahydrate,ZrOClstQO.
Spectrascopically pure meterial was obtained from Johnson-Matthey, Ltd.

A list of quoted impurity levels is given in Table 3,

Table 3 ,

IIIPURITY CCNTENT IN “SPLCPURE" Zr00128H20

——

Impurity Concentration (p.p.m.)
Na 5

Fe 3

Al ' 2

Ng <1

Hf £ 200
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/ Any other impurities present were below the limits of detection,.

SURFACE ARCA DUTWUTT.TICH

This was carried out using a standerd Perkin-Elmer-Shell Sorptumeter.
The samnle used w=as monoclinic zirconia, ohtained by »rolonsed reflux
. . . . . o .

of zirconyl chloride. The crystallites vere sir-dried a2t 60 C, and

. . . o
subsecuently degussed for one hour in flowing helium at 120°C,



T
il

¢

.
T
[RA e

»

»)



52,

RESULLYS

ZIRCCIYL CELCRICE
(i) X-RAY 2C¥WDER DIFPRACTION ... 53
(ii) ZLECTIRCH DIFFRACTICH eeveees 57
CCLUCLUSIUNS  wevessesvssvsssannsss 68
ZIRCOUTA
LOW RESCLUTIT AND LLECTRCH
DIFFRACTIVH  eeveovassessscsnsess 09
CULICLUSIIIS  wesesesossssssensccse 100
102
NUCLEAR 1AGIRTIC 2BSOHAICE vevw.. 119

S.‘jl)sF(’x.C‘l': J\‘_Im ee0e000sse0sssconsce 121

TYTAE] 2 LWIAT ITGT,
2id izl .'..«_JU\_'IJ\/J-.LVLI eeeoecoeesvoescer e



23

2IRCONYL CHLORIDE:

(i) X-Ray Powder Diffraction: Spectroscopically pure zirconyl

chloride was examined by X-ray powder photography; the spacingzs
measured are recorded in Table 4 , along with literature values .

for Zr0C1,81L,0 (Hanawalt, Rinn and Frevel, 1938) and ZrOCL3M,0
(Goroschenko and Spasibenko, 1962).  Also recorded in Table 4

are the spacings obtained from the crystalline solid obtained from

a slow evaporation of an aqueous solution of zirconyl chloride. It

can be seen that, for spacings below 83, there is close agreenent
between those for "Spec-Pure" Zr00128H20, the solid obtained by
evaporation, and literature values quoted for Zr00128H20. In addition,
there is good agreement between some of the cobserved spacings and those
of ZrOC123H20. The evaporite solid, however gave numerous lines

which are uneccounted for by either the octa~ or the tri-hydrates and
it is propoced that these spacings are due to the presence of other
hydrates not characterized in the literature. In both the 'Spec-Pure"
and the evaporated samples, a line corresponding to a spacing of 8.42 =
8.453 was observed, corresponding to neither of the two sets of lit-
erature values quoted. This line was attiributed to the presence of
another hydrate, or, alternativeiy, to the presence of hydrolyzed
material,

One difficulty encountered in the prepar tion of finely powdered
samples for trhis study was that, when zirconyl chloride crystals were
ground between glass slides or in an agate mortar, they became almost
sticky in texture. It is believed that absorption of moisture from
the atmosphere was taking place, probably leading to the formaticn of
& whole range of hydrates., This would account for the extra spacings

observed,

The lines corresponding to the two highest spacings, 10.6 and 12.82,
were very poorly defined in both powder photographs,

the resulting difficulty in their measurement leading to
the /
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Pe

"Spec-Pure" Eveporuted e . N
Zirconyl Chloride| frcm Sclution Zr°b12'8J20’* erCl2'3H20'**
a (2 a (2) a (®) a (%)

11.78 12,62 12.8 -
10.05 10,20 1.6 -
8.42 8.45 - -
7.9 T.9 Te55
6.86 6.9 6.59
6.51 - -
6.23 - -
5014 = -
4.93 4.74 4.80 -
4,25 4.15 4,12 4.14
4,02 - 3.97
3.80 3.82 3,80
3.06 - -
3.51 3.58 3.60 3.58
3.37 3.43 - -
2.30 - -
3.26 3.23 3.24 3.23
3.20 3.13 - 3.14
3.00 - -
2.85 2,92 2.96 -
2.74 2.72 2.74 2.72
2.66 - 2.64
2.58 - -
2.53 - -
2.43 - 2.38
2.24 2,22 2.22 -
2.14 2.15 2.15 2.15
2.07 2.07 2.07 2,07
1.84 1.61 1.831 1.81
1.72 1.71 1.71 1.71

¥ Hamewszlt, Rinn and Flever (1038)

**  Goroschenko and Srasibenko (1962



Crystals of zirconyl chloride,
from a dro» of agueous solution.

liagnification: 100,000X






Selected Area Electron
Diffraction patiern corr-
esponding to the group of

crystallites in Plzte 1.
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/ the inaccuracy.
It is concluded that zirconyl chloricde may be recrystallized from an
aqueous solution, as a series of hydrates, without undergoing irr-

eversible hydrolysis.

(1i) Electron Diffrection: Electton Diffraction studies of zirconyl

chloride yielded a wide range of results, the actual preparation tech-
niques determining the products as follows:=~

(a) 4n aquecus solution of ZrOCl 8H,0 was evaporated on to a Silica

coated Pt/Ir mount, the crystalliies thus obtained being shown typically
in Plate 1. From the electron diffraction pattern of this group of
crystallites (Plate 2), the following spacings, given in Table 5 , were
obtained, "-" denotes disasrecnent, a blank space implies that no value

is evzilable,

Iable 5 o
d (Measured) a (Zr00128H2O) a (ZrOC123H20)

3.24 & 3.24 3.23
2.71 2.74 2.72
1.97 2,00 ( 1.99

( 1.95
1.62 1.62 1.62
1.38 1.42
1.24 1.21

Within the accuracy of this method it is cleazr that the tzo hydrates

cannot be unambiguously identified from the small number of spacings
available,

The /
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/ The specimen was exposed to the atmosphere for three days and then
re-examined in the microscope., A marked change in the morphology of
the crystallites was observed, as is shown in Plate 3., which shows

the same as Plate 1 after exposure to the atiiosphere., The dark rim
round the specimen is due to contamination, the specimen having been

exposed to the electron beam for several nminutes,

The electron diffraction patterh of the specimen was also completely
changed, as is shown in Plate 4. The single crystal spot pattern,

along with a number of rings, gave the following spacings.

Tagble 6 ,

d (Measured) d (Zr00128H20) d (ZrOC123H20)

3.21 (R) 3.24 3.23

3.05 2.96 -

2,78 2.74 2472

1.97 2.00 1.99

1.76 - 1.78

1.68 1.71 1.69

1,25 1.2

0.94

0.84

Again, it is not possible to make a definite statement about the par-
ticular hydrate present; although there is certainly closest agree-

ment between the observed spacings and those of the tri-hydrate, the

linits of the experimental accuracy would also accomodate the octahydrate.

Extensive recrystallization hus taken place, producing mainly a single
crystal, /
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/ crystal, with a polycrystalline material also present, as showm by
the two well-defined rings in Plate 4, corresponding to 2.78 and 1.972.
The spots showm at 'A', corresponding to 3.053, are probably due to a
double diffraction effect, and this would account for the lack of

reenent between this spacing and the literature values.
ag )

Another fresh specimen prepared in the same way as before gave single
crystals of zirconyl chloride, with the following electron diffraction

spacings, showm in Table 7 .

Teble 7 ,

d (Measured) d (2rOCL,TH,0)* a (2roC1,6H,0)*
2.69 (%) 2.71 2,70
1.90 1.89 1.90
1.34 1.33 1.33
1.20 1.19 1.20
0.89
0.84

* Spasibenko and Goroschenko (1969)

There is very good agreerment between the observed spacings and those
of the hepta- and hexahydrates recorded by the Russian authors. It
must be pointed out, however, that, for these two hydrates, Spasibenko
and Goroschenko recorded a large number of spacings and it is of
dubious validity to identify the cristals in this sample.on the basis
of the single crystal diffraction pattern which ailow the measurenent

of only a small number of Spacings.

Ho ever, as hzs been already pointed out, the agreement is excellent,

When /



63.

/ When specimens were heated in the electron microscope to 35000, the
crystals decomposed rapidly, as Plate 5 illustrates, the area showm

being the same as that shown in Plates 3 and 1.
evidenced in the loss of diffraction patterns at this temperaturef

Heating at 40000 broucht about extensive crystallization, as siown in

Plate 6.

The polycrystalline electron diffraction pattern in Plate 7 character-

The decomposition was

istic of cubic crystals, gave the following spacings:-

Table 8 ,

d (measured) & da (cubic Zr02)*

d (tetragonal Zer)**

2,98
2455

2,11
1.80
1.54

1.48
1.27

1.17
1.13
1.04
0.98
0.89
0.86
0.60

2,92
2.53

1.80
1.53

1.46
1.27

1.16
1.13
1.03
0.98
0.90
0.86
0.80

?

2.94
2.58
2.54

1.80
1.55
1.53
1.47
1.29
1.27

* Duwez and Odell (1950)

* % . .. L.
Komissarova, Simanov and Viadimirova (1960)
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/ It is evident from the close agreement between observed and
literature values that the crystalline film formed is zirconium
dioxide, probably the cubic modification, which would be stabilized

by the presence of the silica film. The possibility of its being
tetragonal ZrO2 cannot, however, be discounted, since the only dis-
tinguishing spacings are the closely spaced doublets, which would be
difficult to resolve clearly by electron diffraction. Line broadening
was mentioned earlier as a complication in X-ray studies of this
material (Garvie 1965).

(b) Crystals of "Spec-Pure" ZrOClzsﬂZO, ground between glass slides,
were picked up on a carbon coated copper grid and examined inmediately
in the microscope., Although most of the crystals wvere too thick to
allow sufficient beam penetration, some were thin enough to give single

crystal diffraction patterns.

The following values in Table 9 were obtained from a number of

crystalst - 4

Table 9.

a) b)

d (measured)| d (Zr00127H20)* d (measured) | d (ZrCC126H20)*

6.08 & 6.00 3.50 3.53
4.36 4.38 3.20 3.18
3.04 3.03 2.92 2.97
2.76 2.71 2.13 2.14
2.03 2.03 1.88 1.90
1.94 1.92 1.74 1.77
1.19 1.19

* Spasibenko and Goroschenko (1969)

/ -
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d (measured) d (Zr00124H20)*

6.25 (%) -

4.28 4.29
3.96 3.97
3.1 3.09
2,38 2.36
2.14 2,14
1.95 2,02
1.74 1.72

* Spasibenko and Goroschenko (1969)

There is again very close agreement between the measured spacings and
those quoted for ZrOCl2(7, 6, 4}1{20. Within the limits of this
technique, namely the accuracy and the small number of spacings measured

it appears likely that these three hydrates are in fact present,

(¢) Dispersion in Cyclohexane: Dry, distilled cyclohexane was used

85 & suspending medium in which crystals of "Spec-Pure" zirconyl chloride
were ultra-sonically dispersed. A drop of this suspension was evaporated
on a carbon film and examined in the electron microscope. Several
diffraction patterns were observed, although the crystals giving rise

to them were extremely unstcble in the electron beam, the patterns fading
very rapidly, However, some of these patterns were recorded, and the
Spacings are given in Table 10.

Table 10 ,

/ -



a (measured) d (measured)
4.24 (%) 4.58
3.78 2.64
2.97 1.73
2.48 1.53
2.25 1.32
2.10 1.27
2.10 0.99

These spacinzs were not accounted for by the series of hydrates already
discussed and it is thought that they represent either less stable
hydrates, or else complexes formed by interaction of the zirconyl

chloride and cyvclohexane.

- It is concluded from this study of zirconyl chloride thuti-

(1) In the electron microscope the octahydrate is partially dehydrated
to give a whole range of lower hydrates, although positive identification
of these is ambiguous because of the small number of d-spacings avail-

eble for comparison with literature data.

(ii) Zirconyl Chloride is decomposed by heating at 350°C, forming ZrO2

in the cubic or tetragonal phase.

