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ABSTRACT

The central theme of -this research is to‘elﬁcida'te the Stru‘c—
ture of real solids. The rare earth oxides are the model systems
of choice because they exhibit the full range of structural varia-
bility; are representative of the ubiquitous and much studied
fluorite structure; and are models for many materials needed
"fO,-.Ir new energy source application_sf

It ha.s_“been demonstrated thaf electron microséope i_mzvagers‘
obtair_led at about 3% resolution fox". Pi'-, 0O, , are in agrjeemenj: 'With
calculated images based upon known structures. This establishes
the efficacy of crystal structﬁre image interpretation in sfruc-

tural terms, including the defect structure and mechanism of

phase reactionz, for thesetypes of related phases whose:structures
are as yet béydﬁd conventional means to determine. |

Further work on the epsilon (Pr;, O, ) phase is repo:i;téd' '
both utilizing elef«ctvron opticél methods and single crystal X-ray
techniques. The ternary ceramic system HIO;* xEr,O; is being
examined using electron optical techniques and ordering not
hitherto reported is being observed.

An interactive crystal structure image calculation system
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is being developed which will permit the immediate comparison
of enhanced i_mage’s :synthesized from trial structures (including
defects) and displa'ye‘d‘ in jﬁxtaposition on a gr.a'phics‘ unit.

.~ CONTRACT REQUIREMENTS

The contract réquirements have been fully complied with.

EFFORT OF PRINCIPAL INVESTIGATOR

The principal investigator devoted 20% of his time during
the nine-month academic year, September-May, and 80% of two

‘and one-half months, June-August to Project E(11-1)-1109.



SUMMARY"

In this report an effort has been made to place the
work on the solid state che¥nistry of rare earth oxides,
ddne with the aegis of ERDA, against the primary respon-
sibility of that administration. To this end the first
and longest section has been writtenl. This section will
be published in the proCeedingsvof the symposium on
"Solid State 'Chéinistry of Energy Conversiori-;an'd Storage''
held in conjunction with the Centennial meeting of the
American Chemical Society in New York in Apfil 1976.

| If rveactiohs in solids are to be understoéd, the

real structures of the reactanis and products as well as
the nature of the materials in transition must be knpan
The emphasis is placed upon real solids to stress the
importance of cataloging the »defect types present at each
stage of reaction. A realistic reaction mechanism must
be based upon the species known to exist. ’faxonomy
must preceed the theory of evolution. The purpose of

the work being carried out in our laboratory is to answer



these questions for fluorite-related materials by using
the rare éarth oxides as model systems.
Fluorite-related materials of wide compositional
variabil;ty are among those most commonly encountered
in energy storage and conversion processesi. A géneral
Vcha'rabcteristic of oxides in ‘ghis family is that their metal
' substructure is rigid and i;ﬁmobile while the oxygen
substructure is labile and volatile which makes them
usefulb for tho‘se applications that require high oxygen
diffusion rates or activities but limits the usefulness of
many .of them where_v vafiabilify of composition is a prob-
lem at high temperature. | |
Zirconia, hafnia, thoria, urania and céria react
with the alkaline earth and rare earth oxides to form
solids with compositions over the entire range from
MO, -M,O;. Attention is directed 1n this discu_ssion to .
intermediate phases which vé.ry sm’ooi:hly over a compo-
sition range such as the MO, 5,5 and MO; . 5 type
phases at high temperatufe, or order in phases of
narrow composition range at low temperature. There

are examples of these materials which are of practical



importance as solid electrolytes, electrodes, oxygen

activity probes and oxygén sources. These are discussed
particularly with respect to the existence of ordéx_'ed
intermediate phases. 'F'or example, solid solutions of .

Us O and Y, 05 are excellent electronic conductors

under oxidizing or reduéing conditions hence are potential
electrodes for high-temperature fuel cells‘. The oxygen
conductor ZrO, * xY,O; which is also fluorite-related
could serve as the electrolyte.

The ordered intermediate phases not only have a
fluorite-like substructure in common but many of their
structures are becoming known a.nd the pafterns of defect
interactions are beginning to suggest themselves.

The nuclear fuels UO,_g, PuO,_.5 and (U, Pu)O,_;
and other actinide oxides also belong to this structural
family. Recent studies in these systéms are iindicating
a great.deal of s'hoxv't.—‘r‘a:ngér oraer even at high teﬁperé7
ture. This order suggests interactions between defect
species which no- doubt closely resemble thos(e being
described in the rare earth oxide systems. This is most
marked in the behavior of the heavy members of the

actinide series, especially curium and californium.




There is a remarkable behavorial carryover between
the many fluorite-related systems whether binary or
ternary.

If the importance of the knowledge of the real
_ structure of solids is accepted it would be difficult to |
overestimate the value to the study of solid state reactions
of a technique which would give direct visual representa-
tions of not dnly the structures of the ordered reactants
’aﬁd products but also of the reaction s;:ages in between.
The high resolution electron microscope appears to go
~ a long way toward fulfilling this need. |

Until the present, in the. absénce of dlrect methods,
in_direcf ones have given every conceivable answer to the
question of what type of defect species exist. Even if the
electron optical methods have their own limitations the
_informé.tion they are bringing to the subject is revolu-
tionizing our views of solid state chemistry. Actually
the vs}hole SubjéCt'bf vmechanismvs of reaction and diffusion
will have to be completely r;avamped in all cases where
the defect concentration is greater than a few parts per

millibn.



High resolution electron optical fech‘niQues have
had astounding success in imaging transition metal
oxides having unit cells which are short in the direction
of viewing but large in the other two directions. It
remained to be determined to what extent the technique
could be applied where these favorable circumstan'ces
are not met, whichis the situation for most materials. The
success to date on the rare earth oxides in these 1abora;-
tories appears to give an affirmative answer and is
revief;vevd in some detail.:

A computer program package has be}en developed ‘
which can be used to celculate fhetWo-dimens.ional
crystal structure images necessary to'serve as a guide
in interpreting the images observed in studies of the
rare earth oxide phases and their reaction processes.
This is very impor’_cant sinee the images obtained for
crysfals-> 1004 thick do not have a one-to-one correlation
with the projected potential of the structﬁre; The perio-
dicity and symmetry are retained hewever, hence the
images unmistakebly reflect the phases present. The

computing package was applied'to Pr; 0, ; and»to the



isostructurél Zrs Scy O, , whose structure appears to be
the protype for the homologous series (Rn.Oz nh_z where
n is an integer) in the binary fluorite systems..

Earlier electron diffraction and imaging studies
on the hoﬁdlogous series had revealed the unit cells of
most members and had made possible suggesting a
structural principle which related the odd members of
the series. These studies now have been exténded_ to
image, calculate and discuss Pr, ;O;, and other even-
‘members of the selries and to propose-a strﬁétural
‘feature, characteristic of the evehfmembers, which
links them to those with odd . | |

Altﬁough this work is advancing an uriderstanding
of the structures of these phases, the ideal structures
muét be determined by neutron or X-ray diffraction.
These techniques are beiﬁg applied Wher_ever possible.
The main limitation at preAsent is the growth of twin free
single crystals. It has been possible to prepare good
small single crystals of the epsilon phase (PrigOyg)
and a full set of X-ray diffraction data have been col-

lected and are being analyzed. It is essential to deter-



mine the structure of certain key members of the series
to provide the bé.sis of generalizing their relationshipsl.
As each plausible structure is tested against the diffrac-
tion data its structural image is .célculated.and compared
with the observed images. In this way it is hoped that
an unequivocal answer will be obtained.

. Electron opticval techniques have further been
applied to the obgervation of phase reactions occurring
in the microscope as one ,m,e}r_rvlberr of the homologous
series transforms into another. The main advance so

far has been to obéérvé the texture and topotaxy of these

reactions and many surprising results have been obtained.

For example, among the homologous series cooperative
transformations appear to occur along reaction fronts

consisting of {135} in odd and {011} in even-members

rather than by the traditional nucleation and grthh. This

ré.sﬁ__lts,' in disofdéfed and éspec_ially ihtérg'rown. materials
during reaction.. Sometimes layers of phases one unit cell
thick are interleaved regularly for a distance thgn
stacking disorder occurs. Gradually the textural char-
acteristics of these reaction intermediates are being

cataloged and out of this will come a reliable model for



fluorite reaction méchanisms.

To advance the work further it will be necessary
to model the structural features at the interfac.e.as
reac;ti()n proceeds‘. - To do. this reliably will réqui_re
companicin calctilatidns to be macie. This meéﬁs that
one may need to caiculate the expecied iinage when one
structure is superimposed on another or as ciefects are
moved about during‘reaction and compare these results

with observations. To accomplish this an interactive

crystal structure image calculation and observation

sjrst'em is be_ing éssemblved and’pl_a'cv‘édvint.o use.

The sjs.tem cionsists oi‘ a Syntex Ané.lytical Instru-
ments AD-1 Autodensitometer operatéd by a Data General |
Nova 1200 computer with 24K words of’ memory and a

9-track tape drive. A Tekironix 4010 graphics unit

- is inte“rxfa,qed to the Nova computer enabling ._the crystai

structure images observed or calculated to be displayed
immediafely.’

The system will allow an image plate to be scanned, .
digitized and an enhanced image displayed. The calcula_téd
image may then be displayed alongside whi.le the trial

structure on which it is based is changed until satisfactory



agreement is observed. This rapid interactive scheme

is required if the technique is to be a practically useful
analysis of this type. At the moment the formidable
software development is underwey.

The microdensitometer faeility will also be used
to analyze and compare observed and caiculated diffrac-
tion patterns where advantageous. In fact, studies
underway on ordering in the ternary phase Er,0; * foOZ_
is a case in point. Phases with high HfO, content annealed.'_
at 1_'2001°C" for lgpgv'pe?iAod_s of.time produce extensive weak
d'ifi:‘us:e scattermthe eiec.tren .diffractioﬁ pattefns. The
vnatL‘lre of Athis vo‘rder:'ingj m'ay‘be understood by comparing
the observed- diffraction pattern with that clalculated on
the basis of various modelsr which, for example, may
involve ordered domains of certain structures and sizes
intergrewn in the fluorite matrix, When the micro-
densitometer s&stem is completely operable it will be a
powérful aid in the analysis of electron optical and
X-ray diffraction results.

