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Structures produced by inducing stoichiometry changes in crystalline fluorides and oxide- 
fluorides of yttrium by pyrohydrolysis have been studied by X-ray powder diffraction and electron 
microscopy. The structures of YF,, various fluorite-related intermediates and the ultimate 
product of hydrolysis, Y203, are all closely related. The pyrohydrolysis is topotactic; the anion 
sublattice remains intact and vacancies and oxygen substitute for fluorine on the anion sublattice in 
an ordered, cooperative way to produce fully ordered product structures. A ‘unit slip’ mechanism,in- 
volving the most favourable slip systems for a primitive cubic sublattice, <001){110} and <lOO){OOl~, 
is postulated as a possible mechanism for the process. 

Introduction 

Continuous topological variation of co- 
ordination in crystals and structural relations 
between the structure types TiO, (rutile), 
cr-PbOz, and CaF, (fluorite) have recently 
been proposed (I). Other structural relation- 
ships, involving the concept of crystallo- 
graphic shear (CS), between structure types 
of widely differing stoichiometry, cr-UO,, 
CaF,, La203, and NaCl, have also recently 
been outlined by Hyde (2). Prior to this, the 
concept of CS had been used to explain the 
accommodation of smaller stoichiometry 
changes in compounds structurally related to 
ReO, (3,4) and to rutile (5,6) and mechanisms 
for the production of these CS planes have been 
proposed by Gado (7), Anderson and Hyde 
(8, 9), and Andersson and Wadsley (IO). 
These models described the removal of anions 
from the crystal to produce vacancy planes 
on the anion sublattice, and the subsequent 
collapse and shear (CS) of the entire structure 
across this vacancy plane. It appears, however, 
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in certain structure types, particularly those 
related to the fluorite-type, that the CS 
mechanism does not operate, and relation- 
ships between structures differing in stoichio- 
metry exist for which one sublattice remains 
intact. This paper reports the observations of 
some large stoichiometry changes induced in 
fluorite-related structures at temperatures 
where the anion sublattice alone is mobile. 

Large deviations from MX, stoichiometry, 
involving either anion excess or anion de- 
ficiency, can be tolerated by the fluorite struc- 
ture. Ordered phases conforming to a general 
homologous series M,O,,-, have been ob- 
served in the Pro, (II) and CeO, (12) (1.5 < 
x < 2.0) systems. Mixed oxides of the type 
MO, (fluorite)-M,O,, e.g., Zr02-Scz03, pro- 
duce intermediate phases which are super- 
structures of the fluorite type with ordered 
arrangements of anion vacancies (Z3). Order- 
ing of excess oxygen in the fluorite-type 
structure of UO, results in the superstructure 
phase U.,O, (14); here the interstitial oxygens 
are located in specific sites in the distorted 
fluorite structure. The oxide-fluoride, Mz03- 
MF, (M = yttrium or rare-earth cation), 
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systems have been shown to form super- 
structures based on ordering of interstitial 
anions in the fluorite structure. In the Y203- 
YF, system (1.5, Z6), the composition region 
YX 2.13-YX2,22(X = 0 -t- F) reveals a large 
number of extremely closely related “ordered 
intergrowth” phases; these phases are inter- 
growths of two adjacent members of the 
homologous series YnOn-1Fn+2(n = 4, 5, 6, 7, 
8) and have interstitial anions ordered on 
planes parallel to (OlO),’ and separated by 
n/2 fluorite subcell units. The sequence of 
spacings generated by the interstitial layers 
determines the average length of the unit cell, 
which has been observed to be as large as 
317A. The fluorite structure is also capable of 
accommodating deviations from MX, stoi- 
chiometry in a disordered manner. At high 
temperatures in the Pro, (II), CeO,, and 
mixed oxide systems (13) a cubic (GI) phase 
exists and Roether (Z7) has also reported a 
cubic (tl) form for various oxide-fluorides at 
higher temperatures. Clearly, for these latter 
examples, a mobile anion sublattice is re- 
quired, on which the vacancies or interstitials 
can be randomized. 