Thus the behavious of zirconyl chloride octahydrate in the electron

hicroscope was established in terms of dehydration and theri:al breakdown

to 2
r02,



LOW RESOLUTICH LLiCHRCN MICRC3COFY AN DIFFRACTICN

ZIRCONIA

A, Precivitation bv Ammonia

(i) Amorphous zirconia. This was precipitated from an aqueous solu-
tion of zirconyl chloride by ammonia. To 50 ml. of 2 Il zircon;l
chloride 100 ml, of ll ammonia was added. The pH of the solution rose
from 0,21 to 1.63, vhile a flocculent white precipitete formed. Plate
8 shows an example of this material, which gave only broad, extrenmely
diffuse rings in its electron diffraction pattern. ‘hen this gelat-
inous precipitate was refluxed, there was a pronounced initial drop in

plly occurring within the first hour of reflux, as showm in figure 10.

TR ¢
-2 4
pH
Q-84
) >
[ 1Y
° 4 % 12 3 20 24
“ Time (HouRs)

EL’S“._I‘.G._LQ; Variation of pH with time of reflux of amorphous zirconia.
Most of the precipitate redissolved during this time, only

a faint gpalescence remaining.

(11) /
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PLATE 9

vionoclinic zirconia, formed
by prolonged reflux of
anornhous zirconia susrension,

agnification: 10C,000X
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(i1) Monoclinic zirconia. Prolonzed reflux resulted in further pre-
cipitation, the suspension becoming milky, and faintly pink, The
precipitate now consisted of rounded particles, together with smaller
agzregates of amorphous material. A trpical distribution of varticles
is shown in Plate 9. The polycrystalline electron diffraction pattern

for this sample gave the followiny spacings, as in Table 11,

Table 11.

d (measured) d (mcnoclinic ZrOz) *
5.05 & 5.04
3.65 3.63
3.16 3.16
2.79 2.83
2,60 2,62
2.50 ) 2.54
2,17 2.18
1.98 1.99
1.81 1.82
1.66 1.66

* A,8,7.04., 13 = 307 (G.E.C., 4.2.P, Dept., Chio)

Comparison of the measured spacings and those quoted for monoclinic

zirconium oxide indicates that the particles consist of monoclinic
zirconia,

The irregularly shaped crystallites had a narrow size distribution,
8 figure 11 illustrates, the average diameter being 1100 . Tais is
larger than the average particle size proposed by Clearfield (1564b)
for zirconia prepared in a similar manner., However, his predictions

ere based on X-ray line broadening measurements and a strict comparison

is /
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Crystal'ine zirconia, formed

by heating cmorphous zirconia
R . - O Al
shovn in Plate 8, to 550 C,

liegnification: 100,000X
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Electron Jiffracticn ratiern
of cr;stalline zirc.mia as

shevm in Flate 10,
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/ is not guite valid,

T5e

by electron microscopy, would contribute towards a line broadening

effect, thus leading to a lower "aversge size" than would

true for the crystalline particles.

20 4 7o
\$ -
104 -
s | )/" ®
M f00 ' oo ) -L;boﬁ'

DIAMETER (R)

Figure 11,

e normall

The presence of amorshous zirconia, as revezlad

¥

Particle size distribution for monoclinic zirconia particlecs.

(iii) Tetragonal zirconia, A sample of the amorphous zirconia »re-

cipitated by ammonia was heated in the electron microscope, use the

object heating device as manufactured by Siemens. Plate 10 shows

X . o] . .
the same area as Plate 8, after heating to 550 C., 4t this tenperziure

crystallization occurred, as indicated by the electron diffruction

pattern, Plate 11, for the same area. It can be seen that two sets

of closely spaced doublets are just resolved (A A' and B B' in Plate

By careful measurement of an enlzrgement of the plate, the followinz

Spacings were obtaiunad, as presented in Table 12,

Iable 12,
1

/ -

1.
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Teble 12,

d (measured) d (cubic Zr02) * d (tetragonal ZrOz) *x

2.94 R 2,92 2.95

2.59 - 2.58

2.54 2,53 2.54

2,09 - -

1.80 1.80 1.80

1.54 - 1.55

1.53 1.53 1.53

1.47 1.46 1.47

1.36 - -

1.25 1.27 1.27

1.15 1.16 1.16 (calc.)

* Duwez and Odell (1950)

** Komissarova et al (1960)

The reement between the spacinss measured and those of both cubic
p (]

and tetragonal Zr0O, is excellent. The two lines corresponding to

2,59 and 1.54 g ari, however, teken as evidence that the phuse present
is in fact tetragonal zirconia, since they correspond to the (002) and
(113) spacings which in the cubic phase wo::ld coincide with the (200)
and (311), with values of 2.53 and 1.53 resvectively. The measured
spacings for which no agreement was found, namely 2.09 and 1.36 R will

be discussed later.

Be _ Precipitation b Reflux of Zirzonvl Chloride.

Hydrous zirconiz was also prepared by refluxing zirconyl chloride
solutions, the hydrolysis bLeins followed by pH measurements. As the
reflux proceeded an initial sharp drop in the pH was noted, this being

follovied by a gradual levelling off in the pH curve, as shown in

figure 12,
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Crystals of zirconyl chloride,
from an agueous solution
refluxed for one hour.

Magnification: 100,000X
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Figure 12, Variation of pH with time of reflux of 0,055 M

zirconyl chloride solution,

Samples were wiihdrawn at varicus stages in the hydrolysis and the
colloidal materizl examined in the microscope by allowing a diluted
drop of the suspension to evaporate on a specimen mount. ®Silica
filws were usually eNﬂlo*ed as substrates., The results obtained for

the hydrolrsis of a 0.055 I solution are as followsi-

(i) Zirconyl chloride hydrates. A fresh solution gave a range of
crystalline materials, which have been described previcusly. They

were concluded to be various hydrztes of zirconyl chloride,
After one hour of reflux, the deposit was still mainly crystalline,
a8 shovn in Plate 12. Single crystal diffraction patterns for these

Crystals gave the followiny spacingsi-

‘lao]_e 13 / -
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Lrorphcus zirconia, after
six hours' reflux of zircenyl
chloride solution,

Lizgnification: 100,000X






Table 13.

80.

d (Zr0012nH20)

4 (measured) 2 n=2=8 7 6 4 3
3.14 % - 3.08 | 3.11 | 3.09 | 3.14
1.92 1,91 1.92 | 1.90 | 1.64 | 1.95
1.60 1.62 1.63 | 1.61 | 1.61 | 1.62
1.56 1.57 1.57 | 1.55 | 1.56 | -
1.23 - 1.24 | 1.26 | 1.25 | 1.21
1.20 - 1,09 | 1.09 | 1.09 | -
1.06 - 1.07 | 1.04 | 1.07 | -
0,91

It is clear from this table that it is not possible to identify these
crystals with certainty, although there is a strong suggestion that

they are hydrates of zirconyl chloride,

(ii) Amorphous zirconia.

anorphous material was observed, along with a few single crystals, as

shown in Plate 13.

single crystals, gave the following set of spacings, measured from the

The single crystal shown here, along with other

electron diffraction patterns, which were identical,

Table 14,
l n
Zr0u12nH20
d (measured) n=8 7 6 4

2.79 2,74 | 2.83 | 2.70 | 2.75
1.97 2,00 1.99 2,04 2,02
1.40 1.42 1.41 | 1.41 | 1.41
1.25 1.24 | 1.26 | 1.25
0.94

After six hours reflux, a preponderance of
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Table 15.
ZrOClan2O

d (measured) n=17 6
1.97 & 1.99 | 2.04
1.68 1,66 1.68
1.24 1.24 1.26
0.98 0.99 0.99
0.94
0.84

As may be seen from these spacings, it seems likely that hydrates of
zirconyl chloride were still present, although it is again not possible
to identify any with certainty. The fact that zirconyl chloride
remains after six hours of reflux would indicate that the initial fast
hydrolysis is not irreversible. This is similar to the case of
ammonia addition, although the two forms of amorphous zirconia (Plates
8 and 13) are not themselves identical, since the flocculent mass
rroduced by emmonia redissolved, whereas the opalescence present after
8ix hours reflux of zirconyl chloride solution became more intense on

continued refluxing.

The opalescence which was becoming evident after ebout six hours was
evidence of particle growth and increased gradually until the suspension
was milky, At about this stage small, dense particles were becoming
Vvisible in the electron microscope, quite distinct in appearance from

both the amorohous zirconia and the crystalline hydrates observed earlier,

(1i1) Yonoclinic zirconia., A sample refluxed for 25 hours had a pH
of 1,16 and a specimen exanined in the microscope showed little evidence
of arorphous material, The deposit consisted of small particles,

Slmilar in appearance to those observed after twelve hours. A typical
dispersion /
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/ dispersion of these crystallites is shown in Plate 14, The electron
diffraction pattern for this sample is showvm in Plate 15, In the

1

measurencnt of this pattern, the variaticon of camera constant with

ring diameter was taken into account, in order to increase the uccuracy
over a wide range of spacings. The relationship between camera con-
stant and ring diameter was shown in Figure 9. The spacings

measured from Plzate 15 are recorded in Yzble 16, together with those
derived from an X-ray powder photograph for an air-dried sample of

the solid.

Electron Diffraction X-ray Diffracticn lionoclinic ZrO2
d
5.05 % 5.04 5.04
3.67 3.67 3.69
3.16 3.17 3.16
2.82 2.83 2.83
2.63 2.62 2.62
2.55 2,53 2.54
2,22 - 2.21
- 2.18 2.18
2,02 : 2.00 2.01
1.85 1.85 1.84
- 1.81 1.82
1.72 1,69
1.68 1.66
157 1.58
1.49 1.51

Comparison of the measured spacings with litersture values established

the identity of the crysutalline pxurticles as monoclinic zirconia.

Fron /
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From these results it can be seen that there is a slight improvement
in the accuracy wnen camera ccnstant variation is considered, although

it is almost cancelled out by other random errors.

The crystallites of monoclinic zirconia were observed as two apparently

distinct types:-

a) extremely uniform, lozenge-shaped crystals, as showm at 'A' in

Plate 14. These crystallites were knowvn as "pods".

b) less regulzary shaped crystials, usually roughly square in outline,

Because of their spiky appearance, these were called "stars',

Particle Dimensions. A striking feature of the “"pods" was their
(o] Py

narrow size distribution., Figure 13 shows the length distribution,
measured along the main axes.,. The average length was found to be
670 %, the diameter being 260 %,

40
30

201

11

s00A 1000 A

Fizure 13. Block histogram for length of monoclinic zirconia "pods".

The [/
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Crystallites of nenoclinic
zirconiu, cfter prolonred
reflux of 0.5 I zirconyl
chloride soluticn,

Yagnification:  A400,CC0XK
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ELATE 171

The same area as Plate 16,
with objective lens under-
focussed,

Yagnification: 4C0,C00X
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The average particle size for the "stars" was approximately 600 2.

Striaticns. The "pods" all possessed prominent striations along

their lengths, with a repeat distance of approximately 30 R, as ’

shom at 'S!' in Plate 14, Although the contrast of these fringes

was to some extent dependent on the focussing of the objective lens, as
Plates 16 and 17 illustrate, they did remain visible at or near exact
focus, From this it was concluded that the fringes represented
structural features within the crystallites, and were not artifacts.,
Similar striations, althouzh less prominent, were detectable on most

of the "stars", In these cases, the striations were orientated along

the diagonals of the "squares", as shown at "D" in Plate 17.

Electron Diffraction, By using a B/A selector aperture and double

condenser illumination it was possible to obtain selected area
diffraction patterns from single, isolated crystallites. A diffraction
pattern obtained for a "star" is showm in Plate 18, Similar patterns
were obtained for all the single "stars" observed. From a knowledge

of d-spacings and corresponding (nhx 1) values it was possible to

index the spot pattern as shown in the Plate. A consistent set of
indices is obtained by inserting (h ¥ 1) values of 102, 100 and 002

to the points P1, P2 and P3 respectively, Taking these points as

lying in the.(u v w) reciprocal lattice plane, it follows thats-
hyutkyve 1, w=o0 and hou + kv + 1w =0

from which it follows that:=-
(wvw) = (ky 1, - 1y kys 1y By = By 1y, By ky = Xy hy)

Inserting (102) for (h1 ky 1,) and (100) for (h2k212) it was found
that (u v w) = (020).