- A recapitulation of conelusions and advances may
be made as follows:

1. Crystal structure images of good resolution have




been obtained from crystals‘of several phases in
the homologous series of fluorite-related o_xides‘..
The calculaj:ed images of thin crystals correspond
to th-evprojected potential of the known structurey.
The observed images correiaté well with those
calculated for thick crystals where the structure
is inlown.

The thick crystal images do not provide an mtui-
tively interpretable picture but the correlation |

of periodicity and symmetry affords unequivocal

' identification of the phases observed.

Phéée reactions can be followed in substantial
detail; however more must be done to model thém
accurately. |

It will be neceésary to continue to use calculated
imag_es to minimize ex:"x“orvs. in interprefcation.

In systéms where thin crystals may be observed .
intuitive ixlférpretation should be possible even to
the point of 1ocafing oxygen vacancies in fluorite-
related crystals.

It has begn possible to prepare good single crystals

of the rare earth oxides for X-ray study. It is

10
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'impefé.tive that both techniques be used in their

study to provide enough information.

An interactive image reading, image calculating
and display system is bemg developed which will
fac.ilita".ce_reliaﬁle ,intex"preta;:ioln of the elec._:tronv
optical results. It will also serve to compare the
observed and calcula'ted. electron or X-ray dif-
fraction patterns in a similar way'.

More information abéut the ‘structures of inter-

mediate phases in fluorite~-related materials is

- becoming available from many sources. At the

- moment the complexity is baffling but with sufficient

effort structural interrelations will be divined and

order will replace chaos.
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ceria or thoria. Others such as UO,X, PuO}:{ and UXPu O

I

NONSTOICHIOMETRY, ORDER AND DISORDER
IN FLUORITE-RELATED MATERIALS

FOR ENERGY CONVERSION

ABSTRACT

Fluorite-related materials occur Widely and many
are _useful in the new energy source technology. Examples
include fast ion cbnductors such as solid solutions;"of "thel.
.alkaline. earth or rare earth oxidés with zirconia, héfnia»,

Yy z

are possible nuclear fuels. Formulating realistic trans-

- port and reaction mechanisms in these substances require

a knowledge of the defect structure and texture of the
ordered and di-Sordefed phase.s. Modern high resolution
electron optiéai methods have been "uti-liz'ed to deduce the
uﬁit cells of many ordere_d intermediate phases in fluorite-
related systems and coupled with extant structural infor-
mation has allﬁowe'd a structural principle underlying the
homologous seriesg in the rare earth binary system to be

promulgatéd. In addition, crystal structure imaging




at a resolution of 3-44 coupled with comparisons with

calculated images have made it possible to propose
unknown structures and to observe and model the types
6_f intergrowth patterns and defec_ts which occur. Inter-
mediate and defect structures in fluorite-related oxides
of interest here are reviewed. The new results on rafe
earth oxides are discussed and illustrated including
display and modeling of images of crystals unreacted
and undergoing transition‘. The results for the binary
oxide studieés are compared with the ternary fluorite-

related oxides obtained 'by these and other means.
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INTRODUCTION AND REVIEW

The sfrﬁcture of a matéi'ial_is an .enCyclopedia on the pro-
perties of its constituent atoms and is therefore at the root of all
its chemical and physical properties. We mean, of course, the

structure of the real material which includes its defects most

responsible for the feactivity and dynamics of chemical and physical

chgnge. Mechanism in reactions cannot be ulj;ders_’good without
knowledge of the defect structure. . Understaﬁding c’ari leéd to -
irhproved control of reac:tidn properties and to the ébility fo design
new desirable materials. ;

It is impdﬁant therefore to elucidate the structureof real
materials of'practical importance in the most direct way possible
and these studies will serve as a basis of further understanding.
One seeks here not é shallow classification but deep iﬁsight of
sﬁbtle shading,

Fluorite-related materials are ai‘nongthgse. co‘mm_only

“encountered in energy conv.ersion and storage. Their varied use-
fulness and their limitations can best be understood in terms of
their structure which is a palpable expressi__on of their nature.

The ﬁuorite structure may be visﬁaliz'ed in many ways. For

example, if all the tetrahedral interstices in a cubic clbse—packed

14



- array of atoms are filled by atoms of a different kind, the fluorite

structure is obtained. The lattice is face-centered cubic ( Fm3m).
with metal étoms (M) at (0,0,0) and the nonmetal atoms (X) at
(£,%.%) and (%,2,2) and equivalent positions. This gives four
formula units per unit cell.

An alternative way of visualizing the structure is to con-
sider the coordination cubes of the metal atoms (MX;) sharing
all edges in a three-dimensional chessboard network, or furthér
that coordination tetrahedra of nonmetal atoms (XM, ) share ‘all
edges in a nonspace-filling three-dimensional nét\&ork;

Stiil anothef-‘_v’vay of expressing this stfucture is to con-
sider it as a sfacking of closé-packed laye;'s of atoms aloxig the
[111] direction in the sequence ¢ By g Caoy ABa By B Cua ...
where Roman capifals repfesent metal atoms and Greek letters
nonmetal, each in equally spaced 'cubic close-pa_ck.ed layers.
| Figure 1 illustrates a unit cell of fluorite where circles repre-
sént' metal atom 'position's' and triangle‘s‘represen’c nonmetal atom
positions. The octahedral inte’rs"rt'ic':e.s feﬁresenfd by the &iamonds
are all empty.

Textbook examples of the fluorite structure are ulsuallyr
' fhe ﬂuorides of Ca, Sr and Ba and the oxides of. Th and U. ‘I‘o

this list must be added many others where the atom radius

15



ratio of metal/ noninefal 2 0.73. These would ‘include many of
the hydrides and oxides of the rare earth and actinide elements
as we shall see later. Furthermore, when we consider

adding or subtracting atoms of either type to give fluorite- .
reiatéd deféct structures which may be ordered or disordered
the pdssibilities boggle the mind.

‘Fluorite—related materials have a known compositional
variation at least from M, X, (MX,. ,5s) to MX. Although there .
are many other fluorite-related materials of importance in
energy cbnvefsion, such as the fluorides and hydrides, we here
sha.Lll‘ be fécusing attention almost exciusively to 'oxy'gen;deficient
pha;es in the cbmpositio'n range MO, (2.0 = x > 1.-5) where the
oxygen deficiency is éither ordered or disordered.

In these phases it will be é good approximation to consider
the metal atom substructure to be intact as in fluorite with
small displace:‘mgnt:_s uvnvdervs.j;qodv. The oxygen _substructure is
then. characte_r’i'zéd:'a's possessing vacancies on normal sités_'
which may be ordered in long or short range or disordered.
This means that there will alwayé be coherence but there may
be a regular or periodic variation in oxygén composition 1n the
structure. |

Many metals capable of tetravalency form extremely

16



the-rmally stable ﬁuoritefrelated oxides. Indeed, ThO, is the
highest melting oxide known (3300 + 100°C). The congruently
melting compositions of a.ll these refractory oxides in vacuum
is lower than the dioxide (even for ThO;). CeO, loses oxygen
in vacuum to a‘composition of CeO; 5 at 2000°C in a tungsten
cell é.nd Pr and TbO, lose oxygen to substoichiometric MO, 5 _s
at the melting point. The melting pqi.nt of reduced substances
is in excess of 2000°C.

The enthalpies of formation of the oxides for the elements

'formmg fluorite-related phases is very h1gh belng of the order.

of 210-260 kcal/ gram atom of metal

A few other general statements about properties should

‘be made at this time. Diffusion coefficients of metal atoms are

generally very lowv up to temperatures in excess of one-half

the melting point, in contrast the diffusion coefficients of the

~ oxygen atoms are relatively very large. Under these same

conditions the vapor in equilibrium with the solid is oxygen.

Much higher temperatures must be attained before metal con-

" taining vapor species are detectable. In short, the metal

substructure is rigid and nonvolatile while the nonmetal sub-

structure .is mobile and volatile.

17



FLUORITE-RELATED MATERIALS* IN ENERGY WINNING ROLES

Solid Electrolytes

Zirconia and Hafnia based materials. --When zirconia or

hafnia are reacted with the alkaline earth oxides (éspecially
calcia) or raré earth oxides pseudobinary fluorite-related _
phases with anion vacancies are formed. At high temperatures
the phase fields are broad cubic solid solutions although in
some caSeS‘ there'm‘ay ‘be con-side'rgb'le diffﬁse scatt_er in their‘
diffraction patterns. These materials are techﬁically important
because of the‘r.'api.d tfansport of oxidé ions at moderately high
temperatures without electronic or cation conduction. This
assures a wide vé.riety of high temperature electfo'chemical.
uses.

At higher temperatures cubic phases of continuously
changing composition cover the field. At lower temperatures,
< 1500°C, in a few cases known so fa.r ordering occurs,
probably rapidly with respect to the anipn"vac_ancies and v-ith

sufficiently long anneals, the cations may also order.

*There is a romantic history and great literature on these anion
deficient fluorite-related phases. This includes Welsbach gas
mantles and Nernst glowers. This paper is not intended to

be comprehensive; rather references are made arbitrarily to
that work which highlights current efforts to clarify the structural
principles behind defect fluorite-related materials.

18



Duclot, Vicat and Depqrter1 tabulate the investigations
of calcia and rare earth fluorite-related phases formed separately
with hafnia and zircdnia up to about 1970. They also give
evidencé of an ordered phase Y, Hf; O, ; a}nd‘have investigated
the order-disorder transition.

Carter and Roth? have studied the structure of calcia- |
sfabiliz ed zirconia utilizing neutron diffraction. They concluded‘
that in the ordered structure the oxygen atoms were displaced
in a way approaching that found in monoclinic ZrO,. The dis-
order-order transition was seen to be the 'differ.entia’c.iOn of the -
disordered region into domains J'.n‘-'whic.h the distortions of the
oxygen coordination polyhedron are in the same éenSe.