The low temperature phases of the YF3- 
Y,O, system have been studied in some detail 
(15, 16, 18). Four broad phase types are ob- 
served; YF,, “orthorhombic phases,” YOF, 
and Y,O,. YF3 is orthorhombic and stoichio- 
metric. The “orthorhombic phases” are the 
sequence of fluorite related superstructure 
phases occurring in the composition region 
YX 2.13-yx2.22. Stoichiometric YOF is hex- 
agonal (rhombohedral) with a slightly dis- 
torted fluorite structure, and Y,03 has the 
cubic C-type sesquioxide (bixbyite) structure. 
At other compositions diphasic mixtures 
of these phases exist at low temperatures. 

Zachariasen (15) first described the hydroly- 
sis of YF,, which he used as a preparative 
and analytical technique, in a crystal chemical 
examination of phases in the YF,-Y,O, 
system. The phases obtained on heating 
YF, were: 

YF, f tetragonal YOF2 (after 24 hr at 
400°C); 

’ The subscript F refers to the fluorite-type sub cell. 
* “Tetragonal YOF” was the early description for 

the “orthorhombic phases” (see Ref. 16). 

tetragonal YOF (after 48 hr at 500°C); 
rhombohedral YOF + tetragonal YOF 
(after 72 hr at 500°C); 
rhombohedral YOF (after 96 hr at 
500°C); 
Y,O, (after 48 hr at 9OWC). 

The stoichiometry changes described in 
this paper, produced by heating crystals 
under low vacuum conditions with only 
traces of water vapour present, are thought 
to have occurred by this mechanism. The 
reaction for pyrohydrolysis of an oxide- 
fluoride of composition MX, (where ‘a’ is 
the number of anions per cation), i.e., MO,-, 
FZap3, is : 

or 
MX, + xH,O + MX,-, + 2xHF 

MO+aF2a--3 
+ xH,O -+ MO~~-rr+x~F~2a+Zx) + 2xHF 

To preserve charge neutrality, each reactant 
water molecule must replace two fluoride 
ions by an oxide ion, producing a decrease in 
the overall anion to cation ratio. 

Experimental Methods 

Methods used for sample preparation and 
analysis of yttrium oxide-fluorides have been 
described in an earlier publication (16). 
Two of these samples, annealed YFJ and 
sample YX2.18(3) were chosen for the heating 
experiments of the present study. A Guinier- 
Len& high temperature powder diffraction 
camera, with focused CuKcr radiation was 
used to observe the pyrohydrolysis of a powd- 
ered Y&.Iw) sample. The camera was pro- 
grammed for a heating rate of approximately 
12”/hr, and a film traverse speed of 2 mm/hr. A 
pressure of approximately lop3 Torr was 
maintained in the camera throughout the 
heating cycle. Crushed samples of both YF, 
and yx2. HK3) were examined in an AEI 
EM802 electron microscope fitted with a 
goniometer stage and high tilt cartridge, and 
operated at 100 kV. Pulse heating of small 
crystals was carried out using either the beam 
current and condenser lens controls, or by 
momentarily removing the condenser aperture 
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at low beam current values. The operating 
pressure of the microscope, measured directly 
above the diffusion pump, during the experi- 
ment was not greater than 10m5 Torr. 

Results 

Guinier-Len& Camera Pyrohydrolysis Experi- 
ment 

Part of the diffraction pattern recorded for 
the pyrohydrolysis of YX,.,,(,, powder is 
shown in Fig. 1. 

Strong fluorite-type reflections and some 
superstructure reflections for the orthor- 
hombic phase YX,,,,(3, were evident prior 
to commencement of the heating cycle (these 
are marked “0” at the top of Fig. 1). Pyro- 
hydrolysis proceeded as the temperature was 
raised, and at a time-temperature relationship 
(i.e., composition of sample) corresponding to 
attainment of a temperature of 200°C 
diffraction lines of a second phase, hexagonal 
YOF (“H”) appeared. Reflections indicative 
of a disordered cubic phase were not at this 
stage evident. 