Thus /
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Thus the reciprocal lattice plame (as in Plate 18) was showm to be
(020), with the b-axis parallel to the electron beonm,

Examination of the diffraction pattern shows a mirror plane, as

denoted by AB in Plate 18, This indicates that the pattern is in

fact symmetrical in the[:10q] direction. The (020) reciprocal lattice
for a monoclinic crystal would not possess such symmetry, unless twinning
were present, With ﬁ’ = 80° approximately, twinning on (100) is thus
indicated, with a twinning angle of zbout 10°.  Miller Indices
corresponding to the twin ccmoronent are enclosed in brackets in Plate

18.

The transmission image of the crystal may be related directly to its
diffraction pattern if lens rotaticn of the image is taken into con-
sideration, The angle may be measured Ly superimposing a selected
area transmission image and the corresponding diffracticn pzttern upon
the same plate. If a crystal with well-defined, crystallogrephic
boundaries is chosen it will be possible to correlate the reciprocal
lattice with the crystal faces. Plate 19 shows a crystal of molyb-
denum trioxide, with the corresponding diffraction pattern. In order
to allign the 10§] direction, which is normal to the long axis of the
crystal, with the corresponding direction in the reciprocal lattice the
crystal image must be rotated through 26° in a counter-clockwise
direction, = Thus the image ic rotauted through this angle when pzssing
from selected area “transmission" to "diffraction", In addition, the
image is inverted by the objective lens, relative to the diffraction
Pattern. A similar value for lens roiation was obtained using a single
crystal chrysatile filament, and alligning the [?01:] directions.

These effects are discussed by Hirsch et al. (1965).

Taking these effects into consideration it is seen that an image
rotation of 205° is effective in alligning the imzge and its diffraction
Pattern, althouszh usually the inversion of the image is ignored and

the rotation or 26° only is applied.

- )
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In plate 18 the [100 :] and EOOZ:] directions are shown beside the
image of the crystal. The twinning already mentioned takes oluce
in the [100 ] direction and thus there is no obvious correlaticn

between it and the striations.

There was a marked diffuseness in the diffraction spots, and arcing of
up to 10° was observed. This suggested that the "stars" actually
consisted of well-orientated bundles of smaller crystallites, Since
ultra-sonic bombardment failed to disperse these supposed "subcrystials"
it is believed that a fairly rigid matrix exists, with appearently more

than weak electrostatic attraction prevailing between the components,

Although isolated "stars" occurred frequently on any given specimen
grid, it was a notezble feature that the majority of the “pods™
observed were in contact with other particles., However, single-
crystal diffraction patterns of isolated "pods" were obtained, one such
pattern being shown in Plate 20, The indexing shown is extremely ten-
tative although it appears that the b-axis is in fact inclined to the
electron beam rather than parallel to it. Althouzh no two paticrns
were alike, it was observed that 'a' and ‘'c' reflections did not occur
together on any one pattern. Furtheriore, where 'a' reflections

. Were present there was evidence for twinning on (100). It was thus
concluded that so-called “pods" arose from particular orientations of
the "star" structures, the plote-like stars being oriented more or lscs
Perpendicular to the support film, lying on either their (100) or (002)
faces., The confused diffraction patterns would then arise from the

tilting of the crystals with respect to the electron beam.

In all observed cases, the "pods" appeared more electron-dense than

the "stars", imrlving a sreater thickness, the direction of the electron
’ Lk g S ?

beam, This lends support to the concept that the 'pods" may be stars

which are lying end-on.

Twinning /
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Twinning, both in natural baddeleyite and in synthetic ZrO2 has been
long knovm and several authors have discussed it in detail., As in
the present study of monoclinic hydrous zirconia, the twinning is

nearly always on the (100), to the extent that very few untwinned

crystals are found.

The size distribution of the "sters" (and "pods) wzs not changed by
prolonged reflux of several munths. Furthermore, variations in con-
centration of the initial zirconyl chloride solution (from 0,05 li to
0&5&9 did not in any way alter the dimension or appe:irance of the
final crystalline hydrous zirconia and it is concluded that the size
range described here must apply to the ierminal stages of crystal

growth, over a wide range of concentration,

(iv) Tetragonal zirconia. Amorphous zirconia, prepared by refluxing
a 0.5 M solution of zirconyl chloride, was mounted on a Silica film

and examined in the electron microscope. A typiczal sample from a
solution reflured for two hours, is shown in Plate 21, At 320°C

there was evidence of decomposition occurring in the small crystallites
present. The amorphous zirconia did not, however, crystallize until
the temperature was raised to 73OOC, when there was evidence of
extensive crystallization taking plsce, the area correspondinz to Plate
21 being shown in Plate 22, The polycristalline electron diffraction
pattern as shown in Plate 23 consisted of smooth rin s. These were
calibrated against thallous chloride, and =gain the variztion of cauera
constant was taken into account, in an attempt to resolve whether cubic,
or tetragonal zirconia was in fact present. The spacings measured

ere compared: with literature values for both the cubic and tetragonal
Dhases of 2r0,.

Table 17,

b e

/ -
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d (measured) d (cubic Zr02) d (tetragonal Zr02)
2,91 % 2,92 2,95
2455 2.53 2.58
2.54
2,09 - -
1.80 1.80 1.80
1.54 1.53 1.55
[
1.47 1.46 1.47
1.36 - -
1.29 1.29
1.26 1.27 1.27
1,22 - -
1.17 1.16 1.16
1.04 1.03 1.04 {Calculated)
—

There is close agreement between the measured spacings and those of the
cubic and tetragonal phaces. Two rinrs, corresponding to the (004)

and (400) reflections of the tetragonal phase, are only just resolved
and this is taken as evidence for tetragonal zirconia being the phace
present., The two other sets of doublets, corresponding to the (002),
(200) end (113), (311) reflections zre presumably masked by the width

of the electron diffraction rincs themselves.,

Three of the spacings measured did not correspond to any of the ZrO2
Spacings listed. These spacings correspond to zirconium orthosilicate,

which is the mineral Zircon, :s siovm in Table 18,

Table 18,

/ -



d (measured) a (ZrSiO4) *
2,09 & 2.07
1.36 1.36
1,22 1.25
1.19

* N.B.S. Circular (1955)

By combiningz tables 17 and 18 it may be seen than many of the observed

spacings which have been ascribed to tetragonal (or cubic) ZrO2 also

agree with those of 2rSi0,, as shown below:-

4
Table 19,

d (measured) a (ZrSiO4) a (tetragonal ZrOZ)
2,91 & - 2.95
2.55 2,52 2.58

[
2.09 2,07 -
1,50 - ‘ 1.80
1.54 1.55 1.55
1.53
1.47 1.48 1447
1.36 1.36 -
1.29 1.29 1.29
1.26 1.26 1.27
1.22 1.29 -
[1.19 :
1.17 1.17 1.16
1.04 1.04 1.04
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From this it is concluded that the mineral Zircon is formed, by the
thermally induced interaction of the zirccnia with the silica supnort

film, This also explains the "extra" lines mentioned earlier.

Attack of silica has been noted by other workers, particularly in
experiments involvins thermal ageing of oxides or hydroxides in silica
vessels., Thus thorium silicate was made by Prasad, Beasley ond
Milligan (1967) and Bermenn (1955) while Marshall, Gill and Slucher
(1957, 1963) prepared & hydrate of uranium silicate. It hes also
been found by Taird (1970) that hot solutions of megnesium hydroxide
react with silica flasks forming the clay mineral Hectcrite. In the
present study, however, no attack of silica flasks by refluxing

zirconia was detected,

The main points energing from this section are the followingi-

(i) Amorphous zirconia is formed by armonia precipitation, and also
by refluxing zirconyl chloride soluiions. The two compounds thus

W

brepared appear to be different,

(ii) By heating amorvhous zirconia prepered either by precipitation
or by reflux, the tetragonal phase is formed. This transformution

vwas observed in the electron nicroscupe,

(11i) Monoclinic zirconia is formed by refluxing amorphous zirconiz,

or zirconyl chloride s.lutiovns., The crystallites are well-defined and
bossess narrow size distributions, particularly for the materizl formed
by reflux of zirconyl chloride. The crystal growth terminates in a
relatively short tine, with a particle size of approximately 650 - 700 2

regardless of concentration,

(iv) /
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(iv) Zirconiz rescts vith a cilica supoort film wheon hooted, forming

Zircon,
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GIGH  RLSULUYION

ZIRCCTTIA:

In the high resolution study of zirconia, chrysotile asbestos filameriz
were used as a supporting mesh for the colloid particles, the

numerous advantases in their use being discussed in Part 2 of this
thesis. However, it was found that a drop of colloid, when evaporated
on to a chrysotile network, produced an extremely thick deposit in

some areas, and no deposit in others, Furthermore, the variety of
artifacts due to drying dovm of the colloid, as mentioned earlier,

made this preparation technique unsuitable for the system under inves-
tigation. It was found that a glass atomiser could produce a fairly
even deposit on a crrbon film, a gold hydrosol being used in preliminary
tests, Droplets as small as a few microns across were produced in

this way, and the use of the atomiser was considered an additional
advantage in that evaporation was extremely rapid for such small drop-
lets, In this way drying-down artifacts were minimized, and by

using the spray in conjunction with a chrysotile network, it was possible
to obtain specimens in which the colloidal material was suspended

evenly between the fibres,

Refluxing a 0,055 !i zirconyl chloride solution yielded the following
results, the specimens being prepared using the spray technique des-

cribed above, The chrysotile fibres were obtained from Valmalenco.

&) Fresh solutions A freshly prepared solution gave no observable
deposit when sprayed on to the fibres. From this it was concluded
that there had been no extensive polymerization beyond the tetramer
[Zr (OH)24H20 :]T . The pH of the sclution was however, 1.54,
implying that hydrolysis had in fact gone beyond this stage.

b)  Two hour reflux: A sampnle prepared as before showed extensive
areas of thin, coherent films suspended between chrysotile fibres, as
shovm in Plate 24. Structural features may be compared with the

Same area, photographed under slightly different focussing conditions,
in Plates 2% and 26, which form a focal series., These films showed
reproducible features in the 7 - 10 R size range and, althouzh no

Shapes /
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PLAETE 21
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four hours refiux, susnended
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/ shapes could be distinguished, the dimensions of these structur:l
units, based on the separation between adjacent centres, were consistent
with those of the cyclic tetramer already mentioned, Since g 50
thin-foil objective apertu.e was used, phase contrast effects are not
greatly enhanced, although well-defined fringe profiles corresnondin:

to the (001) lattice planes in the chrysotile fibres, are visible =ani
may be used as an internal calibration for accurate measurements, a
concentration of dense particles is seen along the edges of the
chrysotile fibres in contact with the zirconia film, at AA' ani B3' in
Plate 24, Since the outer layer of the cylindrical lattice is com-
posed entirely of hydroxyl groups, there will be a high attraction
tovards positively cherzed species., Thus it is reasonable to sus-est
that these dense particles, approxim:tely 8 - 10 R in size, are
positively charged, and are probably tetramers, or aggrezute.. ‘“he
PH of the solution hed dropped to 1.22, indicating that further
hydrolysis had taken place.

¢) PFour hour reflux: The appearance of the sheets of zirconia, ec
shown in Plates 27 and 28,is similar to that observed after two hours
and, since the pH wes virtually unchanged (1.21) it was evident thut
little further hydrolysis had taken place. There was less evidence

of any concentration of the zirconia alonz the outer edges of the
supporting fibres., This could be internpreted in terms of increucsed
cross-linking, resulting in the small agsregates, or tetramers beccrii:-

included in larger sheets,

d) 8% hour reflux: After six hours the solution showed signs of
opalescence, which after 83 hours was quite distinct. This was
taken to indicate growth of particles in the solution. A specimen
examined in the microscope showed amorphous films suspended between
chrysotile fibres. In specific areas of the sheets a proncunced
darkening of the sheets as evident, as at 'A' in Plates 29 and 30.
This was taken to represent an increase in the thickness of the fiim
in these regions., In the other rarts of the films, structural

features /
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/ features similar to those observed in earlier samples, were present.
The pH at this time was 1.21, indicating that the hydrolysis was
extremely slow,

e) 16 hour reflux: After 16 hours the solution had become milky,
and further particle growth had obviously taken plzce. Distinct
crystalliles were observed in a matrix of amorphous mzterial, as at
"X" in Plate 31. These dense particles were shown already to be
monoclinic zirconia, and after 16 hours their shapes were becoming
fairiy well defined.

f) 25 hcur reflux: =7 25 hours the crystizllites were recczgniszble

as beirs tne sz-e as ithise observed ear.ier under low resciuzisn,

There was =cw iittle trzce of the 2norrhous zirconia and it wzs concliuded
that ithe trexsfora:iion into crystziline zirconia was more or less
complete, 4 iypical "star" is showm 2zt "S" in Plate 32, the irreguler
outline being clezrly distinzuishable. A "pcd", or a "ster" which

is parallel to the beam, it shown between tvo chrysatile fibres in
Plate 33, where the contrast of the broad siriations is enhanced by a
degree of under-focus. The width of the striations, about 30 2, nzy
in this micrograph be compzred with the fringe orofile corresponding

to the (0C1) 1lzttice planes of chrysotile, with the 7.3 1 spacing.