Three ordered phases (3,3, ,8,) were:detected ‘inthe - 'CaO-Hi‘Oz
system, > two of which (-3, and &,) appear also in CaO-ZrO,.*

Allpress, Rossell and Scott have investigated the ordered
phases® “in the calcia-stabilized hafnia system using électron
diffraction to determine the unit cells of three ordered phases:
Ca,Hf;0; 4(8 ), rhombohedral, a = 9.5273%, « = 38.801°;
CaHf; Oy (3, ), monoclinic, a = 17. 6984, b = 14.500%,

c = 12.0214 and B '= 119.47°; and CagHf; 9044 (5,), rhombo-
hedral, §= 12.0594, « = 98.31°. Rossell aﬁd Scott‘é’ deter-

mined the space group of & phase to be _Ii'i_ and have found

19



cations ordered on cation ,sifes of the fluorite structure with

the calcium ions segregated into diécrete layers parallei to the
(111) fluorite plane. They also suggest that the two oxygen
vacancies in the unit cell are paired across the body diagonal

of the coordination cube of one of the Hf atoms and the remaining
six Hf atoms are near neighbors and seven-éoordinated Whilé

the calcium atoms are eight-coordinated.

- Subsequently Allpress, Rossell and Scott” have published
the structure of CaHf, O, '(él ) and Ca Hf, 9O44 (3,). As 1n the
% phase the Ca atoms are 9.11_-_eigl@t-coordir'iated"while Hf may be-

'~ six-seven- or eigﬂt;éopfdix:latéd.. Other commion featufes
include prbbable = (III)F vacéncy pairs with a caﬁoh in between.
.Allpress, et al., suggest that these clusters may coalesce to |
form finite groups in $, or extended chains in §,. This infor-
mation was obtained from powder diffraction dafa which affords
only limited conclusions about vacancy ordering.

Electron diffraction pattérns of Calgia stabilized ﬁafnia'
and zirconia show diffuse scaft-er in addition fo .thé strong réﬂeé- '
‘tions frbm the fluorite subcell. Allpress and Rossell® have |
analyzed this diffuse scatter and obtain good agreement with
the expecfed difffé.ction from specimens with domains of the @;

phase of 304 diameter coherently embedded in specific orientations

20



within the cubiqv matrix. This is reminescent of the domains
of Carter and Roth. 2

Lefevre’ noted ordering in ZrO,-Sc, 0, due to-a phase
which turned out to be rhombohedral Zry .Sc4 0, ,'? and two
others with wider composition widths and higher ZrO, convtent‘.
Bevap“ and his coworkers have determined that the composition
width of these phases is less than at first thought and have
aésigned them the ideal formulas Zrs; Scs O ;,2Zr Ses Oz and -
ZrysSc; 4011 7. Zr3ScyO,, was found! ¢ to be isomorphous
with M, O, , 1n the binary phases.to be described later. The
structﬁr;’él feétﬁré “evmpha:..siz»ed in these results is a string of
oxygéh vacancies aldri’.g_ the [111 ]F which gives units of M, o} 2.
composed of a six-cqordinated M atom surrounded with trigdnal
symmetry by.six sevén-coordinated M atoms. These units are
separated by a fully oxidized M;0O, 4 group along [111 ]F—like
beads of two types in a _string .to form the structure of Zr;, Sc; O, ¢
(space group R3). These beaded strings all oriented parallel.”
to the threefold axis are edlée" shared to for:ﬁ an interp‘enétrét.ingv
network of the twb kinds of units. The'Zr and Sc atoms occupy
the metal sites randomly in both structures.

In the Zr; Yb, O, ; phase,'® where the larger Yb is

present, two modifications are observed. One is isostructural
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with Zr; Sc; O, ; and the other (a low temperature form) has some
ordering of metal atoms with Zr occupying the six-coordinated
metal sites and random occupancy of the seven-coordinated

sites.' In the other rare earth zirconia solid solutions !!

where
the size discmrepa‘.n.cy between the atoms increases there appears
to be little evidence of ordering.

It i.s likely that the ordered phases of similar composition

observed by Komessarova and Spiridinov! ¢ in the HfO, -Sc, O,

system and indexed as rhombohedral unit cells are closely

related to these ZrO;_ *Sc, 05 phases.

10, 15

Collongues and coworkers! and many others' have

found pyrochlore phases in these ternary oxide systems Aithough

th1s phase, A3“‘ B““‘O-, ,» is related to fluorite, the shifts in oxygen
positions are so great that the structure ‘is best considered as
interpenetrating frameworks of [AO, ] and [BO, ] with the A in |
linear coordmatlon and B in octahedral coordmatmn The
radius ratio, r(A3+)/r(B4"'), is between about 1.20 and 1. 60..

The Thoria-Rare Earth Oxide Systems. --Solid solutions

between thoria and the rare earth oxides are well known' and
have been used for years as oxygen conducting solid electrolytes.
In each case studied there is a wide range solid solution heving

a fluorite structure up to a maximum at moderate temperatures
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of about 404 (M,0O;) in ThO,. No ordered intermediate phases
in this system at low temperatures have been described.

On the M, O;-rich side at very high temperatures however
Sib'ieude and Foex' ¢ have found_ eyidence-of. a quite remarkable
c:.ozAnplenx‘ity showing phaées félated to fhe A, .B., C, X and H-type.
sesquioxides of variable compositiqn as well as numerous other
hexagonal phases of apparent narrow composition. The C-~type
phase is, of course, fluorite related but no ordered intermediate
narrow composition phases have so far been indicated in the

ternary system.

The Uranium Dio-#ide_—Rare Earth Oxide Systems. --Weitzel
and Keller! d have fecently pr;éparéd several oxides vo:.t‘ composi-
tion (1\/[0.'5 Uo."; )O, where M is a rare earth atom, and have shown
them to be strictly fluorite in spite of the.unusual presence of
U(V) and U(VI) in eight-coordination.

Many:studi_es 'hia_ve shown the_formation_ of f_luqrite solid
sdlﬁtién‘s' of.Wide-t‘cor‘nposition range. Our attention is drawn
to 3Y,0;+ UO; or UY,O;, which was the first crystal of this’
structure determined.!® It is isostructural with the Zr; M, Oy ,
phases discussed above and with the binary oxides of composition
M-, O, ; to be discussed below és the structural end member of

the homologous series in the rare earth higher oxides. So far

23



as is known these are the only ordered fluorite-related ternary

oxides in this family.

Flﬁc'rite-Related Oxides for the Nuclear Industry

- Many reactor fuels and radiation power sources are fluorite-
related oxides. These substances characteristically must operate
in place for long periods of time, at high temperatures, in strong
radiation fields and with growing levels of impurity. Underlying
any rationally based pi‘ogra'm to 'improve;«thé» perfcrmancé-v'
characteristics of these materials must be a sound knowledge
~of their sfructure and texture, especially th‘eir'defect structure,
' vas~ a functioﬁ of temperé._ture_, pressure of oxygen, ;fadiation
vficlid and level cf vimpurity. R

Attention will Be focused here on the structures of voxygeh-

deficient fluorite-related oxides of the actinide elements. Thi;
includes UO,, ThO,, PuO, (U, Pu)O, as well as the trans-

uranium oxides.

Fluorite MO, .;5 - --Dioxides are known.fo_r Th, Pa, U, Np, |
Pu, Am, Cm, Bk and Cf.: The lattice parameters are compared
in Figure 2. The enormous variation of the thermodynamic
stability is reflected in the oxygen activity required to maintain
stoichiometry at 1060°C which variesl more than 20 orders of

magnitude.
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ThO, .is only slightly substoichiometric in the presence of
Th even near the melting péint. U0, bégins to lose oxygen
appreciably in the presence of U at about 1500°C and reaches
a eutectoid at 2500°C at a composition of about UOI;V65 . The
heavier actini_de ‘dioxides typically show little deviation froml
stoichiometry until a temperature of a few hundred degrees is
reached and then quije suddenly a phase of wide composition
range of fluorite structure is entered. T'he'deg';'e'e andvnaltui'e-
of short or long range ordering of defects in these MOz;g, phases
have not pfog"résséd‘ very far. A brief review of work up to
about 1970 along these lines offér_‘s phase diagrams and references.!”

R ecéntly Sprensen®® has undertaken measbure:n'ients (and |
fhe correlation of the work of others) 6f the partial molar
thermodynamic quantities for oxygen in nonstoichiometric plu-
tonium and plutonium;-uranium oxides. He has previously done
a éimilar. analysis on the CeO,_5 system.2?! In each of these
systems a carefui analysis of the thermody.riamic data shows
surprising deviations from ideal solution. In each case a
derived phase diagram indicates several subregions in the MOZ;5 |
phase inwhichthe slopes of Aé-oz vslog X have charactefistic

values. In the CeOz_'av phase in addition to numerous nonstoi-

chiometric subregions within which consistent thermodynamic
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propertiés are observed, there are superimposed indications of
stability at particular stoichiometries belonging to a homologous
series M; O, ;_2 . In the PuO, system three such subregions
(from PuO, -PuQ, s ) and two two-phase regions are indicated.
The two-phaée regions are in the compositioh range Pu01;7945,
and Pu01;9998 . The (U, Pu)O,_s phase separates, by the
same treatment, into five subregions with no indication of
special stability at any narrow compdsition. The results cover
the composition range 2.00 > x> 1.85.

High temperature X-ray diffraction observation®®’ 2! in
these systems'have shown superstructures of mondclinic sym-

metry about 900°C in the CeO,_, system. However, in PuO,_g

or with an admixture of urania only fluorite structures were

formed. It seems apparent that even at these high temperatures

(although only up to little more than one-half the mélting tem-~

peratureé) that there is considerable ofder, at least short-

range ordér. This order eJ‘dst’s in spité of a high mébility

of oxygen atoms which at the highest temperatures must spend

a good deal of time between positions of minimum energy. 22
The M;0, , phase has definiteiy been established for Cm

and Cf*? 2* and there is clear evidence for order in inter-

mediate regions in the CmO, 3, and at two compositions in
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the BkO,_s system. 25

Table I summarizes the known intermediate phases among
the actinide oxides in MO, 1.5 < x < 2.0. The names of the
pha_ses are used advisedly following the nomenclature for the
lanthanide oxides.

In suminary it is clear that many of the fluorite-related
actinide oxides exhibit wide range nonstoichiometry at high
temperatures with an apparent ‘tendency to at least short-range -
order which at low temperatures.in.the_ heavier members gives
ordered intermediate ‘phases- of narrow composition range.
Evidence fdr ordering 'in these maferials is growing steadily.