Hexagonal YOF lines “H” were joined by 
an addition reflection at the {22O}r position 
(marked as “T” in Fig. 1) at a temperature 
(and composition) corresponding to approxi- 
mately 240°C. This line is an indication of an 
important phase (or phases) which does not 
exist at room temperature in the Y-O-F 
system, but does have an analogue at room 
temperature in the Yb-O-F system. This 
phase will be discussed in detail later. As the 
pyrohydrolysis proceeded, bee lines of C-type 
Y,03 ,“Y”, appeared3 before hexagonal YOF 
was converted to a disordered fee fluorite 
phase “F”, the latter occurring at a tempera- 
ture (and composition) corresponding to 
approximately 265°C. The final step in the 
pyrohydrolysis was conversion of this fee 
phase to bee Y,03. 

Electron Microscope Heating Experiments 

(a) Pyrohydrolysis of YF3 crystals. Figures 
2a and 2b are the (011) zone axis electron 

3 Not clearly evident on the reproduction in Fig. 1 
but apparent, particularly at {ll l}F, on the original. 
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FIG. 1. Guinier-LennC powder camera diffraction record of the pyrohydrolysis of YX2.18-Yz03. The phases 
present are indicated down the left hand side, and the temperatures and total heating times down the right hand 
side. 
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FIG. 2. The [OlT] zone axis diffraction pattern of a YF3 crystal (a) before pulse heating and (b) after pulse 
heating in the electron microscope. The composition of the crystal in Fig. 2b is approximately YX2.20. 

diffraction patterns of a YF, crystal before 
and after pulse heating with the electron beam 
of the microscope. Less than 0.5” of tilt was 
required after heating to obtain the oriented 
pattern of Fig. 2b and an orientational re- 
lationship between the two patterns was evi- 
dent. The pattern in Fig. 2b is very similar to 
those obtained from samples in the Nd-O-F 
system in the anion excess region from NdX,,18 
to NdX2.x (19); the patterns arise from super- 
structures of fluorite with interstitial anions 
ordered onto (I 10)F planes. These are desig- 
nated “Z” phases after Zachariasen who first 
recognized the tetragonal subcell, 2/%,/2 x 
VT%,/2 x aF. The pattern in Fig. 2b is that 
from a unit cell (5 x 1 x 1) of these “Z” 
subcell units. The most likely composition 
for this phase, by analogy with the neodymium 
phases, is (Y,04F,)2(=YX,,20); the phase will 
be designated YX,,L,(Z). It is not the equili- 
brium room temperature phase for this 
composition in the YF,-Y,O, system. At- 
tempts to “anneal” YX,.,,(Z) to YX,.,,(O), 
the corresponding orthorhombic phase, were 
not successful; further strong heating of 
YX&Z) resulted in crystal fragmentation. 

The hydrolysis reaction for the observed 
stoichiometry change is: 

5YF3 + 4Hz0 -+ YjOqF7 + SHF. 

(b) Pyrohydrolysis of a YX,.,,o, crystaI. 
Figures 3a-c are the [lOOIF zone axis diffrac- 
tion patterns at various stages of pulse heating 
a YX,.,,o, crystal. Figure 3a is [IOO], zone 
axis pattern for the unheated crystal and is 
identical with that for the room temperature 
orthorhombic phase at the same composition: 
the superstructure reflections along [OIO]F 
are seen to be finely split, indicating a large 
unit cell, 47 fluorite units in fact (26). For the 
purposes of this paper however the exact 
nature of this phase need not be considered. 
an idealized 5F or fivefold fluorite unit corre- 
sponding to the composition YX,.,O can be 
used.4 Henceforth, this orthorhombic phase 
will be designated YX2.20(0). Pulse heating 
YXz.zO(0) produced the fluorite-type (IOO), 
section of Fig. 3b; other sections for crystals 
of this phase after pyrohydrolysis indicated 
that Fig. 3b was in fact a section of the reci- 
procal lattice appropriate to hexagonal YOF. 
Figure 3c is a diffraction pattern of the final 
product of further pulse heating; it is the 
[lOO] zone axis diffraction pattern appropriate 
to C-type Y,O,. The intensities of reflections 
in this pattern are in good qualitative agree- 
ment with those described for Y,O, by Paton 