On several of the crystallites fringe patterns were resolved, with a
Spacing of approximately 5 2. By internal calibration of these
fringes against those of the chrysotile lattice images it was possible
Yo measure these spacings with reasonable accuracy., Thus the

fringes at 'A' in Plate 34 were shown to have an average spacing of
4.9 2. These striations were reproducible in successive plates in a
focal series, as Plate 35 illustrates. In Plate 32, the fringes at
'B' had an average spacing of 5.06 £, while those at 'C' in Plate 36
vere showm to be 5,02 2 apart.

It was not vossible to correlate these fringe patterns with the edges

of the crystals, in that the edges were in most cases obscured by
other /
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/ other crystals. Nevertheless, they correspond closely with the

(100) d-spacing of monoclinic zirconia, which has the value 5.04 g,

Prolonged reflux for periods of up to several months produced no

further crystal growth and it was assumed that most, if not all, of

the hydrolysis and oxolation had taken nlace within the first 25

hours, although the pH was 1.15 and not 1.00 as would have been
appropriczte for 0,055 !l zirconyl chloride undergoing complete hydrolysis.
If such a discrevancy is significant it is likely that there are

residual water and hydroxyl molecules attached to the zirconiz, as is

the case with amorphous zirconia, with its ion exchinge properties.
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RESULI'S

Huclear i snetic Resonznce

Proton rescnance signuls were measured for colloid samples at vurious
stages during the hydrolysis, and for various concentretions of Zr (IV),
It was observed thzt the signals showed increasing brocdening with tine
of reflux, until a constont value was attained. This maxirnum brozd-
ening varied directly with the concentration of Zr (IY/. Figire 14
shows a resoncnce signzl nmcasured on distilled v=ter. It can be seen
thet the signal from a fresh 0.CH I zirconyl chloride is very sinileor
in apvecrence to this (figure 153, After prolonged reflux, the |
siznal from the solution is slizhtly broader, as showm in figure 106.

For coursrison, a sizmal obtained from a 0,25 i solution zfter »rolonged

reflux, is shown in firure 17.

The results are surmarized granhically in figure 18 where, for bro:d

signals, the signal width at hall the peak heigh, ¥ (é), is nlotted

o,

against the concentration of Zr (IV), in firure 19 where W (2) is

)

1

plotted czainst time of reflux, for constant Zr (IV) concentration.

As has alresdy been discussed, siznzl broadenins will occur vien two
"different" proions or melecules underyo exchunce wiich is sufficiently
slow not to be averazed out by the instruhent, (but not so slow as to
give rise tc tvwo senurute signals). _ In tl:e case of hydrous zirconia,
the very narked broadening is consistent with the following:-

(a) Exclicnge betveen bulk weter and vater "trepped" in pores in the

zircenia,
(b) sxchunre between bulk vater and weter of solvation of Zr (x )

(c) Exchanse between bulk veter and water held on other active sites

on the zircunia,
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(d) Proton cxchange between bulk water and -OH sides on the surface.

This may occur as follows:-

-0 - H* N — _o- " 1
Zr O }I eoeos e o‘}{ —— ZI‘ O es s e ]-I ——— di I[
J r rotaticn
*
Al - . — 1%
Zr = 0 = H Leeee Q\H B e e/ AP O N | (I — Q:I

In hizhly acidic conditions this exchange will be extremely fzst betveen
bulk water and surfice CH sites, and will result in a single sharp

signal.

(e) Ixchenge betveen water in pores and OH sites., This may be

sufiiciently slow to give rise to some broadening of the proton sign:l,
(f) other proton exchznge in the sy stemn.

lost of these exvlanations favour a rorous material rather than “solid"

particles,

A sample of the monoclinic zirconia was air-dried at 60°C and the dry
povder examined by high resolution ... dad thexre been wuter
present vhich waos not tigntly bound, it is nossible that a resonance
signal would huve been obeserved,  The absence of any signal nerely
shoved that any wastor still present was quite rigidly bound to the

zirconia, probably as coordin:ztion woter,

An Infra-red spectrum of this solid co firmed the presence of water,
tvo well defined, but broad neaks beins visible, 2t 1520 and 3350 cm-1.
In the Infra-red spectrum of precipitated aniorphous zirconia, absor-
Ption bands ot 1520 aad 3.10 cm-1 were attributed respectively to

H -0 - H dgeformution and 0 - H stretching modes by Vivien et al (1970).
From this and thermogravimetric.evidence they ccrncluded thet the
Zirconia was a "hydrated hydrox: oxide", and it womld appe:r from tae
Lr, / |
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/ I.R, spectrum of cr;stalline zirconis thot the two nmsterisls =re

sinilzr in constitution.

SURPACE ARVA IZZASTRITIY

. 2 -1 .
Using the Sorptcmeter, a surfzce erez of 143 m g  was found for iono-

[®)
clinic zirconia., This is compzrable with s:urfuzce areas of timi-al
silica-zlurina catalystgs. Vu and Hall (1967) for instance ~uote the
. , . 2 -1 . .
surface area of the commercial "Aerocat" as 433 m g . Hightover,

[l

Gerberich and =1l (1967) neasured the surface area of "fluorided

~
(3 . AP ) q - . . 5”1
alunina", in which some hydrox;ls were revlaced by F ions, as 113 m g
) . 2 -1
AlF3 on the other hand had a surface erea of 6,3 m g ° Thus the

surface area of the monoclinic zirconia is of the sane order of mag-
nitude as typicel high-area catalysts supnorts, This could be due

to either

(i) an extremely small particle size or

(ii) a porous structure for the zirconia,

It will be demcnstrited in the following section that the observed

particle sizes in cristalline zirconia are not consistent with such s

high surface zrez unless the structure is porous.
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FIGURE 17
Protcn resonance signal acfter
prolonged reflux of 0,25 I

zircenyl chloride,
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DISCUSSICH

A. Hydrolvsis and polimerization

Various mechanisms have been devised to account for the formation of
amorphous zirconia, and a number of models have been proposed for its

structure,

Two of the mechanisms, are closely related in that they both involve

the condensation of polynuclear cations, provably tetraners, with the
result that the structure models arising via these mechanisms are
similsar, A third proposed model, however, invokes a different concept,
the structure of zirconia being related to the lattice geometry of

Zr02 in quite a different way.

In this section these thecries are discussed, and evaluated in the ligt
of the high resolution electron micrographs obtained in the present
work,

A scheme has been proposed by Clearfield (1964) for the hydrolysis

and polymerization occurring in an aquecus zirconyl chloride sclution
under reflux, Based upon the reascnable assumption that a tetrameric
cation was precent in fresh solutions (iuha and Vaughen, 1960 ), the

schene was as follows:-

8+ (8-4n)+
[z:.- (OH)2. 4H,0 :l , — [ Zr (OH)2+n (4-n)H20 14
I II
+ 4nHY — [zr(on)4.21120:l +B8HY —
III *
4210, =10 + (4-%)1,0 + 8H *
v
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A 0,055 M solution had a pH of 1.54 which was lower than would be

expected if the initial zirconyl complex was as given by 'I' above,

Further hydrolysis was informed, and a valve of 0.6 for n, representing
the degree of hydrolysis, was obtained from a consideration of the pH
of the solution. This hydrolysis probably resulted in short-range
cross-linking of tetramers, via hydroxyl bridges, and the average com-
position for the species in solution at this stage,

[22,010+ 14,0 ] (5.6)+

of two ietramers, linked together by a double hydroxyl bridse. The

y implied that the aggregates probably consisted

sample sprayed onto chrysotile fibres at this stege showed no visible
deposit and it was thought that the dispersion of the material over the
fibres resulted in extremely small aggrecates of tetramers, or else
small crystallites, none of which was large enough to be visible in

the electron nmicroscone. Evanoration of a droplet of the solution on
a silica film, however, produced a series of cristalline compounds
which were shovn to be hydrates of zirconyl chloride. Thus the hydro-
lysis which takes place in a fresh aqueocus solution and is lsrgely

olation was showm to be reversible, up to this stage.

Refluxing the solution for two hours brought zbout the marked changes
in pH and in the morphology of the colloidal suspension. In the micro-
grephs presented, there were structural features in the 6 - 10 2 size
ranze, The tetramer provosed by Clearfield and Vaughan (1956) and
Muha and Vaughan (1960) has, according to Clearfield,an overall length
of 8,98 R, and a thickness of 5.82 3, the features observed are con=-
sistent with these dimenségns and it is poscible that this tetrameric
species | Zr (OH)24H20 is resolved in these micrograprhs. The

pH of the colloid was 1.2@ suggesting a value of about unity for 'n' in
formula IT and thusthe average composition of the zirconyl complex was
at this stage | 2r (OH)3.3H20:1 4+ . This general formula could
include a range of possible strﬁctures, from groups of two tetramers,
bound by four hydroxyl bridges, with the formula [Zr (OH)3.31120 ] g+ ,

to /
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/ to randomly linlted sheet: of tetramers with the overall composition

[Zr (OI{)3.3H20 ]in+ . In each case the charge is balcnced by Cl anions

in the matrix, alons with other free CH ions. The dense varticles con-
~centrated along AA' and BB' in Plate 24, attracted to the outer hydroxyl
:layer of the chrysotile fibre, would supnort the fcrmer sugcestion, whilst

the thin coherent sheets suspended between the fibres, with 6 - 10 2
structural detail are consistent with sheets of linked tetrarers, as showm
schematically in figure 20, Yo information as to the thickness of the

sheets observed could be obtained from the micrograrhs, although the extremely
low contrzst in some areas did suggest a very thin lsyer, possibly around

10 & in thickness or les. It is proposed that at this stage in the hydrolysis,
both small aggregates of closely bound tetramx s, and more extensive ran-

douly-linked sheets were present in the colloid.

As the reflux continued the observable changes were slower and zfter four
hours, the general appecrance of the colloidal pzorticles vwas similar to that
observed eariier. The pl of 1.21 indicated that little further hydrolyvsis -
hed taken place. There was little evidence of the dense particles observed
on the outer edges of chrysotile fibres, as was noted for the "two hour"
sample.,  Vhile t is effect could easily have been due to local surface
tension effects in the specimen prenzrution, it is also possible that further
reflux was resulting in the formation ¢f more ordered sheeis of tetramers,

involving both the randomly linked sheets and the snaller agcregates.

As the refluxing s.lutions became opalescent due to an increase in the size
of the particles in susvension, well=-defined areas viere observed in the
Zirconia sheets which ap-eared thicker than the surroundingz film, as at 'A!
in Plate 29 . The cutline of these areas became more distinct, and the
Cin¥rast betveen their aprearance and that of the surrounding, thinner
shects, became more marked, as at 'X' in Plate , and it was shown that
these thick regions hecame cr;stalline zirconia., In vicw of the fact that
Crystalline zirconia was formed, at the expense of the amorphous sheets,

the following scheme nay be proposed:-

/ -
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/ If tetramers belonging to two successive, parallel sheets are allowed to
overlap in {he manner shovn in figure 21, it can rezdily be seen that the

Zr atoms and hydroxyl groups are in the positicns occupied by the components
of a nornsl fluorite lattice. If oxolation, the formation of oxo-bridges

at the expense of hydroxyl bridges, takes place at srecific sites in the
lattice, such as "X" and "Y" in fizure 21, elimination of water will result
in the formztion of Zr<:2:>Zr bridges between the tetramer shents., However,
since the process takes place at the expense of the hydroxyl bridges (the
only bonds within the sheets themselves) the sheets are weakened. Continued
oxolation will result in increased cross-linking between the tetraner sheets,

and an increased tendency towerds fragmentation of the sheets themselves.