A word should be said about the ¢ phase (MOI; 5;5) which
is observed in-several of the actinide oxide systems as well as
in tﬁe rare-earth-zirobnia, hafnia or thorié. systems. This is
a phase of variable composition related to the C-type rare
earth seéquioxides and is also a prominent feature of the Ce,
Pr and Tb oxide sy‘Stéms_.' Ii;_‘.,all,,c’fz._asé:s“ where thi.‘s phase e:;ists
it appears to be separated at high témpera;cures from the o
(MO, _s) phase by a narrow miscibility gap. Since the metal
positions in both phases are essentially those of the fluorite
structure it is apparent that in the range of 1200‘;C the ordering

of oxygen determines phase stability.
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Fluorite-Related Ordered Phases in the M, O; -WO; System

Oxides 6f thi_s type are -being consideréd as phosphors, laser
hosts:- and nuclear control materials. McCarth'y; et al., 2% have
reviewed the literature on the crystal chemistry of fluorite-related
rare earth-tungsten-oxides‘. They have prepared fluorite-related
compounds of the composition M6W01 2> Mo W,0;;, M Wy 033‘.
MQWOI , is isomorphous with Y, UQ, , but although the other two
are thought to be similar to ofh_er menibers of the rare earth series

their structures have not been detérmined.

Structural Characteristics of the CeO,; System

As to be expected the well established higher oxides of
cerium possess fluorite-related structures. Many powder diffrac-
tion studies of the intefmediate phases have been carried out both
by quenching the specimens and by high temperature techniques.
‘Table II presents what appears to be the best pé.rafneters preéently
available for the known phases.

Sérensen?! has reported finding a phase (Ce O, ) at 900°C
isostructural with Pr,O;; with a monoclinic unit cell with
a=6.781+ 0.006k, b =11.893 % 0.009, ¢ =15.823 x 0.015L and
B =125.04 + 0.04°. There has been no verification of the compo-
sition howe.vber,A and the relative intensity. of the _subgell and super-

cell reflections do not appear reasonable.
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Raj and Cox® 7 have recently determined the structure of
Ce70, by neutron diffraction measurements from powders and
single crystals. They confirm the conﬁpound to be isostructural
with Pij7 O; 2. The space group is EE_ with hexagonal unit cell
dimensions a = 10. 374 and c = 9,67k (fhombohedfal cel_l
a= 10.374 and @ = 99.4°). The hexagonal éell éontains three
formula units of Ce, 01‘2'. An important observation in this study
wag that the crystals were extensively twinned and these twin
domains had to be sorted out. There was a different amount
of disorder in powder and single crystal, being greater in the
powd.er. Considerablé disorder has been seen‘ in electron micro-
graphs of Pr;0O, ; hence it may be characteristic"of these
materials. |

Neutron and X-ray powder diffraction patterns of specimens
of composition CeO, ;»-,1 0> CeOi ;'781 , CeO, g2 and CeQO; have

been studied by Ray, Nowick and Cox. 28

They confirm distinct
structures for these phases establishing Ce; 3Oy (n = 10) for

the first tinﬁé. The structures of phaéev'”ﬁ = 9 and 10 appear to

be different from the unit cells obtained by Kunzmann and Eyring? 9
in the PrO, system. The X-ray results of Height and Bevan??

give unit cells which are also different from those of PrO, but

it is not known whether they agree with Ray and Cox. 2’
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T_ﬁé M- O, ; phase is isomorphous in Ce, Pr and Tb oxides
and.appe_ars to be the.lower structural end-member of the
M, Oz';;z series. The relationships bsfween the structures of the
other membérs which belong compositionally to the series is not
known. It is clear that there are a great number of possible ways
of accommodating a deficiency of 1/9, 1/10 or 1/11 of the oxygen

atoms.

Structure and Texture in the Binary Rare Earth Oxides

' Homologous Series. --Structurally »the_ binary rare earth

OXides display a full range of behavior. They exhibit an homol-
ogous series.ovf' intermediate phases with the generic formula
M, O, .2 where.n is an integer between 4 and ». (These phases
have a small but definite range of composition. ) The ordered
phases disofder at higher temperatures and oxygen pressures
to form csmpounds of wide composition range \v;vhikch are among
the last embattled remnants of grosjsly nonstoichiometric phases.:
In addition they also indicate the formation c_jf what hax}e been |
called pseudophases--regions of two-phase areas where the
material behaves monophasicly. Chemical hysteresis is also
an almost universal structurally induced charﬁacteristibc of

‘phase transitions.
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High oxygen mobility in these phases together with modest

electronic conductivity obviates the need for cétion mobility and
allowg, the formation of each phase with astonishing rapidity even
at moderate temperatures (> 300°C).

The unit cells for several members of the homologous
series M;OZ;_IZ wheren = 7, 9, 10, 11 and 12 have been deter-
mined?’® using electron diffraction and added to those already
known for n = 4 and «. These are shown in projection along
[211] in Figure3andare Aescribed in detailin Table III. In
addition pblyrriérphism occurs in the zeta (n =9) phase and
perhaps in others.

All the phases have fhe same a axis. The arrangément of
-vacancies along this axis, which is a vector of the kind % [ZIT]F,
are shown‘in Figuré 4. This feature of the iota structure is
considered to be the largest held in common by the members of
the homologous series of binary oxides (n = 7, 9, 10, 11, 12).
The odd mefnbers-bf_ the series also have the samé ¢ axis hence
have the iota ._a_g:__ plane,’ (135)F, as a common feature. As
Figﬁre 3 shows, the even members have an ac plane in common
also but ¢ is different in this case. Another element which went
into this structural principle hypothesis Wasv the high reéolﬁtioﬁ

structure images of the delta phase (Tb,; Oy ) which appeared
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to show (Figure 5) the positions of the vacancies in the unit cell
as would be predicted ( Figure 6)‘.

In spite of this apparent success application of high reso-
lutio.n' crystal structure imaging to structures such as th¢ fluorite
type has not previously been developed hence great care must be
taken in the interpretation of the images obtained.

High resolution crystal structure imaging has Been shown
capable of giving a two-dimensional point-to-point image of the
crystal potential to a resolution of about 3.54. This is possible
for crystalé when there is a short axis of only one-coordination
_polyhedro'xi in the direction of viewing and rather large axes in
the other tvs}o directions. Such a structure exhibits large varié-
tions in potential when viewed down this short axis. In addition
the crystal mﬁst be thin (< 1004 ), oriented within about a tenth
of a degree, and be viewed at the correct defocus. Under these
conditions it has_ been possible to produce crystal structure images
of structures based on the ReO; structure for example, capable
of intuitive mterpretétion. 31 |

The fluorite superstructures, on the other hand are not
likely to exhibit large potential variations in any direction. An
added disadvantage is that the shortest axis for these materials

is the 6.75% a axis. This strains the thin phase object
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approximation on which the calculations are based and hence
requires that the technique .be shown to apply. To add to the
difficulty the reciprocal lattice axes perpendicular to the pro-
jection axis are rather long producing few beams in a reasonable
sized aperture, :

The stakes in success are 'h’igh, however, since this technique
alone can reveal textural details directly and it is vital to be able
to treat ény imbortanf class of substances such as the fluorite
materials. It is imperative in view of such unfavorable circum-
stances to compare .calculated a‘ndv‘ob'ser"‘ved images to avoid
serious errors in thé_interprétatipn.

With this, mmmd Skérnﬁlig, Summerville and Eyrin.g3 2
have tested the applicability of the fnethod on the prototype of the
homologous series, the iota phase (Pr7l Oy 2 ), the only one of the
intermediate phases for which complete structural data are

available.?? The n-beam multislice method of Cowley and Moodie®*

_is the basis of the image contrast calculations.

CALCULATED IMAGES OF THE IOTA PHASE

(Pr.:0;,), V[ZI-I_JF Zone

Figure 7 shows the projection of the ideal atoms for Pr; O ;

when viewed down the (11'1)F and the (21T)F axes. The MOg
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- coordination cube is also shown to facilitate orientation.

Caléulated n-beam imageé of the [ZIT] zone for 25, 165
and 2351 thick crystals are shown in Figure 8 using ionic scat-
tering fa;:tors. The defect of focus of the microscope is taken
to be -10004. The origin is placed at the top left-hand corner
with two of the axes (a = b = c) along the figure ed_ges..

The célculated thin crystal images at 10004 underfocus -

corréspond to the projection of the columns of oxyg?h vacancies

" in the structure--there being two per unit cell in this case. There

are a wide variety of imagéscalculéted when many thicknesses

‘and defects of focus are used®? but there is a tendency for thicker

crystals to show only one vv”vhit'e épot- per unit cell (é. g., at 235}
thickness, 10004 underfocus with ionic scattering factors). This
feature correlates with the strings of six-coordinated metal atoms.
It is ciear that the images for thicker crystals do not have
a one-to-one correlation with the projected potential hence canno"c
be considered as true. crystal structure images. They do however
have the periodicity and Sﬁmétfy of the structure and for this
reason are powerful tools in identifying and correlating observed
images.

Zr; Scy O, 5, [ZIT]F Zone

This phase is isostfuctural witvh'Pr7 O, ; and for this reason
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differences in the images may be used to infer differences in

form factors of thé metal atoms. The n-beam calculations for this
IS.hais‘e',iis{ng atémic scattering factors are shown in Figure 8.

Some generalizations can be made. = As in the case for Pry O 2

the thin crystal images correlated well wif.h the projected potential
(e.g., 24-481 thickness, 900-10004 underfocus, atomic scattering
factors)?? The same is true ‘except for a shift in origin for
crfystalvs abpﬁt 1653. th1ck avs‘.ob'se’_rfve.d forin—, O; ,... The 1mages
derived using ionic scattering factors are much fringier but
images showing two spots.per unit cell occur-at 120 -144} and
1000& underfocus.®? In both cases the thickeé.t crystals show

~ one spotiperv unit céli.

Calculated Images of Pr;0,; 5, [ill]F Zone

These images showing an hexagonal array of spots at all
thicknesses and defects of focus almost uniformally indicate one

spot per unit cell although there is an origin shift in some cases.

THE OBSERVED IMAGES OF THE IOTA PHASE

Images of R;0, , Phases,[211] zone

Figure 9(a) and (b) show typical images of Pr;0, . with
one spot per unit cell. Such images are comparable to some of those

calculated for thick crystals. Figure 9(c¢) shows an image of
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Zr; ScsO; ; in which two spots per unit cell appear in the upper

right side. This could be a reasonably thin crystal, say 120-1444
to correlate arith the calculated images. In general the observed
images of the icta phase show variations as do the calculated
images but the correlations are not always unambiguous.