4 The idealization in no way changes the concepts 
involved. 
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FIG. 3. The [lOO], zone axis patterns of a YX 2.18,3j crystal pulse heated in the electron microscope. (a) The 
unheated crystal. (b) The diffraction pattern (that of YOF) obtained after a short pulse heating. (c)The diffraction 
pattern (that of Y203) obtained after prolonged pulse heating. 

and Maslen (20). No change in orientation of 
the crystal was necessary to obtain the patterns 
of Figs. 3b and 3c. Electron micrographs of 
the specimen crystal before and after heating 
indicated that no apparent change in crystal 
morphology had occurred during pyrohydro- 
lysis. The hydrolysis reactions for these stoi- 
chiometry changes are : 

Y,O,F, + H,O -+ 5YOF + 2HF 
YOF + +H,O -+ Y01.5 + HF. 

(c) Pyrohydrolysis of YbX,.,, crystal. The 
appearance of an additional {220}, reflection 
marked as “T” in the Guinier-LennC film 
(Fig. l), has already been noted. In the ytter- 

bium oxide-fluoride system an ordered phase 
at a composition close to YbX1.,, (i.e., 
substoichiometric relative to fluorite) is 
observed (21). The [lil], zone axis electron 
diffraction pattern for a crystal of this phase is 
shown in Fig. 4a. Here again superstructure 
(with fine splitting) is evident, this time along 
[2201F. If the fine splitting and displacement 
of superstructure reflections are ignored, this 
pattern and the corresponding powder pattern 
can be indexed with a superstructure unit cell 
(6 x 1 x 1) times the Zachariasen (Z)-type 
sub-cell. The idealized formula for this unit 
is (Yb,O,F,), or YbX1.83; this idealization 
will be used for the remainder of the paper. 
Figure 4b shows the diffraction pattern, a 
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FIG. 4. The [lil] zone axis diffraction pattern of a Yb ‘X1 .81 crystal, (a) before pulse heating and (b) after pulse 
heating in the electron microscope. The diffraction pattc :m in Fig. 4b is that for a [I 1 l] zone axis of YbzOj. 

[ 1 i 1 ] zone axis pattern appropriate to C-type 
Yb,OJ, obtained after pulse heating the 
YbXl .ss crystal; once again the orientation of 
the crystal was not altered during the course of 
the experiment. The hydrolysis reaction for the 
stoichiometry change is : 

Y b,O,F, + 2Hz0 + 3Yb,03 + 4HF. 

Observed orientational relationships. In all 
of the pyrohydrolysis experiments, specific 
and reproducible orientational relationships 
were observed. The indices of some of the 
equivalent diffraction planes before and after 
pyrohydrolysis are shown in Table I; in all 
cases within this table, the diffraction plane 
indices appropriate to the true unit cell have 
been used. Observed structural relationships 
are shown connected by arrows and the 
direction of each arrow indicates the sense of 
the pyrohydrolysis reaction producing the 
stoichiometry change. 

Interpretation of Results 

I. Relationships Between Reactant andproduct 
Structures 

The gross structural features of each of the 
reactant an3 product crystals, and the re- 
lationships between them, provide some im- 

portant clues as to the mechanism of pyro- 
hydrolysis; for the preliminary investigation 
of structural relationships it is convenient 
to make no distinction between oxygen and 
fluorine on the anion sublattices. 

Z(a). Relationship between YF, and YX,.,, 
(Z). Hyde (22) has formalised the relationship 
between YF, and fluorite; discrete (100) 
anion rows or “strings” inserted into the latter 
produce the YF, structure. These anion 
“strings” lie very nearly on (011) planes5 of 
the YF3 structure, as shown by the dotted 
lines in Fig. 5a. 

If the anions on the (011) planes marked 
“R” in Fig. 5a are removed, a structure very 
similar to that for YX,,,,(Z) remains, with 
interstitial planes “I” parallel to (1 lo), in a 
fluorite matrix and occurring 5 tetragonal 
subcells apart (see Fig. 5b). The cations and 
remaining anions of YF3 are required to 
undergo only minor positional shifts to repro- 
duce the fluorite-type matrix. 

