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The systems Ce0,-RE,03 (R&O3 = C-type rare earth sesquioxide) were studied to: (1) investigate the 
claims of several workers for the existence of a complete soli solution series between CeO, and 
R&O3 and (2) to characterize the weak C-type X-ray diffraction peaks reported by others from samples 
in the single-phase fluorite solid solution region. It is shown that a complete solid solution series does 
not exist, and an explanation for the observations of others reporting such is tendered. It is also shown 
that the observation of C-type reflections in the supposed single-phase fluorite field can be attributed to 
the partial reduction of Ce4+ to Ce 3+ at the firing temperature, resulting in the movement of the bulk 
composition into a two-phase field of the CeOz-REZ03-Ce203 phase diagram, rather than the formation 
of a domain structure due to ordering. 

Introduction and Tb4+ as well as the actinides Th4+ and 
u4+. 

The rare earth (RE) sesquioxides crystal- The fluorite and C-type structures are 
lize in the A (hexagonal), B (monoclinic), C closely related (2). The C-type unit cell can 
(cubic), H (hexagonal), and X (unknown be viewed as being derived from the 
symmetry) structures (1). The rare earth fluorite-type unit cell by substituting a M3+ 
dioxides crystallize in the cubic fluorite (M = metal atom) for each M4+ with charge 
(CaF,) structure. Only the C-type and compensation provided by the creation of 
fluorite modifications will be of concern one oxygen vacancy for every two M4+ 
here. Ions forming C-type oxides at temper- replaced by M3+. The key difference be- 
atures greater than about 1000°C include tween the C-type structure and that of 
the rare earths Gd3+ to Lu3+ and Y3+, In3+, oxygen-deficient fluorite-structured oxides 
and Sc3+. Ions forming fluorite-structured is that the oxygen vacancies in the C-type 
dioxides include the rare earths Ce4+, W+, unit cell are ordered. The result is a change 

of space group from the fluorite structure 
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fluorite unit cell edge to account for all 
Bragg reflections. 

The X-ray powder diffraction patterns of 
each structure are quite similar with respect 
to their intense reflections. Figure 1 com- 
pares the powder di&actograms of CeO, 
and Gdz03. The most intense reflections in 
body-centered cubic (bee) Gd203 and face- 
centered cubic (fee) CeOZ are due to contri- 
butions from the metal sublattice. Their 28 
positions are nearly identical because the 
unit cell edge of Gdz03 (10.813 8, (3)) is 
almost exactly twice that of CeO, (5.4110 A 
(4)). The superlattice bee-type reflections 
must be observed in order to distinguish 
Gdz03. 

The similarity of the diffractograms ap- 
pears to have caused problems in the deter- 
mination of CeO,-Z?E,O, subsolidus phase 
relations. In early studies of these systems 
by Brauer and Gradinger (5) and McCul- 
lough and Britton (6) a complete solid solu- 
tion and a continuous structural transition 
between CeO, and RE,O, was proposed on 
the basis of X-ray diffraction (XRD) data. 
While complete solid solution is possible in 
principle, it may not necessarily be the 
case. A two-phase region normally sepa- 
rates (but is not required by Gibbs’ phase 
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FIG. 1. Powder diffractograms of CeO, (a) and 
Gd,O, (b). Peaks are indexed on the basis of the 
appropriate unit cell; the indices of the low-intensity 
peaks of Gd203 are omitted for clarity. Log intensity 
scale; CuKa radiation. 

rule) phases based on distinct structure 
types. The two-phase region may be as 
broad so as to include almost the entire 
system or it may be less than 1 mole% or 
merely a line on the phase diagram. Later 
work on these systems and the related 
systems UO,-RE,O, and Th02-R&O3 (7- 
17) has shown that a region of (F,, +C,,)’ 
does indeed exist. Yet as recently as 1970, 
Benz et al. (18) in a study of the U-U02- 
UN, system concluded that a complete 
solid solution series exists between UO, 
(5.4701 8, (19)) and (U-&N, (C-type struc- 
ture, 10.682 A (20)) at temperatures above 
1350°C. Here again, a complete solid solu- 
tion may exist, or the two-phase region may 
be unobservable due to an inability to dis- 
tinguish F,, from C,, in X-ray diffracto- 
grams because of a possible 1 to 2 relation- 
ship of the cell constants (assuming that the 
cell constants tend to converge due to solid 
solution). 