Images of Pr,0O; , Phases, (111) Zone

There is quite good agreement between calculated and
observed images in this zone; Flgure 10(a) shows the observed
image. The spots can be correlated with columns of six-coordi-
: nvated. cations in the direction of the beam. In Flgure 10(b) one.
.may observe two reglons of Zr; Sc4 O, 2 in twin or1entat10n with
an overlay of Mz 03 (cC- type) at the twin boundary The [111 ]F
zone axis is common to all three reglons

‘Discussion of the Iota Pha_se Images

In spite of its limitations this technique shows great promise
as a means of correlating calculated and observed imag_es even
if the point-to-point correspondence with the projected potential
doe'.s not exist for the thick crystals imagv'ed so far. Itis diﬁ:‘icult.
in these oxygen labile rnaterials_to observe thin crystals without
composition change in the vacuum'of the microscope under the
heating of the electron beam. At fhe least an unambiguous

identification can be made of each phase and the image while not
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intuitively interpreta‘ble may give some help in sorting out the
s'tructure .since images calculateci from wrong structures do not
agréé well. In the ca;:-;e of passive ci‘ystals, “thin enqugh sampleé
;:oulld be used to observe images with contrast agreeing with the

projeéted potential.

IMAGES OF BETA, EPSILON AND ZETA PHASES

The Observations

‘Summerville and Eyring®® have continued high resolution

- erystal structure imaging of other ordered intermediate phases

in an attempt tov ciarify the st'rﬁc‘:turgl 'principle. which would
elucidate the ﬁomologOus serie‘é in these fluorite-related materials.

The existence of a bifurcated, even-odd, homologous .series
in the rare eérth oxides wés cleérly indicated in earlier work. 2’
It was important to image members of the even group. Some
images of the beta phase (Pry4044 ) are shown in Figure 11. The
strong‘ spots atthe corners of a recta;'lgle (nearly a square) cor-
respond to one unit cell in this [211] projéction (Figure 3). It
is clear that there is considerable contrast within the unit cell.

It was apparent that if the triclinic unit cell withn = 12
shbwh in projection 1n Figure 3 were twinned along (110) g the

unit cell actually observed would result. Such a unit cell with
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expected vacancies is shown in Figure 12 1n projection.
Images calculated on the basis of this structure, except
that the metal atoms about the vacancies were allowed to relax

2 are shown in Figure 13 for three

just as they_do in iota phase,
thicknesses and -900& defect of focus. The oxygen atoms are

not shifted in this calculation except to remove those corresponding
to the vacancies‘.

The{caléulatéd im’-éig_‘,es.;fo'i'.v,'thin cryétals at -900% de.f_ocu's .
correspond to the projécted anion vacaﬁcies of the model as they
did in the case of iota phase, however, images for thicker crystal's
are quité different. The observed images qf Figure 11 correlate
quite well with those calculated a,t a defocus df‘.-9.()0‘3. and at v162
and 2.43.3.. thickr’ie.ss respectiveiy as shown. All things considered
the agreement is better than should be expected. At least the
Pl structure of Figure 12 is compatible with the observations.

The thermal decomposition temperature of members of the
homologous series decreas_é_; from iota-_to beta which i_s the last
of the series observed in Prdx except for PrO,. This decrease
of thermal stability suggests the possibility of disorder in these
phases. Figures 14 and 15 illustrate such disorder. In one case

there is a shift in the intensity of certain spots along a definite

boundary and in the other there is a loss of the regular repeat
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pattern over one unit cell.
An image of the epsilon pha-se' ( Pryy0,5 ) is shown
in Figur_e 17. The cofners of the unit cell are sharp Spots
with considerable detail in the contrast within the ‘unit cell,
Images for this phase are pfesently being calculated
but the results are not far enough along to merit discussion.
Figuré 17 depicts images of zeta phase. At the top of the
Figure a projection of the bc plane is observed to be fairly
regularly spaced But with .obvioﬁs,';ﬂucuation of the irvlférsitéé...
An intergrowth of iota and zeta with a repéat distance of b-, + by
is clearly discerned:at the bottom but in th1s case with the ab
plane projected. The zeta unit cells have two spots per un1t cell
Whereas they a;ré not so distinct in iota. Calculatlons have not
been made for zeta buf since two spoté per unit cell are seen in
the images of delta phase (Figure 5) it may not be surprising to
see them in zeta.

Discussion of the Observed Results

The interpretations as set forward here’? extend the struc-
tural model of Kunzmann and -Eyring29 and are consiétent with
fhe view that in the odd members of the series every nth (135) @
plane of cations are all six-coordinated with those in between
ioeing all seven- 6r eight-coordinated. The oxygen vacancies on

each six-cb.ordi‘nated cation occur along the body diagbnal f111]

39



of the coérdination cube at an angle of 73° to the (TSS)F plane;

In the even members twihniﬁg at the unit cell level along
(110) - produces puckered {135}F’ planes such that their average
direction is parallel to (IIO)F . ‘In the case of beta, for example,
there are alternate segments of (135)y and (53T)F planes of
six-coordinated cations which make up the b-face of the mono-

clinic unit cell. These are (101)F on average.

IMAGES OF PHASE TRANSFORMATIONS AND INTERGROWTH

IN FLUORITE-RELATED BINARY OXIDE SYSTEMS

When the r-"a'r.}e éalx“th OXidéS which have appreciable oxygen
di_ssocviation‘ pressures at moderate temperatures are studied in
the vacuum of the microscope under the heating 61' the electron
beam, phase reactionsare not only possible they are inevitable;
Therefore during the course of observing images of the ordered
phases specimens in the act of~tfansfqrmaﬁon were recorded.
Summerville and Eyring®? have observed numerous cases, a few
of which will be rehearsed here.

. Diffraction Patterns

Streaking along b* is always observed in the diffraction
pattern when disorder is observed in the image. Before the

streaking becomes extensive it is replaced by the diffraction
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ééoté of the new phase. It is very common to find diffraction
pat’cerﬁs containihgfdiffraction spots from two or more phases

in the same zone indicating the topotactic intergrowth of theése
phases. These_ observations suggest that during reaction there
is disorder along b which soon is replaced with order in this
direction but by more than one phase. Then finally the new phase
occurs alone‘. Th.ese éhanges in the homologous series seem to
occur with an advancing front parallel to {135}F or to the. .
puckered planes if the reaction- occurs between even 'member‘s‘.

Images of Systems in Phase Reactions -

Domains of the coﬁvéntiqnal sort are 'farely seén in images
of fhése materials. = As menﬁdﬁeci abm}é a;ndv as shown in Figure 18(a),
améng ‘the homologous series a planer reaction front seem.s most
typical. In this case zeta phase is decomposing to iota and alter-
nating layers one unit cell wide suggest the mechanism of reaction.,
on the other hand, in the Pr,;0, ;-Pr;0;. ph&}se region where the
struct’_uvré’s are not so clqsely related coherent intergrowth appears
to rés’ult from nucleatioﬁ and growth in a more convenﬁonal Way
as illustrated in Figure 18(b) and Figure 19. The latter is of a
ZrXSc:yOz comi:)osition'of about MO, ¢ . The edge of the conventional
domains are seen to be quite clean with little disturbance in the

semicoherent interface. In Figure 19 perfect register between the
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[111] direction of both phases is observed between the Zr; Sc4 O,

substrate and the:Sc, O, inclusions of 70} in.diameter.

Disorder in Images

The occurrence of fine scale disorder in imagesv 1s very
commonly observed. At equilibrium the Zr** and S<.:3*; o
in Zrs; Scy O ,_" are ra.ndbm and the oxygen latt_iCeAregular‘. Figure 20
s:hows disqrder which may arise from incomplete randomization
of the Z;j4"; ar_id Sc®* in the Zr3 Scy 01 ; specimen Wh‘i.ch: legds to .
disorder in the oxygen substructure. In other cases Vdisorder
is a_ppafent ‘on a larger vscvalé giving aimost a super.vstructure '
rep?at pattern. Figure 21 not only shdw_s this kind of disorder
in thé frjOl » matrix buf it alsd sholws e}.)Siloh’. and bveta (and
perhaps ¢’ ) m a cry‘stall 6f iota. The periodicity characteristics
of the ordered inclusions change with time. Figure 22 shows.the
relative orientation of the intergrown regidns in the specimen
of Figure 21.
COMMENTS ON THE RESULTS OF STRUCTURE IMAGING OF
FLUORITE-RELATED RARE EARTH OXIDES
| 1. Crystal structure images of good résblution have been
obtained from crystals of several phases in the homolo-
gous series of fluorite-related o:ﬁdes.

2. The calculated images of thin c'rjrstals correspond to
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the projected potential of the known structure.

3. The_ observed ir_né.ges_ correlatle well With those cal-
culated for thick crystals where the structure is known.
4, The thick crystal images do not provide an intuitively
interpretable picture but the correlation of periodicity
and symmetry affords unequivocal identification of
the phases observed.
5. Phase reactions can be followed in substantial detail
however more must be donevv to mddei 't'hervn:accﬁréfe'ly.
6. It will be necessary to continue-to use calculated
| images to mmirﬁize errors in interpretation.
7. | In systems where thin crystals may be observed
, intuitive inferpretation should be possible even to the
point of locating o;cygen vacancies in fluorite-related
crystals.
GENERAL COMMENTS
Fluorite-related materials are important to new energy
conversion and stora.ge procédures. Some of these are binary,
others ternary or even more complex. They involve many metal
atoms and usually oxygen, fluorine or hydrogen. Significant
’ improvement in existing materials and fhe creation of new materials

‘are required as fossil fuels which have been the conventional
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sources of energy are displaced.

Central to this materials evolution is a knowledge of struc-
tural details at the unit cell level. Such information is needed
to understand their function and failure and to direct the process
of generating alternatives.

Although the fluorite structure itself is ubiquitous and
simple almosf all materials of use having structures related to
it have ext.éndéd defects. A review. of these ordé_red_ar_ld dis-
ordered.phases has been sketched. It has revealed a multitude of
 phases of fine scale compositional variability with undoubted
short-range ordef and in addition a multitude of ordered inter-
mediate phase.s which‘v are .often 'cv(.)mposi_tionalbly members of an
homologous .series M, O, ,, - 2-

Many detaiis of this homologous series in the rare earth
oxide system have been discussed--principally those aspects
which have been discovered by means of high resolution electron
optical technv'iques_, This has includegj the determination of the
unit cells of the hom'ologue.s.. | The use of calculations to giVé
confidence to image interpretation has been demonstrated. The
images then can be used to show reaction patterns and disorder
in phase reactiqns.