Z(b). Relationship between YX,.,,(O) and 
YOF, The exact crystal structure for the phase 
YX2.20(0) (=Y504F7) has not yet been de- 
termined. However the full structure of the 
member n = 7, Y706F9, of the same homolo- 

5 The (011) planes of YF3 are parallel to (1 lo),. 
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TABLE I 

SOME OBSERVED DIFFRACTION PLANE EQUIVALENTS BEFORE AND AFTER 

PyRo~~~RoLysls 

Fluorite-type 
reflection plane WWF (OkO)F (hh’% (hhhk 

PHASE 
YFs (103) (011) 

I I 
yx2.2om (001) (5W 
Y&.20(0) WV (W 0x9 (220) (151) 

I I I I 
YOF 1 (17 1 “T ,q, 1 UQ$ 

Disordered YOF WWF I (02% 
1 4 

WO), (1ll)F 

j. @h &W 
+ 

YXl.83 y (601) 

I 

4 (61? 4 

I 1 I 
y203 (o@+) c@h (440) (222) 

‘R ‘R . R 

FIG. 5(a). The YF3 structure projected onto (100). Anions on “R” planes shown in projection as dotted lines, 
are removed to obtain the structure for YX2.20(Z); two potential unit cells for YX&Z) are shown in double 
outline. (b). The YX2.20(Z) structure projected onto (001)r; the unit cell is shown in double outline. 0 = yttrium 
at x - 0.25; o = yttrium at x N 0.75; 0 = fluorine at x - 0.00; 0 = fluorine at x N 0.50. 
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0) .5 : 1.d , 

FIG. 6. Projections of idealized anion layers for the following structures onto (OOI),. (a) YX,,,,(O)-the inter- 
stitial layers to be removed to obtain YOF are marked as dotted lines. (b) YOF-the fluorine layers to be re- 
moved to obtain YX1.83 are shown as full lines. (c)YXI.,,-the fluorine layers, to be removed to obtain YzOs are 
shown as dotted lines. (d) Yz03-shifts of vacancies (as planes) to produce (112), vacancy planes are arrowed. The 
projections of unit cells, where appropriate, are shown in double outline. o : oxygen, l : Fluorine; U: vacancy. 

gous series has been reported (23) as has the 
structure for YOF (18). The phase YX,,,,(O) 
has, by analogy with Y706F9, interstitial 
anions inserted in layers parallel to (010) and 
separated by b/2 = 23 fluorite unit cells [see 
Fig. 6a]. One anion layer of the YOF structure 
is shown in Fig. 6b.‘j 

To obtain the fluorite-type YOF structure 
from YX,.,,(O) one formally has only to 
remove the layers of interstitial anions. 

I(c). Relationship between YOFand YX,.,,. 
One anion layer of the proposed structure for 
the substoichiometric phase YX1.&=Y607F4) 
is shown in Fig. 6c.’ This arrangement, which 
has vacancies ordered onto (1 lo), planes, can 
be obtained from the YOF fluorite-type 
structure by introducing a vacancy plane on 
every twelfth (1 lo), anion plane of YOF, as 
shown by the full lines on the projection in 
Fig. 6b. 

l(d). Relationship between YOF and C-type 
Y,O,. The basic structural relationship be- 
tween the C-type sesquioxide and fluorite 
structures is well known (24). Oxygens are 
missing from across body and face diagonals 
of fluorite MO8 cubes to provide the six-fold 
metal coordination polyhedra of C-type 
jesquioxides. The observed vacancy arrange- 

6 Successive (OOl), anion layers of YOF are obtained 
from the one shown by shifts of a/2 [OlO] or a/2 [lOOI. 
Fluorines and oxygens are ordered onto (11 l)F planes 
n YOF. 