Since both olation (formation of hydroxyl bridges on hydrolysis) and oxolation
are brought gbout by refluxing, there is likely to be some optimum lateral
dimension for the tetramer layers, controlled by the relative rates of the

two processes. The mcnoclinic crystallites (Plate ) did in fact occur

within a narrow size distribution, as shown in figure .

A cubic ZrO2 unit cell, illustrating 2rO. chains is shown in figure 22, and
the spatial relationship between these chains and the cyclic tetramers of
ZI‘OCIQBHZO as in figure 1, may be seen. A (100) rrojection of Zr08 groups

in cubie Zr02 is showm in figure 23.

A projection of the tetragonal phase, usuelly resarded as a distorticn of te
Cubic phase, is shown in figure 24. It can be seen that there is no change
in the bonding ccnfiguraticn between these two phases. Since the exis-

tence of cubic ZJ:O2 as a stable phase of pure, stoichiometric ZrC2 hzs been
Questicned (Veber, 1952; Garvie, 1965) it seems unlikely that the cubic

Phase is involved in the crystallization of zirconia in solution, as has
been sugzested by Clearfield. The tetragonal phase, metastable at room
temperature, is more probably produced in cross-linking of tetramer shneets,
Its Occurrence at ambient temperatures has been attributed to a crystallite
Size effect by Garvie, and if this is the case, the tetragonal crystallites
vill tndergo the transformation to the monociinic phase if their size

€Xceeds /
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ZrO2 chazins in cubic ur?z.
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in tetragonal ZrOQ.
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/ exceeds the critical size. VWhereas in both the tetragonal and "cubic"
phases, as well as in Zr00128H20, the coordination of oxygen around the Zr
atom was eight-fold, in monoclinic ZrO2 each Zr atom is surrounded by seven
oxygen atoms, as shown in the (100) projecticn in figure 25. vaiously
there is a change in the bonding configuraticn in the tetragonal —————)
monoclinic. transformation. In figure 25, the relative positions of the
oxygen atoms in the tetragonal phase are indicated and the probable direc-
tions of movement of the atoms involved in the transformztion are shown by

arrows.,

An altern:tive mechanism for the hydrolytic polymerization was put forward
by Bilinski and Tyyee (1965). This involved a changed species
[?r4(cﬁ)15:LH2O :] , in solution. This species, on taking up one more
hydroxyl -roup, formed an insoluble colloidal, tetrameric unit
Zr4(OH)1gdH20. Growth of the colloid, and presumably also cr;stal growth,
then was thought to occur by the reaction of other tetrameric srecies in
solution with the precipitated ones. This proposed mechanism éiffered
slightl; from that of Clearfield (1969) in that his mechanism invclved
crystal growth in soluticn. Hovever, the two mechanisms are not income-
patible berond this,

In an X-ray and neutron diffraction study of zirconia, Livage, Doi and

Yazieres (1966, 1968a, b) preoosed a structure for freshly precipitated
: . . e o . . P

Zlrconia, dried and dehydrated =t 350°C. The basis for their model was

the tetragonal rhase of 2Zr0,, as described by Teufer (19562) and Smith and

2
Newkirk (1945). The medel was supported by inter-atomic distances derived
from the X-ray =nd neutrcn diffraction deta and vas a layer structure, based
on the (III) plares of ZrOZ, as shown disgramaticall’y in fuzure 26 in vhich
the Zr atoms A, B, C and T are in the (III) nlane. The proposed structure
vas based on distances of 2.2, 3.3, 3.7m 4.7 and 6 2, which were ascribed to
BH, AB, AC, CF and AD respectively in fizure 26, Since no distances
between Zr atows in adjacent (III) larers were recorded, the authors con-
cluded that the vlitelets censisted of a single layer of Zr atoms, between
the oxygen layers. Iy means of Wilson's thecry, (1949) relatinz the dis-

tribution /
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FIGURE 25

(100) projecticn of ZrO7 sroups
in monoclinic ZrOz, siawving

relstionship with tetragonal vhase,

e

After Snith and lewkirk (196%).
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Model proposed for awmorphous zirconia

by Livage et al.

After Livage.
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/, distribution of intensity in the reciprocal lattice to the size of the
diffracting layers, a mean dizmeter of 20 R vas calculated, the plate

thickness being 4 2. Hovever, Wilson's theory relites to random layers,
and the fact that the authors sugzested some orderins in the plates would

cast doubt on the validity of their prcducticns. A diagram of their vro-

posed structure is shovm in figure 27.

Examination of the (III) planes (skeded) in figures 21 and 22 wili show that
p g

link-up of tetramers cannot directly give rise to a structure of this tipe

and it is obvicus that the mechanism by which such a structure would be

fermed, and that vhich involved tetramer link-up must be mutually exclusive

and the electron microsco:e evidence, combined with pl correlaetions, would

seem to favcour the latter mechanism,

Since Livage et al dried and dehydrated the amorvious zirconia at 35000,

it is not strictly valid to compare the structure proposed by these vorkers
with that proposed by Clearfield. Hovever, it is unlikely that the de-
hydration would result in major structural changes, particularly since
Clearfield (1¢64b) has showm from X-ray powder photosraphs that the nhases
of hydrous zirconia and the corresponding calcined oxide phuses are vir-

tually identical in overall structure.

B. Hydrous Cxides

(1) =FeCOH:  Althousgh it is not possible to derive a detailed structure
for the "pods" and "stars" of monoclinic zirconia from the available data
considerable information may be implied from a consideration of an other

hydrous oxide, ﬁ -PeClH,

Crystals of this meterial were first isolated by BbBhm (1925) frem refluxing
solutions of ferric chloride., IHe identified them as a new form of ferric
oxide hydrate. Later work by Koetholf and lioskevitz (1936) showed that
Such comnounds were oxide hydroxides, usually called ox hydroxides, tne

forn here considered being fg -FeOClH, which occurs naturally as akaganeite.

L/
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/ A notable feuture of B ~FeOlll is that it pos
precinitated, a hollandite or UQ.UOZ structure, with § X-square

channels, runninz parasliel to the c-«xis (Hachay, 1¢60), The tetra-

o

gonal unit cell dimensions hsve been given by lackay (1960) as
1C.48 R, ¢ = 3.023 8. An unusuzl festuze of f3 -FeOQM is its
norpholcgy, as revealed by electron microscopy. Feitknecht (196
observed that the crystals had the appe:rance of bundles of parallel
needles, Later investisations by Vatson, Cardell, ancd Hellen (1962)
provided more accurate inforn:stion concernine the veculiar cigar-
shaped cr; stallites, which they called "somatoids'" because of their
crystallographically irregular shapes. A nattern of striations,
perellel to the main axis, with & repect distcrnce of zbout 60 2 vas

5

“zccounted for, using sectioning and shadow-castine retiods.

The authors deduced that the crystals were square in cross-section,
with a si‘e length of zbout 550 A; the crystaels were up to 000 R in
axial length, along what vas shown to be the c~axis (Ibckay, 106G, .
Vatson et al (1002) qucnegoeu thiet the structure within thece cr;stals
probably consisted of an oriented bundle of orthogonally-packed rods,
fairly loosel; paclked. The reve.t distance was about 60 R, the rods
being about 30 ] thiick, and 30 g aport. The rods were longer towards
the centre of a cr;stel, and were themselves crrstals, There wus some
evidence from “he cross-sections that the rods were (in fact) hollow
and an altern:tive odel was proposed, taking this into zccount, In
this case, the rods were packed nore closely together. The not

infrequent s -ar-sheped, and Y-shaped crystals were regarded as twins.

Gallagher (107C), using electron nicroscopy, X-ray diffraction and gas
absorption techniques extended tlis work and confirmed the presence of
pores in f? -FeOCH, The mean pore diameter wis found to be 28 2, a
structure was proposed for the rods, to account for these pores, in-

volvirg the hcllandite structure,

Clearfield (1964) considered the crystalline forms of zirconia as

"hydra ted" /
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/ "hydrated oxo-hydroxides", with the general formula

ZrOb(OH) 11,0,

4-2b

Structure of nonoclinic hvdrous zirconia

The appearence of the monoclinic "pods'" was so similar to that of the

P -FeOOH "somztoids" that at first sight it seemed an extremely
attractive idea to pronose thot the structures of trhe two species were
in fact closely related, particuvlerly since crystalline hydrous zirconia
is known zs a '"hydrated oxohydroxide"., Also, the fact that both

were rrepered by reflux of aqueous soluticns seemed further evidence

for a close sinilarity in structures. It was therefore thougnt that
"the zirconia "pods" were commosed of bundles of suber;cstals vhich were
either hollow rods, or loosely vacked solid rods, to allow for the appear-
ance of the 30 R striations. The "stars" were supnosed to be twinned
versions of the "pods". The N,lI.R. data, which was consistent with a
porous material, was regarded as additicnal evidence for the »ruposed
structure. Electron diffraction natterns of single, isolcted
crrstallites showed that the above reasoning did not anply to th
zirconia, The "stars" vere showm to be single crystals, or oriented
bundles of subcrystals, in general agreenent with the proposed

£ -FeO0H structure, Twinning on (100) was found to talie pleace parallel
to an edge rather than a diagonal cf the ''square"., The diffraction
patterns obtained from the few isolzted "rods" were interpreted in

terms of "stars" in a different orientation with respectto the electron
bea .. The fact tiut the so-called "nods" also showed (100) twinning

vas talien as add:ti.nal evidence that the two forms were in fact

identical,

It was not possible from the available data, to present a comrlete
structure for these nlatelets., A schematic model for a plaztelet is

shotm in figure 28,

/ -
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Fisure 28,

This is not a real representation of the species concerned but is
probably sufficiently close, dimensicnally, for the purposes of the
discussion, In order that a surfzce area could be calculated, the

possibility of curv=d faces was discounted,

Taking the dimensions of the model s showm in figure 2§ , the total
surface area of the model is found to be 1.34 x 106(A), the vclume being
8.3 x 107(3)2 . The density has been calculated by Smith and Fewkirk
(1965) ard given as 5,8 g.cm.-3. Thus the weizht of the structure

! -16

shovn in figure 28 would be 4.8 x 10 “g., and the specific surface area
is then shovm to be 28 m.zg.-1. If, on the other the zirconia consis-
ted of srherical particles 450 % in diameter, the surface area would
be 13 m.2g.-1, while if the perticles were sitnly 670 ' square and
280 2 thick, the surfoce area would be 27 ng-1. Conversely, an
increase in the ouckering of the surface weuld give a corresponding
incresse in the surface =rea, a2lthough this increase would not be large.
Thus fox particles of zverczge dimensions similar to those found in

2 -1
honoclinic zirccnia, a surface zrea in the approximzte range 10 - 40m g

is to be expected.

The /
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/ The measured surface area was 143 m25-1 wnhich is higher, by a
factor of about five, than would be expected for "so0lid" particles.
This suggzests a porous structure for the stars as it is unlikely that
any simple share, in the given size range would approach this value of

surface erea.
The evidence for a porous structure may be summarized as follows:t-

(i) =Zlectron diffraction suggests that the platelats are highly
oriented Ttundles of crystallites, which mnay be in the form of rods or

layers. Ultrae-sonic treatment did not disperse these crystallites,

(ii) IN.M.R, sienels from aqueous solutions or suspensions showed a

broadening which was consistent with a highly porous structure,
(iii) A high surface area wvas also indicative of a porous material,

(iv) Infra-red absorption in a nowdered sample showed the presence

water of hydration, possibly in pores,

Twinnint As has already been mentioned, most crystals of both syn-
thetic Zr02 and naturel baddeleyrite exhibit twinning on (100). This
was interpreted by licCullough and Trueblocd (195¢) as being a result

of the relatively low energy differe:nce between the Zr0, confizuration

7
found in the "rnormal" structure, and that in another reluted arrange=~
rents. The relaticnship betveen these two arrangements is sihown in
figure 25 where tue OI atoms are below the plane, the 0II atons above

the plane of the pzper. The vproposed relaticnship was this:-

Groups of these 0I atoms, such as A, B, C, were rotated by 130° about
an axis which was perpendicular to the plane defined by the four OII
atoms, This ave rise to a minor plane parallel to the (100).