Finally, recent results on the Ce,,Oz;.;'z series was
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presented to illustrate that even.in this closely related oxide

sy.ste;fn not all the homologues have the same structure as those
of PrO, or TbO, .

It appears__tha.t much remains to be done before a clear
understanding of the manifold of structures which are called
fluorite-related is evoked but the quest will be worth the effort‘.
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Intermediate Phases among the Actinide Oxides

TABLE I

M01;5+6(0')

M01;71 ()

MO, g245(8) - Moz,.o-..a(cv)'

Th

Pa

Bk

Ct

X
indications of order

X

X

I T R R B VIR V!

X
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TABLE II

Cell Parameter Data for the Ce,O,,_, Series®’

Fluorite-Type Psuedocell

' Phase Unit Cell
Ce, O, Hexagonal .
(8) ay = 3.8905 + 0.00034A

6.0589 + 0.00034

So

Ce; 0, Rhombohedoral
z a, = 6.7844A
ap = 99.302°

Hexagonal representation

ay, = 10.3410 + 0.00074
cp = 9.6662 = 0.00061

CeO, Face Centered Cubic

(«) 2, =5.4109 + 0.0003%

No pseudocell

Rhombohedral

ap = 5.5443 &

Cop = 89.642 £
Triclinic
ap =5.5106 &
by = 5.5155 +
Cp = 5.5213 +
ap = 90.339

B = 90.595 %
vyg = 90.204 +

Triclinic

ap = 5.5076 +
bp = 5.5100 £
EF =5,5112 +
oF = 90.360 %
BF = 90.176 +
‘YF = 90. 160 +

Rhombohedral

ap = 5.5023 &+
op = 89.762 £

Cubic |
ap = 5.4109 £

0.00041%
0.000°

0.00124
0.00124
0.00124%

0.000°
.000°
.000°

[ o]

0.00094
0.00094
0.00084A
0.000°
0.000°
0.000°

0.00074
0.000°

0.00031%

——
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[ABLE II

Struc{rlediate Rare Earth Oxide Phases

PR - B

No. of
Compo- n (in Relation to basic ~ Relative vacancies/
sition R,03,.2)° Symmetry Lattice parameters structure volume  unit cell
RO;1.500 4  Ia3 a=11.152A (PrO,.s) a=2a 8 16
a=10.728 A (Tbols)
RO 7 R =6.750 A i
171 ooy | PrOund  a=artib—ie 714 2
a=6.509 A
o2y | (TB0w7)
PrO;.17s 9  Triclinic a=65A a=ar+ b — ¥ 9/4 2
b=84A b= 3br + e
c=65A c=1%ac— bt +
a=97.3°
B =99.6°
y=175.0°
PrO; 500 10 Pn a=67A a=ar+1b — tcr 10 8
5b=1934A =&(=br — cr)
c=155A c=2=br+c)
B=125.2°
TbO1.s0s ° 103  Triclinic a=1384A a=—1a+%c 31)2 12
b=1624A b=—2a;—2b— ¢
C=12.1A c=2af—b;
«=107.4°
B=100.1°
y=92.2°
RO, 518 11 Triclinic a=654A a=ar+ 4be — ¥ 11/4 2
b=994A b=—kar+ b + ¢
c=65A c=4%a,— 3b¢+ ¢
a = 90.0°
B=99.6°
y=96.3°
Tb01.333 12 Pn a=6.7A a=a,+ib;—;~§c; 12 8
b=232A b= 3(~be — o)
c=155A c=2=b¢ + c)
B=1252°
PrO;.s33 12 Pn a=6.687 A a=ar+ b — e 6 4
b=11.602A b= (bt —cr)
c=15470A c=2=be+co)
B=125°15
RO; 000 o  Fm3m a=5.393 A (PrO,) 1 0
a= 5220 A (Tbo;_gs)
3 If a phase occurs in the PrO; as well as in the TbO, system R is used, otherwise the specific symbol is used.
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FIGURE LEGENDS

The Fluorite Structure. The large circles repre-
send metal atom positions, the triangles repre-
sent nonmetal positions and the diamonds repre-
sent the empty octahedral positions in the cubic
close-packed structure.

Lattice Parameters for Fluorite-Related Rare
Earth and Actinide Oxides.

Projections of the Unit Cells of Members of the
Homologous Series along the Common 2 Axis,
[211]

Arrangement of Vacancy Pairs alorigv-fhe a axis,
[211]f Common to Members of the Homologous
Series. ' ‘

Crystal Structure Image of Tby, O;y. Dark field,
optically enhanced.

The Possible Structures of Delta (Pr;; O, )Pro-
jected down [211]F.

Projections of the Ideal Atom Positions of Pr; O, ,
down a) the [111]f axis where the line intersections,
filled triangles and empty triangles represent columns
of metal and nonmetal sites at relative intervals of
#{111]f to each other. The columns of nonmetal
vacancies and six-coordinated metal atoms are indicated
by filled circles and b) the [2117p axis where metal
atom sites are marked with a plus sign, the nonmetal:
sites are marked by a multiplication sign, nonmetal

* vacancies are marked with a square and filled circles
again indicate columns of six-coordinated metal atoms.
MOg cubes are also outlined to facilitate interpretation.

Calculated Images of Pr;0, , and Zr; Sc4 O, ;. The type
of scattermg factors and the defect of focus are shown
at the bottom while the number of slices (~ 6. 754 per
slice) are shown at the left.
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10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

Disorder Evident in (111),; Images of Zr; Sc4 O, ;.

Observed (100); Crystal Structure Images of Pr;O; ,
and Zr; ScsO; ¢ a) typical image of Pr,; 0, ,; b) thick-
crystal image of Pr;0;, and c) thin-crystal image of
Zr; Scy O, ; showing vacancy arrangement.

Observed (111); Images of Pr,0, , and Zr; Sc4 O, ;:

a) typical image, b) two twin orientations of Zr; Sc; O »

. with a region of C-type oxide between.

(111), , Crystal Structure Images of Beta.

Diagrammatic Representations of the Proposed Struc-
tures of the Beta Phase. a) Model with symmetry P1.
b) Model with symmetry Pm. Indices refer to fluorite
subcell. '

Calculated Images 'of Beta Phase with the Defect of-
Focus and the Thickness of the Crystal Indicated.

Crystal Structure Image from {100), » showing Image
Variations which may correspond to Domains of each
of the Proposed Polymorphs of Beta.

Crystal Structure Image of Beta from a (100), , Zone
showing apparent stacking faults. '

Crystal Structure Image from a (100),, Zone of Epsilon.
(le)F Crystal Structure Image of the Zeta Phase.
(a) Crystal Structure Image from (100%; showing
intergrowth with Iota.” (b) (11 I)F Crystal Structure

Image showing a domain of Pr;0; , in a Crystal which
is largely Sigma Phase.

Domains of Sc,O; in a Matrix of Zr; Sc4O; ; as seen in

(111)F Images.

Intergrowth in Pr; 0O, ;_2 [ZIT-]F Zone.

Schematic Representation of the Intergrowth Phases
shown in Figure 21.
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The Fluorite Structure. The 'large circles repre-
send metal atom positions, the triangles repre-

' sent nonmetal positions and the diamonds repre-

sent the empty octahedral positions in the cubic

close-packed structure.
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Figure 4. Arrangement of Vacancy Palrs along the a axis,

[211] Common to Members of the Homologous
Series.
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Figure 5. Crystal Structure Image of Tb;; O,,. Dark field,
optically enhanced.
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Figure 6. The Possible Structures of Delta (Pryq Ozo-)
Projected down [2117]p.
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Figure 7.

Projections of the Ideal Atom Positions of Pr;0,,

down a) the [(111]f axis where the line intersections,
filled triangles and empty triangles represent columns
of metal and nonmetal sites at relative intervals of
f’*g[lll]F to each other. The columns of nonmetal
vacancies and six-coordinated metal atoms are indicated
by filled circles and b) the (2117 axis where metal
atom sites are marked with a plus sign, the nonmetal
sites are marked by a multiplication sign, nonmetal
vacancies are marked with a square and filled circles
again indicate columns of six-coordinated metal atoms.
MOg cubes are also outlined to facilitate interpretation.
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slice) are shown at the left.
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Figure 9.

Observed (100); Crystal Structure Images of Pr; 0, .
and Zrs Sc; O, ;: a) typical image of Pr;O;,; b) thick-
crystal image of Pr;0, , and c) thin-crystal image of
Zr; Sc4 O, , showing vacancy arrangement. '
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b) two twin orientations of Zr; Scs O, ,

Observed (111); Images of Pr;0, , and Zr; Sc4O, ;:
with a region of C-type oxide between.

a) typical image,

Figure 10.




Figure 11 '
. (111),, Crystal Structure Images of Bet
a.
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O oxygen vacancy ® seven coordinate cation
e eight coordinate cation
Figure 12. DiagrammaticvReprésentatiéns of tﬁé Proposed Struc-

tures of the Beta Phase. a) Model with symmetry P1, i

b) Model with symmetry Pm. Indices refer to fluorite
subcell.
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Figure 13. Calculated Images of Beta Phase with the Defect of
Focus and the Thickness of the Crystal Indicated.
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Crystal Structure Image from (100), , showing Image

Figure 14,

Variations which may correspond to Domains of each

of the Proposed Polymorphs of Beta.
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Figure 16.

Crystal Structure Image from a (100),, Zone of Epsilon.
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(211)F Crystal Structure Image of the Zeta Phase.

Figure 17



(b)

Figure 18.

(a) Crystal Structure Image from (100)¢ showing
intergrowth with Iota. (b) (111)y Crystal Structure
Image showing a domain of Pr;0O, ; in a Crystal which
is largely Sigma Phase.
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Domains of Sc,O; in a Matrix of Zr; Sc4 O, , as seen in

(111)F Images.

Figure 19.
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‘Figure 20. Disorder Evident in (111); Images of Zr; Sc40, ;.
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Figure 22.