’ Successive (OOl), anion layers of YX1.83 are identi- 
:al with the one shown. 

ment in C-type Y203 cannot be rationalized 
in terms of any one simple low index set of 
planes. The nearest approach to this is shown 
in Fig. 6d; the broken lines mark the positions 
of intersection of some (112), planes with an 
(OOl), anion layer.8 The (112), planes marked 
contain, in the actual structure, oxygens and 
vacancies; they become vacancy-only planes 
if the oxygen pairs on them are interchanged 
with the pairs of immediately adjacent vac- 
ancies as indicated by the arrows in Fig. 6d. 
This idealized structure for Y,O, can be 
obtained from YOF by introducing vacancies 
onto every fourth (112), plane of YOF shown 
by the dotted and full lines in Figs. 6b-d. 

2. Possible Reaction Mechanisms 
Reaction mechanisms postulated for the 

pyrohydrolysis reactions on the basis of the 
observed stoichiometry changes and orienta- 
tional relationships between reactant and 
product can, at this stage, only be proposed 
tentatively. However, 4observations within the 
present series of experiments help to charac- 
terize the reaction mechanism : 

(1) in all cases the pyrohydrolysis reaction 
is a topotactic reaction, i.e., an ori- 
entational relationship exists between 
all reactants and products. 

(2) These orientational relationships can 
be directly related to specific structural 

8 Successive (OOI), anion layers of Y203 are obtained 
from the one shown by successive shifts of a [OTO]. 
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features, e.g., fluorine planes in react- 
ant crystal or vacancy planes in product 
crystals. 

(3) No disruption of the cation sublattice 
is observed or required for any stoichi- 
ometry or structure change. 

(4) In at least one case (YX,.,,(O) + 
YOF) “disordering” of the anion 
sublattice and lowering of the subcell 
symmetry is not required to achieve 
stoichiometry change.9 

These observations are suggestive of co- 
operative anion movement during pyrohy- 
drolysis, irrespective of whether the actual 
mechanism involves surface hydrolysis or a 
hydrolysis reaction occurring in the bulk of 
the crystal. In either case, the mechanism must 
provide for explusion of fluoride ions, initially 
existing on specific anion planes, and for their 
replacement by oxide ions and vacancies, 
again occurring on specific crystallographic 
planes of the product. 

Planar movement of anions is thus both a 
result of, and a suggestive clue to, the hydroly- 
sis mechanism. Movement of a particular 
anion plane relative to the remainder of the 
crystal can be initiated and propagated by 
movement of individual anion rows or 
“strings” contained in that crystallographic 
plane; in turn, the displacement of an anion 
row relative to the remainder of the crystal 
can be regarded as the net result of successive 
cooperative movements of individual anions 
of that row. The end result in such cases is 
“slip” of the crystallographic anion plane 
relative to the remainder of the crystal. 
This mechanism for movement of individual 
crystallographic planes of the anion sublattice 
will be here referred to as “unit slip.” 

A “unit slip” mechanism based on the 
available slip systems for a primitive cubic 
lattice provides a workable reaction mech- 
anism hypothesis for all observed reactions. 
The favoured slip direction for a primitive 
cubic array is (001) and the most favourable 
slip systems are (OOl){llO} and (100){001} 

9 Gross anion sublattice rearrangement, as shown by 
disintegration of the crystal, was however required to 
alter the (1 lo), distribution of interstitials of YX2.20(Z) 
to that, (OlO), for YX,.,,(O). 

(25). The favoured slip direction for a primi- 
tive cubic array, (001) is particularly relevant 
to the cooperative movement of anions in 
fluorite-type structures since : 

(a) The fluorite anion sublattice is primi- 
tive cubic. 

(b) The (011) anion rows of a fluorite 
array contain no metal atoms. 

(c) The distance of closest approach of 
anion-cation (centre to centre) when 
an anon string is “pulled” in the (001) 
direction for a fluorite cell with aF = 
5.40 A is 1.91 A, far greater than that 
for any other direction. 

The detailed application of the two slip 
systems (OOl),{l lo}, and ( 100)F{OO1}F to 
the derivation of the pyrohydrolysis structures 
is shown in Table II. 