Hovever, licCullouch and Trueblood failed to consider that neither the

01 nor the OI nlanes were quite perallel to the (100) plane, with

I
the /
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/ ‘the result that a simple reflection of the structure across a

plane parallel to (100), or a rutation about an axis parallel to the
c-axis, would not given an accentcble twin boundary configuration,

Smith and Jewkirk (1965) sugested an altern-tive arrangenent which gave

a more suitable boundary by rotation of the structure zbout a two-
1

2.  One half of the twin was then shifted %

=

fold axis through x= y=
a with respect to the other, This could also be visualized in terms
of alterncte ZrO7 grouns, as a rotation of the OII group about an axis
near.y perpendicular to the OI plane. Small adjustment in tond
lengths were required to allow the OII atoms tc occupy positions in

the twin plane, averagzed between both halves of the twins,

This twinning arrangement gave an appropricte configuration for the
S . o . .
boundary and & twinning angle approximately 107, in agreement with the

present work,

was n noscibly to correlate is twinning wi he featu

It was not poscibly to correlate this t s with the features
observed in the zirconia althcugh it secms liliely that monoclinic

hydrous zirconia is very similar to baddeleyite in crystallographic
v v o v (5] <
structure. A porous arrangement of suber;stals would allow for the

presence of water, without disturbing the crystal lattice, and the

weight of evidence in the present work tends to fawvour this,
g I

Crvstallite size distribution

An interesting feature of the rmonoclinic zirconia was the narrow size
range, which was reached quite rapidly under the reflux conditiuns, and
subsequent>y did not chunge a2t all, Similar features have been ob-
served in other studies of hydrous oxides. Thus  =FellH was showm

to consist of crrstallites zbout 5,000 & in length, and 550 & in cross
section, (tiatson, Cardell and Heller, 1962) and in Praesodimium
hydroxide, initial studies have si.ovm similar tendencies (Haire and
Willmarth, 1970). Since crystal growth in solution evidently takes

place by oxolation, this process must be a major contrclling factor in

o+ . £y
determining /
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/ determining the final crystal size.

FULURE STUDICS

The results presented in thi. work raise a number of questions which,
as yet, cannoct be answered fully. The first problem is in the inter-
pretation of the high resovlution micrographs of the colloidal emorphous
zirconia. In the prcsent state of the subject, and with the limits
imposed by the electron microscope, more than tentative suggestions zre

not feasible,

The broad striastions observed on the crystallites of monoclinic zirconia
‘were not accounted for satisfactorily., liore detailed surfuce zrea and
gas absorption studies would probably show the presence of pores, if
there vere any. Brozd line H.i,R. would show the presence of any weter
in "dr;" crystalline zirconia, and could be used to distinguish between.
various water molecules in different environments. Also, a more
detailed study of the line broadening effects in hizh resolution I.lLR.

would give further information on the porosity of the structure,

There wes no apvzrent correlation between the (100) twinning in the

"stars" and their morpholcsy. If such a relationship could be established,

ooy
it mey be possible to provide a complete structure for these particles,
in terus which account for the pore structure, the matrix of oriented

sub-crystals, and the twinning.

Having such a l:rge surface zrea, it is possible that crystalline
hydrous zirconia will ve useful as a catalyrst support, provided that
sintering and phase transitions do not reduce the surface area

drastically,

Finally, since amorphous hydrous zirconia is known =s an ion exchanger
(e.g. Britz and Hancollas, 1049) it seems likely that the crrstalline

material, which sppecrs tc be similar in compositiun to amorphous

zirconia /

[X]
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INTRCDUCTICN

As a mineral of practical value, asbestos has a lonz history, evidence
for early apvlications being found in the writings of Plutarch (438 B.C.),
The Romans used Chrysotile from the Italian Alps to make cremation

cloths, while the anthophyllite denosits of Finland had an even earlier
application, the mineral being used as a reinfcrcement. Asbestos

mines in Russia were recorded by larco Polo (1250). In spite of these
early applications, asbestos did not become commercially important

~until the discovery of large chrysotile deposits in Canada in 1847.

CIIRYSOTILE: Chrysotile, which is commercially the most important
asbestos, belongs to a group of minerals knovm collectively as
Serpentine., The first structural information on chrysotile was an
X-ray diffraction pattern obtained by Anderson and Clark (1929), As
a result of further X-ray studies, ‘'arren and Bragg (1930) proposed a
structure based on amphibole-like silica chains, the suggested com-

position being mgési (OH)6H20. This cave a reascnable explanation

4011
for the fibrous nature of the mineral, but was nct consistent with
Anderson and Clark's data (1929). Paulin:z (1930) suggested that if

the magnesium analogue of kaolin, A128i205(OH)4, existed, it would have
curved layers, owing to the misfit between the two component layers,
Accordingly, ‘/arren and Hering (1941) proposed a disordered layer
structure, whereas Aruja (1943) used Pauling's hypothesis to suggest

that th: curvature of the luyers would limit the growth of the chrysotile

lattice to narrow ribbons.

The curved laver structure has been shown (7arren and Hering, 1941,
Vhittaker, 1953, Deer, llowie and Zussman, 1962, 1¢63) to be based upon
a network of SiO4 tetrahedra, forming a sheet, to which is joined a
Brugite /
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/ Brucite leyer, Mg(OH)z in such a way that on one side, two out of
every three hydroxyl groups are replaced by oxygen atoms at apices of

the tetrahedra, as is shown schematically in figure 29,

The first reference to eleciron microscopy of chrysotile was mentioned
in a review by Hillier and Turkevitch (1949), who claimed that the
observed fibres had the apnearance of hollow tubes, This observation
was followed by those of Bates, Sand and llink (1950) and Noll and
Kircher (1950) who made similar clains. The nmicrogrephs presented,
however, could not be taken as proof in themselves tnat the fibres
were in fact hollow tubes, because the images could esualiy well nave

been interpretated as representing thin laths.

Detailed X-ray studies and theoretical calculations by Whittaker

(1951, 1654, 1955) showed that observed X-ray intensities from chrysotile
fibres were consistent with a cylindrical lattice. The work of
Jagodzinski and Kunze (1954 a, b, ¢) was in broad agreeent with this
findings, althoush there was some disugreenent in the more detailed
postulates., This discrepancy was shown by Whittaker to be due to ihe
use of different lattice parameters. However, the agreement wes that
chrysotile had a c;lindrical lattice, and that the fibres were hollow
tubes. Thether they consisted of concentric layers, or a sinzle

spiral arrengerient was not conclusively shown,

In 1956, Pundsack carried out density measurenenis on sealed blocks

of fibres, and found that the density vas greater than would be expected
if the fibres were hollow c¢ylinders, as predicted by X-ray studies,

and also sugsested from sone electron micrograrhs., Thus the idea that
chrysotile consisted of curved laths, rather than hcllow tubes, wes

briefly revived,

"hittaker (1957) supnorted his own claims for a cylirdrical lattice by
proposing that the void volume within and between the fibrils was

filled with fragments of curved lattice. From X-ray intensity

measurenents /
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FPISURZE 29

Schenctic structure of Clino-
chrysotile on (010). Sheets
are continued in the directicn
of cnrvieture and normal to the

plarne of section,
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/ measurenents he suggested that the most commonly occurring fibre
would be a cylinder 260 % in dianeter, having a hollow centre 110 !

in diameter., The wall of this tube would consist of ten composite
Brucite-Silica layers. On this basis, the total void volume would

be approximately 255, this v~lume being filled with fragmented lattices.
Bates and Comer (1959) suggested that the tubes were rather filled with

amorphous material, presumsbly a magnesium silicate gel,

Kheiker, Flantsbaun and Bubeleva (1967) also cerried out measurements
of (h0O) reflecticns, and small-angle scattering curves from Russien
Chrysotile. They deduced that the fibres had an average wall thiclkness
of 20 - 23 layers, the inner radius being about 60 8. This zave an
overall fibre thickness of approximately 370 2, with 150 % walls,

Thus these fibres appeared to be larger than those mentioned by
W.ittaker.

Maser, Rice and Klug (1960) obtained evidence for cylindrical
chrysotile fibres in electron micrographs of end-on cross-sections of
chrysotile fibres, showing what appeared to be concentric and spiral
structures. Claims that these micrographs constituted actual proof of
such structures were rather optimistic, however, since the dimensions
involved were below 10 ﬁ, and the micreographs were not taken under
high resolution conditions. A high resoluticn study by Yada (1967),
of chrysotile zsbestos cave the first clear evidence for hollow
crlinders consisting of .spirally-wound layers. Somne very striking
micrographs of end-on cross-sections of the chrysotile fibrils were
obtained, and in several, the spiral arrangements of the layers could
be distinguished., Iore recently, Yada (1¢70) nus shown a concentric

arrangenent of layers in a small number of fibres.

CRYSTALLOGRAPHIC CLASSIFICLTION:  Another aspect of the structure

of the chrysotile concerns its structural classification, Whittaker
and Zussnan (1956) have listed three varieties, ortho-chrysotile, clino=-

chrysotile and para-chrysotile., Crtho-chrysotile (orthohombic) and

clino-chrysotile /
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/ clino-chrysotile (monoclinic) have similer unit cell dimensicns, the
only distinguishing perameter beinz the engle F . The structure of
para~chrysotile is analogous to that of ortho-chrysotile, excent that
its fibre axis, instead of being the b axis, is the & axis., This is

the most rare of the three varieties.

The nost common modification is clino-chrysotile (Whittaker, 1956) and
its lattice parameters, according to a variety of sources, gre given
in Teble 20.

Table 20.
LATIICE PARALZZERS OF CLIHO-CHRYSGYILE

Author (s) a (Dlv R e (®) o po Y °
Warren & Bragz (1930) 14,66 | 18.5 | 5.33 | 90 93%16! | 50
varren & lering (1542) 7.33] 9.24|5.33 |90 93°%161 | 90
Aruja (1943) 14.62] 9.20]5.32 | 90 93°%121 | 90
Padurow (1950) 7.361 9.26|5.33 | 92%0" | 93°11* | 8¢°s500
Vhittaker (1951) 14.65| 9.205.33 |90 93° 7' | 90
Brindley (1952) 5.33] 9.2417.33 |9 93° |90
Jegodzinski & Kunze (1954) | 5.33| 9.10]7.33 |90 93°16" | 50
Whittaker & Zussman (1955) | 5.34] 9.20} 14.65] 0 93°16' | 90
Yoda (1967) 5.30] 9.10{7.32 {90 93°  lgc

The results of Padurow (1950) would indicate that the mineral is in fact
triclinic. However, later work has failed to support these measure-
ments, and theyv are regarded as unreliable, or nocn-representative para-

meters for chrysotile.

It can be seen from the table that, after the results of Brindley (1952)
the allocation of g and ¢ axis was interchanged with the resulting ¢

parameter becoming the distance between layers, There has been a lack

of /
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/ of agreement between the varicus authors as to whether the value
14.6 &, or 7.3 & should be assigned to the length of the unit cell in
the ¢ direction, In figure 29. which shows a schematic secticn of
chrysotile on the (010) plane, it can be seen that the‘g distance is
taken to be that between two successive Silica layers, a distance of

7.3 L.

On this basis, thie ¢ spacing is 14.6 X, as proposed by Vhittzker and
Zussman (1956). However, Yada (1967) pointed out that, if this was

the case, then the extra half-nlane of an edge dislocation in the (001)
plane would corrcspond to two extra lines in the observed 7.3 ﬁ lattice
image, corresponding to the (0c2) planes. In reality, he found that
most lattice dislocations showed only one extra line, and Yada concluded

that the repeat period in the ¢ direction should be 7.3 X.
It has recentiy been shovm by Cockayne and Yhelan (1970) that a
terminating half-fringe need not represent an edge dislocation. This

will be discussed later.

THERIIAL STABILITY: Although asbestos is popularly associated with

great thermal stability, particularly in its use as a fire-resistant
medium, it has been recently shown to decompose on continued heating.
The thermal decomposition of chrysotile has been shown by Ball and
Taylor (1561) and Brindley and Hayami (1965) to follow a distinct two-
stage sequence: dehydroxylation, followed by breakdowvn to other
ninerals, The initial loss of hydroxyls takes place in the range 600 -
780°C, whilst at 800 - 850°C, the ennydride breaks duwvm in a sharp
transition to forsterite and silica, The overall cecomposition may be

represénted by the following equation:-
Mg Si 4O1O(CH) g —> 3 g,5i0 4t §10, + 4H,0

Beiow 600°C, chrysotile is accepted as being thermally stable.