Schematic Representation
shown in Figure 21.
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III

AN INTERACTIVE CRYSTAL STRUCTURE

IMAGE CALCULATION SYSTEM

INTRODUCTION

During the past several years high resolution electron
microscopy has been used to investigate many of the ordered
" intermediate phases belonging to the fluorite-related homologous
series R, Ozn._z . Kunzmann and Eyring' hé.ve discussed the
application of this teéhhique for obtaining the unit cells and
poséibly the structures of those ordered phases. Skarnulis?
has shown fhat the use lpf n-beam dynamical image calculations
can provide a method by which proposed models for defect struc-
tures can be tested by comparing the calculated crystal strgcture
images with those actually obtained in the electron microscppe.
A major difficulty in the interpretation of crystal structure
images of the fluorite-related phases is that experimental images
obtained so far do not repfesent the projected crystal potehtial.
Hence there is not a one-to-one correspond.ence between spots
in the image and atoms (or vacancies). Also, calculations on

these materials have shown that the image changes markedly with




crystal thickness. For thin crystals (less than ~ 754 ) the number

of white spots and their arrangement correSponds to that of the
vacancy model upon which the calculation was based. As the
thickness of the crystal increases the correspondence between

the image and vacancy arrangément'vanishes. Thus the process
of determining the vcrystal structure of the defect fluorite phases
is basicly one of trial and error. Furthermore,_ the determination
of the best match of the calculated and experimental image is at
this time entirely subjective.

The process by which electron microsvcopic‘ crystal struc-
ture images are employed to test proposed structural models
involves calculations for a number of values of image parameters
such as crystal thickness, underfocus aﬁd aperture size for each
model. The best situation for these calculations would be an
interactive system in which the image paraméters could be varied
and the effects on the image rapidly computedAand'displayed. The
process of matching tﬁe calculated images with the experimehtal
image couid be improved by digitizing the contrast on the micro-
scope plates in order that a numérical comparison with calculated
images can be facilité.ted. It is hoped that the interactive image

calculation system described here will accomplish these objectives.
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interactive operating systém will be written directly in assembler

language;

In order to create assembler programs on the Nova additional

software is necessary. A Data General cross assembler
(FORTRAN V) was acquired and debugged. | The cross assembler
will enablg Data General mnemonics to be tran»slated into machine
code thus generating an absolute element on the system. The
Cross assémbler will run on the University's -UNIVAC 1110 com-
‘puter. The output of the cross assembler is in either absolute
or relocatable form. Since the désign of a system with the size
and corﬁplexity_needed for the image calculations would be very
: difficult and time-consuming, a relocatable loader was written.
This program, written in UNIVAC assembler, uses the relo-
catable output from tﬁe cross assembler to generate a NOVA
core-image. The core-image could be loaded into our system
by dumbing it on 9-track magnetic tape or by a direct dé.ta trans-
fer utilizing a modem setup. This method will enable all of the
assembler programs to be stored, assembled and mapped on the
UNIVAC providing maximum speed and flexibility. The cross-
assembler and relocatable loader are operational.

The executive system will control the loading of programs

and the manipulation of save-files, scratch-files, image-files
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and utilities from the magnetic tape unit. The image calculations

will be done as extensively as possible in core in order fo mini-
mize 1/O time. The ex;:cutive system would allow the names of
all of the programs in the library to be displayed on the Tektronics
graphics terminal. The program to be run would be selected by
the cross-hair cursor and automatically loaded into core with a
listing of the options such as "LIST, "MgAVE, " "RUN" or "EXIT"
to be displayed on the CRT. "LIST" would list all of the variables |
for that program. Upon selecting a variable with cursor, a

descriptiori of the ’variable would be displayed and a buffer into

- which a new value could be written would be available. The

/

executive would permit the programs to be accessed, varied and

executed in any order desired.

IMAGE CALCULATION AND DISPLAY SYSTEM

The system would allow a series of programs tovbe inter-
active. A pifogram PLOT will be written which will allow-a model
for the structure of the material to be plotted along any desired
direction. The cross-hair cursor would enable an atom to be
deleted, inserted or moved to any position and .the resulting
coordinafes would be input into program FCOEFF which calculates

the Fourier coefficients for that structure. Program DEFECT
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would then be loaded and an image for the structure would be

éalculated. and displayed. At this point the image could be saved
on magnetic tape or deleted and recalculated with different values
éf the image parameters. Alternatively the structural model could
be changed (by returning to program PLOT) and programs
FCOEFF and DEFECT rerun to yield an image. The data for all
of the calculations will be stored in common so that it will be
unnecessary to load them for every program. By this procedure
the effeét on the image of a displacement of one or several atoms
could be rapidly determined.

'Other programs useful for electfon diffraction and imaging
such as INTPLT which.plots thé characteristics of the diffracted
‘beams or DIFPLT which plots X-ray or electron diffraction
patterns could be executed on this system with their output dis-

played on the CRT.

Future Plans

The immediate goal is to have a functioning image calcula-
tion system to perform rapid calculations and graphical displays
of electfon images. With the AD-1 area scan program it would
be possible to digitize the experimental electron micrographs
and display them also on the CRT. A disc operating system

would be required to actually perform image enhancement using
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the computer because of the large amount of points required. It

would however be possible to digitize the experimental image onto
magnetic tape, process it on the UNIVAC 1110, write it back on
tape and then display it on the graphics terminal. It is possible
that a split screen with the experimental image on one side and
the calculated image on the other could be used to improve visual
comparison; It is also feasible that a difference image could be
calculated by a numerical point-to—point comparison and the

resulting image displayed on the CRT.
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v

SINGLE CRYSTAL STUDIES
OF FLUORITE-RELATED

INTERMEDIATE PRASEODYMIUM OXIDES

INTRODUCTION

The groﬁh of high quality single crystals of members
of the homologous series of praseodymium oxides is essential
before a structural invest.igation by X-ray or neutroﬁ dif-
fraction can:'be initiated. S‘evéral years ago a method was
deyeloped to grow single crystais of PrO, using hydrothermal»
techniques. By providing suitable oxygen activity and tem-
pefature, earlier attempts to adjust the composition of these
crystals pécked in large amounts of powder were discouraging.
The crystals were highly defective showing sufficient {winning
and disorder.to make them useless for single crystal diffraction
work. -

Recently, however, some preparations of intermediate
phases using a microbalance to monitor the composition of

crystals in the absence of powder was apparently successful.

(It had in the meantime been observed that there is a shift




in the (P, X, T) curve for the single crystals compared to

the powder. ) At present two different members of the homol-
ogous series consisting of a single orientation have been ob-
tained. A discussion of the preparation procedures and the
ensuing single crystal diffraction studies on these specimens

f ollows'.

EXPERIMENTAL

Preparation

Suitable single crystals of PrO, were prepéred hydro-
thermally as pfevioﬁsly described.! These crystals consisted
of some well-formed irregular octahedra from 0.1 t0o 0.7 mm
across and mixed in with other ill-defined érystals of similar
size. A 0.5 g sample of lthis material was introduced into the
Cahn thermogravimetric balance? which was then evavacuated.
The oxygen pressure was adjusted tq 10 Torr at room tem-

. perature. The conditions were changed étepwise to 10 Torr O,
and 565°C to reduce the crystals to the composition PrOl_; 778
(Zeta phase). The reduction was followed by the change in
mass of the sample on the balanAc‘e.‘ It is intéresting that these
conditions are at the upper end of the stability range foﬁnd for

the zeta phase for a powder sample. 3 After the sample had
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reached the proper composition it was annealed at these

conditions for ten days;

Investigation by oscillation X-ray photographs and the
autodiffractometer indicated that many of these crystals were
single phase PrO, 7 78 and showed little evidence of twinning
or disorder. - The crystals were then divided into three
batches which were wrapped in platinum foil and sealed in
quartz ampules at sufficient oxygen pressure so that the con-
ditions of the original reduction would be maintained when
heated. The three samples were allowed to anneal at 565°C and
10 Torr O,, one for 3_0 days, the sécond for 150 ciays and the third
is still in the furnager. Each tube was taken from the furnace
and rapidly cooled in éold water. The crystals were then kept
in a dry atmosphere to prevent decomposition. Investigatioﬁ
of crystals from both annealing batches by oscillation photo-
graphs and/or the autodiffrdqtometer indicated these crystals
were also single phase and untwinned but Wef.e-of the Pfdl 800

(epsilon) phase.

X-Ray Diffraction Studies--Zeta Phase

A number of single crystals of PrO, 778 were investi-

gated by oscillation photography using Zr filtered MoKy
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radiation. These crystals were mounted on glass fibers and

coated with several layers .of shellac in an attempt to protect
them from the atmosphere. From the sharpness and extent
of the superlattice reflections one individual was selected for
further investigation on the Syntex Pl Autodiffractometer..v

A series of reciprocal lattice scans showed no evidence of
twinning and indicated fhat the crystal was single phase.
Unfortunately, during this examination a rapid deterioration
of the crystal was evident, probably by reaction with the

atmosphere, despite the protective coating. As the remaining

crystals were being annealed further we could not examine

another crystal of the original material.

Epsilon Phase

This investigation proceeded in much the same way as

for the zeta phase crystals except that these crystals were

- placed in glass capillaries which were sealed to prevent

reaction with the atmosphere. Crystals protected in this way
show no evidence of decomposition. A number of these crystals
from both annealing batches were investigated by oscillation

photography. A well-formed individual displayed a five-times

superlattice spacing of sharp reflections along the fluorite
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- (011) direction which is compatible only with the lattice

- parameters of the epsilon phase. Subsequent investigation on

the diffractometer confirmed this observation.. This crystal
has the appearance of a truncated tetrahedron approximately
0.12 mm thick and 0,28 mm across the base. A refinement
of the setting éngles for fifteen fluorite-related reflections
within the range 12.. 9° < 28 < 25.0° gave the lattice param-
eters a = 6.728(4), b =19.319(12), ¢ = 15.480(10)4,
B = 125, 46(4)° which confirm the choice of unit cell obtained
from electron diffraction photographs‘f A more convenient
unit cellbwas later choseﬁ aﬁd has the lattice parameters
a=6.728, b= 19. 319, c =12.800k, and g = 100.19°. A total
of 9895 reflections of indices (+h, +k, x4) was collected using
graphite monochrémated MoKy radiation (2g < 60.0°) in the
8-20 scan mode at a scan rate of 1° min~! on 2g. The scan
range was from 26Ka; - 0.7° to 20Ky, +0.7° with a back-
ground count of 0.25 of the scan time taken at each end of the
scan.