2(a). Mechanism for the reaction YF, + 
YX,.,,(Z). Removal of four-fifths of the 
(011) fluorine-only planes of YF3 achieves the 
YX,.&Z) arrangement (Figs. 5a and b). 
Although the anion arrangement in YF, is 
not primitive cubic, Fig. 5a reveals that re- 
moval of (011) fluorine planes by [lOO} 
(011) slip might be achieved as easily in YF3 
as in the fluorite structure, for similar reasons 
(i.e., the [lOO] anion rows contain no yttrium 
atoms, etc.). To achieve the composition 
required for YX2.20(Z), i.e., Y504F7, some of 
the additional fluorines of YF, must be re- 
placed by oxygens; these same (011) planes of 
YF3 are presumably available for the removal 
of adjacent fluorines from the structure and 
for their replacement by oxygen during the 
pyrohydrolysis and alteration of YF3. 

2(b). Mechanisni for the reaction YX,.,,(O) 
-+ YOF. In a similar way one might expect to 
derive the YOF fluorite-type structure very 
simply from YX,.,,(O) by removing the 
appropriate (010) planes of interstitials (see 
Fig. 6a) by [lOO],(OlO)r or [OOl],(OlO), slip. 
However, these interstitial planes also con- 
tain yttrium atoms, and intuitively it seems 
more likely that 1 in every 5 (OlO), anion planes 
of the fluorite-type sublattice array (fluorines 
adjacent to the interstitials) will be removed, 
by [lOO],(OlO), or [OOl],(OlO), slip, and re- 
placed by oxygens and the interstitial fluorines. 
The oxygen-fluorine arrangement for YOF 
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TABLE II 

DERIVATIONOFTHE PYROHYDROLYSISSTRUCTURES BY“UNIT SLIP” 

Structure 
Derived 

from 

Slip system 
for anion 
removal 

Frequency of 
removal 

Sublattice slip 
system for 

“stress relief” 

Resultant 
Frequency defect 
of relief plane 

YXLIOW YFz [l~J@ll) 415 - (011) 
YOF Y&.20(0) W1l&tu)F l/5 
yx, .83 YOF W~1,(11% Ii12 moiw~1 b 314 (1 lo), 

t&zed) yx1~s3 
w1lF(1~ Ok 113 a[010lF(001 )F 112 (112), 

y203 
(actual) 

YX1.83 1;‘4 a[01%(001)F 

and 
a/2[1001F(010), 
a/NWF(OI 01, 

can only be exactly obtained by allowing 
rearrangement of the oxygens and fluorines 
of YX,.,,(O) over the fluorite-type sites; 
although slip mechanisms can be postulated 
for this, the exact mechanism by which the 
rearrangement occurs is not yet clear. 

2(c). Mechanism for the reaction YOF -+ 
YXI .8X. Oxygens and fluorines are ordered onto 
(11 I), planes in YOF and these planes occur 
in pairs (see Fig. 6b). In the YX1.83 structure, 
oxygens, fluorines, and vacancies are ordered 
onto (1lO)r planes (see Fig. 6~). The slip 
system [OOl],(l lo), can be used to remove 
fluorines from any one (0Ol)r layer of YOF 
(fluorines occur in YOF, as required, on 
every twelfth (11 I)r plane). To remove a 
complete plane of fluorines from YOF by 
[OOl]r(l 10)F slip and to achieve ordering of 
oxygens, fluorines, and vacancies onto (1 IO& 
planes for the product YX,.83, successive 
(OOl), layers of YOF must be “stress relieved” 
by the slip a/2[OiO],(OOl),. “Stress relief” of 
a particular (OOl), layer of the crystal may in 
fact occur as a precursor and prerequisite 
to the pyrohydrolysis and removal of flu- 
orines from the particular layer; in this case 
the anion plane removal by [OOl],( 11O)r and 
“relief slip,” a/2[OiO],(OOl), probably occur 
alternately and proceed through the crystal 
to remove (1 ll)F fluorine layers and leave 

oxygens and vacancies ordered on (1 10)F 
planes.‘O 

2(d). Mechanism for the reaction YX,,,, + 
Y,O,. The idealized C-type Y,O, structure, 
with vacancies ordered onto (112)r planes, 
can be mechanistically derived from YX1.83 
by removing all (11O)r fluorine layers from 
that structure, as shown by the dotted lines in 
Fig. 6c, and stress relieving, by “unit slip” 
every second (001) plane using a[OlO],(OOl)r. 
Further, all of the vacancies of these idealized 
( 112)r planes which need to be “relaxed” to 
obtain the true C-type vacancy configuration, 
can reach their equilibrium positions by two 
further (opposing) slips, 42[100],(010), and 
a/2[iool,(olo),, operating on two out of 
every four (OlO), anion planes, as shown by 
the arrows in Fig. 6d. 