Despite /
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Degpite the thermal stability, it has been observed by Yada (1967)

that chrysotile is unstable to even moderate electron beam irradiaticn,
This was evidenced in a loss of crystallinity, as scen in electron
diffraction patterns, and an overall deterioration in the lattice
images observed., This loss of crystallinity was noted to cormence at
the outer surfaces of the fibres, which became irregular, and was
interpreted as a beam-induced dehydration process, different in some

way from the processes involved in the thermal brezkdowm of the mineral.

IXPRIEIITAL:

(i) SALPLE PREPARATIOH: Specimens of chrysotile from a variety of

sources were used. By ultrascnic treatment in a bath for 20 nminutes,
a small sample in water could be reduced to single fibres, or small
bundles of two or three fibres. A drop of this suspension was allowed
to dry upon a Platinum-Iridium mount. It was found that a network of
fibres could be made to span 70/u.holes in the mount and the need for

a supporting substrate was elininated.

In this way, background structure was not present in high resolution
micrographs, and the quality of the imeges obtained was thus improved.
Charging-ﬁp of the specimen was also reduced, since most of the fibres
were in contact with the metallic mount itself. Thermal vibration,
potentially a serious problem because of the lack of a support film,
was minimized by operation of the electron microscope at a low beam

intensity, thereby also nminimizing the irradiation damage.

(ii) ELECTRCY 1L.ICROSCOPY: The electron microscope was operated at

an instrumental magnification of 160,000X. A pointed filament was
used, which gave an increase in beam coherence, and allowed the use of
a 100}4 ccndenser aperture. 100 . or 200 uu thin foil apertures, mede
as described earlier were used in the objective lens and in this way
high resolution images of the chrysotile fibres viere consistently

obtainable.
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RESULYS ¢
Specimens of chrysotile were prepared in the manner described and
examined in the electron microscope., High resolution electron micro-

graphs were obtained for each of the samples,

RESOLUTICKH OF CHRYSCOTILE 1.TGICE:  Fibrils of chrysotile from different

sources are shcwn in Plates 37, 38 and 39. Resolution of the (001)
lattice, with a spacing of 7.3'3, was achieved for 21l the samples, end
in many instances, the (020) and (110) lattice images, with spacings of

4.5 and 4.6 2 respectively, were also resolved, as shown in Flate 37.

FIBRE CROSS-SECTICHS: Yada (1967) prepered cross-sections of chrysotile

fibres, and was thus able to demonstrate spirally wound layers,

Hovever, it is felt that the sectioning process would have led to severe
deformation of some of the secticns which Yada regarded as '"unusual
growth features". In the present study, a small number of cross-
sections were observed, which were apparently broken from fibres as a
result of the ultra~sonic treatment. There was no evidence of de-
formation in these fibres, A thin secticn is shovm at 'A' in Plate

40, This fibre is 270 % in diameter, and its hollow centre is clearly
visible. The dimensions for this fibre of Rhodesian chrysotile are
well below the average for that sample, A much thicker cross-section
from the same source is shown in Plate 41; the overall width of the
fibre being 750 g. Twenty-seven leyers are clearly resolved, and the
fibre probably consists of more then thirty layers., DBecause the

layers were not completely resolved round the circumference of these
sections, it was not possible to show the spiral] arrangenment of the
layers.

UUSUAL GRCVSH FESTURES: (&)  Fibre tips. Most of the fibres

studied terminated in fairly well-defined breaks, usually normal to
the fibre axis, as shown in Plate 42, Occasionally, the innermost

layers were seen to project well beyond the outer lajers, as in Plate

43 /
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PLATE 46

Lo

FMlzke of "Serpentine" showing

7 2 striations.

Magnification: 2,000,000X
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2LATE 21

Thin flate showing 5 i strictisns,

lagnificati-n: 2,00.,000X
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/ 43. In contrast to the "clean" breaks, there wes also & number of
unusual fibre tips observed, @ typical example, from Rhodesia, being
shown in Plate 44. Structures very similar to this wvere found in
several fibres from the varicus sources, and they were assumed to be
significant structures, rather than artefacts produced by *he specimen
prepsration technique. An incompletely fractured fibril is shovm at
'A' in Plate 45

(b) Thin fibres. The sample from Clinton, Canada contained a number

of extremely thin filaments, a number of which are shovn in Plate 4.5
These tubes are only 150 R in diameter and consist of seven composite
layers. The "hollow" centres of these fibres are seen to contain
agesregates of dense material, ther fibres from the same locality
contained dense mateiial along their hollow centre:s, as at A, B, C in
Plate 39. It has been sugzested (Vhittaker 1957, Bates and Comer 1955)
that the hollow cylinders vwere filled with fragnents of curved lattice,
or, alternatively, an amorphous silica-magnesia gel. From the
appearance of the fibres in the microgranh, the latter proposal is
supported. ‘The aggregation of the amorphous gel into discreet bumps

is thought to be the result of its dehydration within the microscope.

(¢) Other linerals Present. In addition to the chrysotile fibres

described, some other associated crystalline masses were observed, most
of which showed fringe patterns with a spacing close to 7.3 X, as is
shown in Plate 26 . These crystalline masses may consist of fragments
of cvlindrical lattices. Alternstively, they may be regarded as
flakes of serpentine (Kg6Al) (Si4Al) O1O(OH)8, the "parent" mineral of
chrysotile itself. The (001) spacinz of serpentine has been recorded
by Gillery (1959) as 7.09 &. ©On other thin flakes, however, were
observed sirietions with considerably smaller spacings., Plate 4.7
shows a thin crystalline flake with a fringe s;stem with a spacing of
5.0 2. These frinces, observed in two directions on the flake, were
accurately measured by calibraticn against the (001) image of the

supporting chrysotile network.

/ -



175.

FIBRE DIIEI(SICIIS:  Whittaker proposed that the average chrysotile

fibre would be a cylinder 260 R in diameter with an inside diameter

of 110 R, whilzt Kheiker et al sugrested that these dimensions were

respectively 370 and 60 R, for the particular chrysotile concerned.

As a comperison with these predictions, the average outer end inner

diameters of the various samples of chrysotile were measured, the

values obtained being shown in Table 21,

T?}ble 21 °
DIMENSICHN: CF CHRYSCTILE FiBRS
Source Outer Diameter | Inner Diameter | No. of Layers

Whittaker (1957)

Kheiker, Flantsbaun
and Bubeleva (1967)

Rhodesia
Canada (Clinton)

Valmalenco

260 %

370
370
360
270

110

60
92
60
90

10

22
19
21
13

ELECTRON BZA! DANAGE: This effect presented some difficulty at the

outset of the present work.

However, by maintaining the electron

beam intensity at a sufficiently low level to allow an exposure time

of about six seconds, it was possible to minimize the damage. If

focussing was carried out auickly, im=ges could be recorded with no

visible electron beam damage affecting the specimen, as can be seen in
) fibres of chrysotile in which the (001)

Plate 48, which shows (two

and (020) lattice images are clearly resolved.

“here elect _ on bean

damage did occur, however, it was usually evident as a loss of the

lattice image, beginning at the outer layers.

This was accompanied

by the outer surface becoming irregular, and it was possible to detect

this change in successive micrographs, as at 'X' in Plates 24, 25 and

26,

In /
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PLATE 48

It

Fivres of Clinton Chrysotile,

3 v 1) 1 e .
showing (001) and (020) lzttice
images,

Jagnificati n: 2,000,000K






177.

‘r']"ﬂ O
PLATE 4 8

Fibres of Rhodesion Chrysotile,
shovins effect of electron beam
danmuge in the region AAY,

Negnific.tion: 2,000,000X






178,

£L

{ir-
{m
=

20
Same area as Fl:ute 49 showing
further irradiation damuce,

Magnification: 2,000,00CX






179.

BLAIE 31

Same area as Plate 49, showing
further irradistion damage.
Hagnifications 2,000,000X
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In some fibres, however, the effect of beam damzge was much more
striking, and in a sequence of micrographs the vlanes could be observed
actually coming apart. Such a sequence is showvm in Plates 49, 50 and
51 where the time between each micrograph is epproximstely 10 seconds,
with an exposure time of six seconds. The fibre involved has an

outer diameter of 130 R, an apparent  inner diameter of apvroximztely
35 X, and consists of 7 leyers, as shovm. The exact nature of the
defect around which the change takes place is not clear although it

appears that an extra layer is involved betvieen A and A'.
DISCUSSION:

RESCLUTICN CF LATTICE INAGLS: Since the work of Menter (1956) it

has been commsonly believed that the fringe »nrofiles observed in thin
crystals, arising from the interaction of transmitted and (h k 1)
diffracted beams, correspond to the (h k 1) lattice planes in the
crystal, kxtra terminsting half-fringes are regarded as evidence for
edge dislocations, and the technique of "lattice resolution" has been
applied to the study of defect structures in thin crystals (Chadderton,
1962; Phillips and Ilugo, 1968, 1970; Pzrsons, Hoelke and Rainville,
1965, 1969, 1970).

However, Cockayne, 2ay and Whelan (1968) pointed out that a correct
interpretaticn of fringe perturbations depends upon a knowledge of the
rhase relationship between the contributing teams and the perturbztions
were shown to be due to the variztions in beam intensities and to the
changes in the phase relztionship between the diffracted beams, across
the lower face of the crystal. Cockayne and ‘“helan (1970) have
extended this work, calculzting theoretical fringe profiles using the
dynemical thecry, and have shovm that a one-to-one correspondence
betveen lattice planes in the snecimen, and the‘fringe distribution

in the imege, need not necessarily be true. On this basis then it is
perhaps doubtful whether Yzda (1967) was fully justified in suggesting
that the c-parameter in clino-chrysotile was 7.3 rather than 14.6 2.

The [



181,

The fact that crystals were cylindricsl would mean, however, that some
of the (001) planes would always be in an appropriate orientation,

wnen the fibres were ncrmal to the bcam.
An exact interpretation of the fringe perturbations showvm in Plates 49 -
51 » as an electron beam danmage effect, is not possible, althouzh

it seems reasonable that at least one extra nlane is involved.,

USE OF CHRYSCTILE AS A SPECIITI SUPPORT:  The high resolution study of

chrysotile was carried out in oxder to evaluate the possible use of

the fibres as a specimen support technique for the colloidal particles
under investigation. There were a number of advantages which its use
offered, over the use of the more conventicnal support films, and they

include the following:-

(i) If the specimen could be supported between fibres, background-free
micrographs may be obtained. Low resolution micrograrhs showing

ashestos fibres as a support were mentioned by Hall (1953).

(ii) Since a Brucite layer, Mg(OH)2, forms the outer loyer of the
¢ylindrical chrysotile lattice, the external curved surfaces will be
composzd entirely of hydroxyl groups, thus exerting a strongly attrac-
tive force towards positively cher zed species, such as were being

studied in this wcrk,

: (iii) The (001) lsttice »lanes ought to be rezdily resolvable, there
being no orientation probleuns. These lattice imzuges would serve as an
internal calibrution for size determination within the specinen.
Against such advantagzes, there were the following disadvantazes:-

(1) Chrysotile fibres are unstable to intense electron beam irradiztion.

(ii) There would be & tendency for the fibres to be mechanically

unstable /
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/ unstable, since, in order to avoid churging effecfs, they would not

be supported by an underlying film,
Both of these problems were overcome by avoiding prolonged exposure
of the s»ecimen to the electron beam, the use of a low beam current,

and the use of double condenser illumination.

FIBRE DILIENSIONS: Table 21 shows that the caleulations of Thittaker

(1957) give theoretical dimensions sualler than those found for :ost
fidbres. In general, the hollow centres are narrower and the overall
diameters greater, than predicted. IHovever, the measured dimensions
correspond much more closely to the predictions of Kheiker et al (1967)
and it would seem that these authors provide a more accurate study.