Three standard réflections including one superlattice
reflection Were.periodically monitored and showed a maximum

5¢ fluctuation during the data collection. The intensities

were corrected for Lorentz and polarization effects for

87




6

monochromated radiation® and an analytic absorption correction

was applied for p = 350.5 cm™>.

It was evident from the sﬁnmetryof the intensity data
and the refined values of the lattice parameters that the Laué
symmetry of the crystal was 2/m and consequently the corrected

struéture factors were merged’ to give 4633 nonzero reflections.

The residual, R = = IB;[‘E;_HFZL, for the merged data set was
0.109. In additién, the pattern of extinctions appeared to be
h04, £ = 2n+l and 0k0, k = 2n+l which conforms to the space
group P2, /c. This was further confirmed byan N(z) vtests' on

the superlattice reflections which indicated a centrosymmetric

intensity distribution.

Structure Anélysis

A set of idealized coordinates based on the fluorite sub-
structure was developed for the second choice of unit cell in the
'space group P2, /c; these coordinates are listed in Table I.

The unit cell contents of such a set of sites is Prgy Ogo, hence
two of these oxygen éositions rﬁust be vacant to give the epsilori
phase composition of Pry,O,, per unit cell. These 20 available

unique oxygen positions allow for 190 combinations of two oxygen

vac.ancy positions. This long list was reduced to eight unique and
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chemically plausible models for the vacancy positions which are

listed in Table II. The other models were rejected because they
either were related to the unique set byorigin shifts or centering
operations, or had a symmetry higher than P2, /c. The chemical
restriction'that. no two vacancies could be adjacent was also
applied tov the set of models. |

Each of these models was tested in a least-squares
refinement of the metal positions using the 3173 largest reflec-
tions. In each case the four metal atoms surrouhding each
vacancy pbsition were displaced ~ O. 174 away from the vaicancy
to conform with the results of the neutron diffraction study/ of
Pr,0,; ;’ and to break the pseudofluorite symrﬁetry of the ideal
positions. Each reflection was assigned a weight, w = (|F, |/500)2
for |F, |<500, or a weight, w = (500/|F, |)? for |F, |> 500;
there were 152 reflections with | Fp |>500 and 3021 with | F, |<500.
From 3 to 6 cycles of leasf-squares were required to obtain
reasonable convergence with the residuals shown in Table III.

From these results it is clear that model 5 is inferior to
the rest of the possible models and that to distinguish among the
others a more complete refinement is necessary. This work is

currently in progress.
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TABLE I

Idealized Atomic Positions for Epsilon Phase

Atom X y X
Pr1l ' 0 0 0
Pr 2 ' 5 0 .5
Pr 3 75 0 . 25
Pr 4 0 .4 0
Pr 5 0 .3 .5
Pr 6 5 .2 .5
Pr 7 5 .1 0
Pr 8 25 .1 .25
Pr 9 25 .3 . 25
Pr 10 75 .4 25
Pr 11 . .75 L2 . 25
01 ' L0625 0 . 1875
oz . . .1875 .5 .0625
03 - .3125 .5 . 4375
o4 . 4375 0 .3125
05 ' . .0625 .4 . 1875
O 6 ‘ .1875 .1 .0625
o7 N .3125 .1 . 4375
08 . 4375 .4 .3125
09 .5625 .1 .1875
010 . 6875 .4 .0625
011 .8125 ! . 4375
012 . 9375 .1 .3125
O 13 .0625 .2 .1875
O 14 . 1875 .3 .0625
O 15 .3125 .3 . 4375
O 16 . 4375 .2 .3125
O 17 .5625 .3 . 1875
O 18 . 6875 .2 .0625
0O 19 .8125 L2 . 4375
0 20 .9375 .3 .3125

91



Possible Vacancy Positions for Epsilon Phase

TABLE II

Ideal Vacancy Position

Model Atom X y z

1 01 .0625 0 .1875
014 . 1875 .3 .0625

2 01 .0625 0 .1875
015 .3125 .3 . 4375

3 01 .0625 0 .1875
016 . 4375 .2 .3125

4 05 .0625 .4 . 1875
016 . 4375 .2 .3125

5 09 .5625 .1 .1875
010 . 6875 .4 .0625

6 09 .5625 .1 . 1875
014 .1875 .3 .0625

7 011 .8125 .4 . 4375
014 . 1875 .3 .0625

8 011 .8125 .4 . 4375
016 . 4375 .2 .3125
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TABLE III

Residuals for the Refinement of the Metal
Atom Positions in the Epsilon Phase Models

R [ 3

Model | R .
1 38.32 21.02
2 41,24 21. 24
3 \ 41.31 22.03
4 37,12 20.13
5 49.93 24,83
6 41,54 21.79
7 37.19 20. 35
g 41.83 22. 68

‘R_ - (2w (|Fo |-|F|)?/zw|F |?)
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AN ELECTRON MICROSCOPIC STUDY

OF EPSILON PHASE (Pr;40;5)

Crystals of the phase Pry,O, g obtained from the same
preparation that yielded the single crystals for the X-ray
investigation were ground under liquid nitrogen and examined
in a high resolution electron microscope. A crystal structure
image from a (100),, (= (211) F) zone of epsilon is shown in
Figure l. A periodic rectangular array of bright spots of
dimension~ 194 x ~ 12.51 corresponding to the projectionb
of the uhit cell in this direction can be readily dis‘cer_ned.'
Additional contrast is apparent within .the unit cell exhibiting
a rather complicated pattern of spots which doesn't appear to
be completely resolved.

Currently programs FCOEFF and DEFECT are being
used to calculaté crystal structure images for the eight pos-
sible structural models for the M symmetry of epsilon.
For each modelvtested the input metal positions obtained afe
those obtained from .the least-squares refinement of the

single crystal X-ray data and the oxygen positions are the



ideal fluorite positions. Calculated crystal structure images

at various defocus._values for one of the proposed structural
models for epsilon phase (model 1, oxygen vacancies O1 ’

and O 14) are displayed in Figure 2. These images vx}ere
cal'éulatéd for crystals 1‘48.& thick which is thoﬁght to be
approxin'iately‘ the thickness of the thinnest fragments examined
in the microscope. The arrangement of the spot array in
several of these calculated patterns has some resemblance to

the observed image, however, it is not possible to conclusively

say that this model represents the structure of epsilon. In

order to obtain a more accurate comparison between the cal-

'~ culated and experimental images a through-focus v_series needs

to be taken on the electron microscope.. Also, further calculations
at different crystal thicknesses with the inclusion of convergence

of the beams are required. This work is presently in progress.
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FIGURE LEGENDS
Observed crystal structure image from a {100),,
zone of epsilon.
Calculated (100),, crystal structure images of

Pr,, O, s showing variation with defect of focus for
a crystal thickness of 148A.

96




a (100Y,, zone

Observed crystal structure image from
of Epsilon.

Figure 1.
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Figure 2. Calculated (100),, crystal structure images of Pryy O s
showing variation with defect of focus for a crystal

thickness of 1481 .
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VI

A STUDY OF ORDERING IN THE

Er, 0, + xHfO, SYSTEM

The ceramics group at the Ames Labor_é.tory of ERDA.
has been studying the properties of ternary ceramics com-
posed of hafnia and the rare earth oxides.. We have begun
to look at some of their specimens.

Dr. M. Berard has .supplied us with sintered specimens

~ of the following composition and grain size.

Composition ‘ Grain Size
1. 1004 Er,0; | © 50.70 wm
2. 90 mole4 Er,0,;-10 mole4 HfO, ~ 25 pm

3. *33%mole% Er,O; -66% mole? HfO, ~ 20 pm
4. 20mole? Erz O; -80 mole 4 HfO, ~ 20 ym

S_.amplcie‘s 1 - 4 were sintered in vacuum for eight hours
at 2000° C followed by reoxidation for 14 hours at 1200°C in
dir. * Part of Sample 3 was annealed for a much vlonger time
to promote ordering.

These samples were ground in a mortar and peétle
under liquid nitrogen (a technique known to give thinner

crystals in the rare earth oxides) and the crystal fragments



introduced onto a microscope grid to which a holey carbon

film had been applied'.

Some preliminary observations have been made‘. The
électron diffraqfion patterns Qf Samples 1 and 2 indicated Well—
crystallized C-type cubic structures indicating the range bof
composition of this phase at least to 10 mole % HfOZ.. Electron
diffraction patterns of Specirﬁens 3 énd 4 as Well as the long-
time anneal of 3 showed marked diffuse scatter about the
strong fluorite spots; Figure 1 compares samples cbntaining
904 Er,0; and 33-;-% Er,O; in the [21T1'F and [111], vzones..
The bright spéts are thoseA due to the ﬂuo‘rite-relat\ed' sub-
structures. The crystals did not give images showing good‘
detail and have not-been interpreted.

Allpress and Rossell! have done a corre‘sponding electron
microscopic study of the calcia-hafnia system and have found
diffuse scatter remarkably similar to that shown in F_igure 1
- for in‘compl_etely_annealed samples. In this case, however,
the diffuse rings apparent in‘ the [211] zone (Figuré 1). are
relatively much smaller, Being abouf 1/6 or 1/7 the spacing of
the main fluorite reflections, whereas in the case of the calcia-
hafnia system they aré about 1/4.

The calcia~hafnia results were interpreted as suggesting
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that the solid solutions contained domains of the §, phase, CaHf, Og,

embedded coherently in a number of specific orientations within
the fluorite matrix.; : The domains were estimated to be about 301
in diameter based on calculations from such a model. |
This work will be carried forward in an effo-rt to clarify
ordering 1n this ternary syétem. In the process the credibility
of the model of Allpress and Rossell will be tested and more
learned about how defects are accommodated in fluorite-related
oxides‘. If the model is correct the intergrown phase in the
_. Er,0;  HfO, system' is certainly a different one t_han- e, .. There
afe many possibilities.. It would be desirable to anneal the
specimen longer in an effort to obtain the intergrown phase in
sufficiently large crystal size to observe the pattern of the

- ordered phase.
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FIGURE LEGENDS

1. Electron Diffraction Patterns of Phases in Erbia-Hafnia |
Ceramics a) the (11114 zone, b) the [.?.11]F zone. |
|




(a) (b)

Figure 1. Electron Diffraction Patterns of Phases in Erbia-Hafnia
Ceramics a) the [111'_]F zone, b) the [211] [ Zone.
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