Discussion 

Hyde, Bursill, O’Keeffe, and Anderson (I ). 
describe two distinct ways to achieve con- 
tinuous transformations between the rutile, 
a-PbO, and fluorite structures. The first is a 
continuous topological homogeneous de- 
formation mechanism, the second a “unit 

lo lfremoval ofentire( 1 Il),fluorinelayersoccurred, 
structure collapse producing CS, as discussed by Hyde 
(2), would occur. 
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slip” (dislocation/stacking fault) mechanism. 
The latter is similar to the mechanism pro- 
posed in the present case; deformation of 
the crystals during transformation, implied 
by the former mechanism, was not observed 

FIG. 7. “Unit slip” of anion sublattice in fluorite- 
type structure. If cations follow the configuration 
shown in Fig. 7b the fluorite-type structure shown in 
Fig. 7a is reproduced as the slip magnitude reaches 
a/2[1001f (Fig. 7~). 

here. It is of note that (001 ),{l lo}, is a recog- 
nized slip system for CaF, at higher tempera- 
tures (26). 

The anion sublattice modification to the 
present fluorite-type structures by “unit slip” 
can in fact be demonstrated by models of 
fluorite-type (OOl), layers as shown in Fig. 
7. As an anion row of fluorite is slipped, each 
cation has two alternative sites into which 
to “fall,” Movement of cations into one con- 
figuration produces cc-PbOz (Hyde et al. 
(I)); if cations move into sites shown in Fig. 
7b the fluorite arrangement is reproduced 
as the slip magnitude reaches a/2[1001F. 
Displacement of cations from the fluorite- 
type sites is minimal throughout the process. 

The term “stress relief” has been used in 
connection with “swinging shear plane” 
rationalization of the series of structures of 
general formula Ti,Oz,,-, (with n and a 
integers) related to rutile (6). CS operations 
of the type *[Oil] (132) were resolved into 
two components, CS of the type )[Oil] (121) 
for removal of oxygen planes, and antiphase 
boundaries, $[Oil] (01 l), for “stress relief.” 
The concept of “stress relief” in the present 
case is similar to this, although production 
of true antiphase boundaries with cation move- 
ment is not necessary. The driving force for 
“stress relief” subsequent to anion removal 
here arises out of the necessity to achieve an 
equilibrium, minimum energy configuration 
of vacancies or interstitials from the meta- 
stable distribution resulting from anion 
removal on the most reactive crystallographic 
planes. In this respect, anion removal by unit 
slip from these fluorite-related structures is 
analogous to Gado’s (7) “precursor to shear” 
for elimination of anions prior to collapse 
and shear in the CS structures. The distinction 
between CS and “unit slip” mechanisms is, 
however, quite clear. If anions are removed 
along anion-only planes (e.g., (1ll)r in 
fluorite-type structures) structure Collapse 
and CS can occur. Elimination of anions from 
planes across which collapse cannot take 
place, can only be described by a “unit slip” 
or similar mechanism. As stated earlier, 
any reaction mechanism such as “unit slip” 
can, at this stage, only be proposed tentatively 
and other reaction mechanisms for the form- 
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ation of defect structures in fluorite-related 
systems are, or course, possible. “Unit slip” 
provides a rational explanation for all of the 
observations of the present series of experi- 
ments. Clearly, further experiments, parti- 
cularly observation and analysis of disloca- 
tions similar to those performed on UO, 
and LaF, (27), need to be done. Implicit in 
this last statement is the assumption that the 
rates of the pyrohydrolysis reactions can be 
suitably controlled and that the crystal defects 
produced by them (sublattice dislocations) can 
be meaningfully observed. 
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