It is also possible that varieties of chrysotile used in both these
studies contained fibres of different average dimensions, which nay
account for the discrepancy, as in the present study, where the sample
from Clinton corresponded quite closely to the dimensiins given by
Kheiker et al., whereas the Valmalenco sample was nearer to Whittaker's

model,
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HYDRCLYSIS OF T.CRIUM

The hydrolysis of thorium h:is been less widely studied than that of
zirconium, In one of the earliest studies, Denhzm (1908) neasured

pH in various Th(SO4)2 sclutions. He found that the pH varied with
time, which immediately presented a complication in the interpretation.
Hildebrand (1913) and Britton (1925) titrated Th IV salt solutions wif:
base, in an attempt to investigate the precipitation of the hydroxide,
or of basic saits. Hovever, both the Ionic Strength and t:orium
concentiration varied, and quantitative results were rather incon-

clusive.

Chauvenet and Tonnet (1930) carried out conductimetric and czlorimetric
measuremnents on the addition of hydroxyl to the Th ClA solutions and

concluded that, as pH increased, the following hydrelysis took rlacet-

mhdt . 4H,0 ———3Th (oﬂ)g" + 2}13o+

A sinilar scheme was postulated by Chauvenet and Soteyrand-Franck (19390)

. . e .
for the hydrclvsis of Th as the nitrate.
s .

On the other hand Kasver (1$41), on the basis of his e.m.f. studies of

. o\ 3+
bare hydrolysis of Th(HO3)A, sugzested that Th(OJ)3A was formed.
The first suggestion of pclymeric Th(IV) ions was made by Scheal and
FouchBre (1;47), vho perfurmed e.m.f., measurements on thorium perchlorate
and nitrzte solutions. They assumed that the following reaction
occurred -

nTh¥ + 2n0H” —y (Tho)im + ni0

and from /
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/ and from the data obtained, concluded that n hzd a likely value of
four, Souchay (1048) claimed that his freezing-noint measurements on
thorium nitrste solutions supported the existence of a tetrameric

Th (IV) species.

The first real evidence for polymeric Th(IV) ions was the analysis of
the crrstal structure of a basic thorium salt, Th (or1) CrO4 1,0,

by Lundsren and Sillen (1949) in which the thorium ions were l nked
by hiydroxyl bridges to form chains, as shown in figure 30 with the
composi »1on[ Th (CF) 2+ ]n . Layers of these chains vere linked by
the CrO COhnthlCnu. Lund ~ren (10%0) ves gble to demonstrote the

4

existence of similar chains in Th (01)2804.
Dobry, Guinand and llathieu-Sicaud (1953) studied amorphous t.iorium
hydroxide using a variety of techniques which included viscosity
measurenents, lirsht scattering, and electron microscony. The claim
was made that the colloidal particles consisted of chains 18 2 thick,
with an averzsge length 700 2. The authors sugzgested that these could
represent bundles of 20 to 30 ofzhe| %h (OH)2+ chains found in the
basic Th IV salts by Lundgren =nd Sillen (1929, 1P50) Although the
electron microscope evidence w:s supported to some extent by the other
measurenents, the authors pointed out thzt the microscone used, an
R.C.A. - E,!1,U,2.D, had a resolving nover of only 13 - 20 ﬁ, so that

an exact interpretztion of the electron micruzrephs was difficult. The
possibility that the specimen preparation method, dinning carbon coated
grids into a dilute suspension, would have an effect on the morphology

was not discussed.

An extensive ceries of notentiometric measurements was carried out by
Kraus and Holmberg (1954), on Th (IV) in perchlorate, and chloride

FRE S

solutions. From measurements car-ied out in Ii IlaCl0 , thsy concluded

>
that Th (Cﬂ)g+and Thz(CH);+ were formed, while the species Th( H)3+

was
unstiable. There was some evidence that more highly polymerized species
were also present bui it was felt that tuere were insufficient data

available to establish their identity
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In a similar study by llietanen and Sillen (1954, 1956) a “core and
lini" mechanism was developed, as first carried out by Graner and
Sillen (1947) for the hydrolysis of Bi-III perchlorate., The pl

deta (1954, 1956) was internreted in terms of this mechanism and a

series of complexes of the form

T [ (02) Th]<4+n)+,or m_(om)(=+3) +
oy = T3 -3

were postuleted,

Lefebvre (1958) examined the data by Zraus and Holmberg (1954) and

-

Hietanen (1954, 1956) and concluded that a simpler scheme would account

adequately for both sets of observations. ie sugzcested that only

[T

three polymeric species viere involved:
m \ 2+ m o 6+ . 8+
Th (01{,2 , 1112(CH)2 and ;h5(0ﬂ)12 .

The first two complexes belonged to the series proposed by Kraus and

Holmberg, the third belonging to the system of Hetenen.

Although the evidence for »olrmeric Th IV species in solutioa was

well documented, the idea that Th IV was only monomeric still lingered,
and indeed evidence was rut forward that this was the cuse, P:n and
Taseu (1955) czrried out vil measurenments of 0,05 - 0,5 il Th(ﬁo3)4 in
HaClO4 and, although they agreed that tetranositive ions usuelly
showed a stron: tendency to pol:merize on hydrolycis, they concluded
that, in the system studied, only Th4+, Th(OH)3+ and Th(OH)§+7ere
present, Similar conclusions were reacied by Liatijevic, Abramson,
Schultz ond erker (1950), fronm coarmlation studies of Th(NO3)4

sclutions. They suggested the following ecuilibriums-’
4+ —_— 3+ ot
Th (H20) e+ H0 &— *}1(}120)-_,c.+ (cH) ] + E

and as pl was increased the dimerization:-

/ -




Forw

188,
H 2 -+ — LR ,” T 5
/  2[m(n0)_ _ (on) j > = [_n (i0)_ _ (o) ]°+
was sugzestied as being liliely.

Bilinitsi et 2l (1963), from terbidity and pl measure ients, suvggested
s . . o . L+ ol e 2n+
the principal species in Th IV soluticns were Th'  and [}‘L‘h(Oﬂ)2 ] nn
. : -3+ - iy sq s s . . -
with Th (OH3 an additicnal possibility, while ion exchange studies

by Zhukov et al (1962, 1663) led thenm to nrovose the form
) - dn+
[‘.”Lh(CJ i ]1;

Hentz and Tyree (1C ), studying aqueous solutions of Th (IV) perchlorate,
found a continuous series of polymers, With n, the average number

of hydroxyls rer Th IV ion, between 1.5 and 2,0, binuclear, and tri-
nuclear spccies were formed., This eventually led to the fornution of
large particles, with the r»recipitation of hydrous oxides or basic

salts with n greater than 3. Polymers of inte.incdiate weight vere

formed when n was between 2 and 3.

~ . . 1 \\ .
To account for pil and solubility measurements of Th (IV) in it ‘quO4

Baes, liever and Roberts (1¢6 postulated four passible series of
b} o - & i

nolyners, with a general comnosition:-

\+
Th (otr) (4 xX- V)

e

with the following sets of v velues being consistent with the data,
o b I O

(i) x,y = 1,1 1,2 2,2 5,12
(i) 1,1 1,2 2,3 6,15
(iii) 1,1 1,2 2, 3,6 6,15
(iv) 1,1 1,2 2,2 4,8 6,15

There is a close similarity between this wierk and that of Hietanen
(1954&, 1650) and Kraus end Holrbers (1054), althouzh neither of these

studies showed evidence for Th(OH)3

!/ .
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Larsen and Browvm (1964) studied X-ray scatterins in acid solutions of
Th (NO3)A and since the radial distribution curves showed no evidence
of Th - Th interactions, it was vresumed that only monomers were
present as stable species. Sinilarly, Bacon and Brovm (1969) found
only evidence for mononuclear species in perchloric acid sclutions of
Th(IV) perchlorate. The Th-D distance of 2.50 R, showved evidence of
11 interactions, sugzesting 11-fold coordination around each Th IV ion,
In an aqueous solution of the ox:mnerchlorate, hovever, a Th - Th
distance of 4.C0 ] was found, with evidence for each Th IV ion having
three nesrest neichbour Th IV ions., This led Szacon and Brovm to
propose a tetrahedral model, having Th IV ions at the apices, linked
alonz the edges by six hydroxyls, with the formula ThA(CH 20+ .
Although the Th - Th distance in this complex of 4.09'3 was very close
to the Th - Th distance in cubic Th02 (3.96 ﬁ) the two species are not

directly related, their geometr) being quite diflerent.

Much of the published work on thorium hydrolysis is consistent with

a chain structure, thorium (IV) ions being bound tozether by hydroxide
bridges. liany renorts, howvever, give evidence for monomers only and

it seems thzt the polymerizaticn is controlled by the conditions pre-
vailing in the solution. Thus acid soluticns of thorium nitrate show
nainly evidence for monomers and dimers, whilst in perchlorate solutions

there apnears to be evidence for higher polyuncrs.
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RESULTS OF MSTLIDIDIARY TUVESTIGATICT

In the present work the electron microscone study was extended to the
hydrolysis of Thorium (IV), in order to test the applicability of the
high resolution technique to other systems., C.1 1l solutions of
Th(RO3)4.5H20 and ThCl4CI;H2O) vrere used as starting materials, COCne
perticular difficulty in the initial stages was that both the nitrate
and the chloride did not recrystallize easily from water, so that
identification of initial crystalline material ves not possible,

.

hilst a fresh solution of zirconyl chloride -ave no observebvle deposit

1

on chrysotile fibres, a fresh solution, of thorium nitrate, rszve
extensive zreas of chain-like material suspended between fibres, (In
the study of thoria, a 200 L objective arerture was used in order to
increase phase contrast effects.) Plate 52 shows such chains, vhich
are about 80 & in width. The central parts of the chains, 40 2 thick,
apnear much nore electron dense and it is cioncluded that ther represent
a hicher concentration of thorium atons, Features in the 5 - 10 2
ranze were reproducible in successive nicrogranns. The fresh solution
had a pd of 2,24, which remained unchanged cfter one hour or reflux,

In the microscope, however, structural chances were revealed, in that
larger, coherent sheets vere now observed, a2s shown in Plate 53, llere,
and in other microgranhs, the sheeils are scen to contain a chain-like
substructure, the "chains" being approximately 6 2 in diemeter. These
may in fact represent the Th(CH?§+ chains found in basic thorium
s2lts by Lund-ren and Sillen (194 49, 1CGO), since they are of a com-
parable appcrent diameter. Horever, without a lmowledge of the
defocus value, A Lo, and other factors, as described earlier it is
not nossible to give an accurate interpretation., Hovever, the
rerroducibility of these structural features does suggest that they

may be real. A sample refluxed for six hours, by which time the pl was
2.21, shoved signs of anwre~atlon, as a slow increase in opalescence,

and /
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/ and also in terms of the observeable feztures in the microscope,
Plate 54 shows several such aggregates, as at 'X' and 'Y', There
was as yet no evidence of crystalline thoria, FProlonged reflux
brought about crystellizaticn, the final product veing showvn to be
cubic ThOZ, in a hydrous form. The electron diffraction results are

rresented in Table 21.

Table 21,

a (neasured) d (Thop)
3.24 R 3.23
2.83 2.80
2,00 1.98
1.71 1.69
1.41 1.40
1.29 1.28

Crystalline purticles of thoria are shovm in Plate 55. It was
observed that these narticles are much less regular than those of
crystalline zirconia and occur over a wide size rznse. ILssentislly

similar results were found for the Lydrolrsis of thorium chloride.
DISCUSSICH

No model has ret been devised to account for the structural changes
occurriny during the hydr.lvsis of thorium szlts and the transformetion
from amorphous to crystalline thoria, although numerous studies of
thoria have been nade, as by Prasad, Beasley and Lillizan (1¢67) .
VWithout such a model, it is difficult to propose a sequence of events,
based entirely upcn electron micrographs. It would appear, however,
that the fiims of colloidal t oria are quite diffevent frum thos of

amorphous zirconis. In particular any sugrestion of chain structure

in /
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/ in zirconia is not at all pronounced, whereas in the thoria films

there is abundant evidence for this.

Cross-linking of thoria chains may take place more or less at random,
whilst the formation of zirconia sheets, and their cross-linking,is to
sone extent more controlled by the structure of the initial tetrener,
[?r(OH)24H20 :]i+ . Elimination of water from aggresates of t.oria
chains will eveﬁtually give the hydrated Th02, wvaich is identifiable

in the terminal stages of the hydrclysis,
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