The defect structures of the solid solu- 
tions formed at either end of the CeO,- 
R&O3 systems show that a two-phase re- 
gion must exist. In the CeO,-rich regions 
(fluorite fee structure) anion vacancies form 
on the addition of R&O3 (21-24) according 
to the defect reaction (in the Kroger-Vink 
notation (25, 26)): 

RE,O, 3 2RE& + 300 + 1V; (1) 

At high RE,O, concentrations (C-type bee 
structure), additional anions form as CeOp 
is added (II, 13, 24): 

2Ce0, RE14 2CeRE + 300 + 10; (2) 

On adding Ce4+ to the C-type RE,O,, a 
continuous solid solution series could, in 
principle, form by the filling of the “oxygen 
vacancies” in the C-type structure by the 
compensating oxygen ions (Eq. (2)). Cell 
constants would be expected to be an ap- 

1 The abbreviations “F,,” and “C,,” will be used to 
refer to solid solutions of the fluorite and C-type 
structures, respectively. 
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proximately linear function of composi- 
tion. This appears, however, to not be the 
case. Work on the system CeO,-Gd,O, 
(5, 17, 27) has shown that the cell con- 
stants of solid solutions within the system 
are greater than those of either end mem- 
ber. It would seem that the extra oxygen 
ions formed by adding CeO, to RE203 are 
not filling the “oxygen vacancies” but are 
entering the structure at other interstitial 
sites, resulting in a net expansion of the 
cell. Thus the character of the defects 
formed at either end of these systems is 
such that a continuous structural transition 
and a complete solid solution series is im- 
possible. 

We present here a method of confirming 
the existence of a two-phase region in the 
CeO,-R&O, systems based on XRD data. 
We employ extrapolations from CeO,- 
R&O, systems where the F, and C,, can be 
adequately resolved. 

A second issue in the subsolidus CeO,- 
R&O3 phase relations is also examined. 
Bevan et al. (17) have observed a fluorite- 
structured solid solution at high CeO, con- 
centration giving way to a C-type solid 
solution at high R&O3 concentration. They 
also observe the intervening region of (F,, 
+ C,,). They report, however, observing 
one set of fee diffraction maxima plus “dif- 
fuse” and weak lines characteristic of the 
bee C-type structure in samples supposedly 
within the F,, region. The bee lines were of 
lower intensity relative to the fee 
reflections than would be expected from a 
C-type oxide and there was no splitting of 
the fee lines. They attribute the presence of 
these bee lines to long-range structural or- 
dering of oxygen vacancies to produce “do- 
mains” of C-type material in the F,, matrix. 
Hyde and Eyring (28) attempted to explain 
these results by arguing that oxygen vacan- 
cies order to produce “strings” of defects 
that resemble the C-type structure. 

The distinction between a “domain 
structure” and a true second phase is that 

the “domain structure,” being coherent 
with the parent phase, has essentially the 
same cell constants as the parent phase. 
This is not true for the case of a second 
phase. Dilferentiation of these cases is 
difficult, however, in systems such as 
CeO,-Cd,O,, where the cell constants of 
the phases in the (F,, + C,,) region are 
almost equal. Domain structures, however, 
produce diffraction maxima that are more 
or less ditfuse. In their paper, Bevan et al. 
describe a set of peaks for which the (Y~-(Y~ 
doublet is well resolved as being dilfuse 
(their Fig. 4). This description cannot be 
correct. If the peaks characteristic of C- 
type “domains” in the single-phase F,, 
region are as “diffuse” as those illustrated, 
it is likely that these reflections (which are 
quite sharp) are due to a second phase. 

We contend that an alternative explana- 
tion is the partial reduction of Ce4+ at the 
firing temperature that moves the bulk com- 
position of the F,, into a two-phase region 
of the Ce02-RE203-CQ03 system. We sup- 
port this contention by modeling this reac- 
tion with the CeOZ-Y,03-Ndz03 system. 

Experimental 

All samples used in this study were pre- 
pared by mixing calculated volumes of 
standardized aqueous solutions of the metal 
nitrates. The mixtures were dried and then 
calcined at 500°C to drive off the nitrogen 
oxides. The residue was an X-ray amor- 
phous mixture of the oxides which was then 
ground in a mortar, pressed into pellets, 
and fired at 1200°C in air in a Sic resis- 
tance-type furnace on platinum trays sup- 
ported by firebrick. After a soak of 1 week, 
the pellets were cooled to room tempera- 
ture, ground thoroughly, pressed into pel- 
lets again, and refired for another week. 
Cooling to room temperature was accom- 
plished by removing the pellets from the 
furnace and pulling the platinum trays on to 
a cooled copper plate. The pellets were 
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observed to cool to a temperature less than 
red hot (about 600°C) in less than 5 sec. 

After both firing cycles all samples were 
characterized by X-ray powder diffraction. 
Standard diffractometers using CuKa radi- 
ation were used. The diffractometers were 
set at highest sensitivity in order to detect 
the weak bee lines characteristic of the C- 
type structure. A detection limit of 2.5 
mole% RE,O, in CeO, was obtainable using 
this technique. No changes in the X-ray 
diffractograms were observed between 
samples from the first and second firings, 
indicating steady-state conditions had been 
achieved after the first firing. Descriptions 
of the samples prepared and further charac- 
terization techniques are discussed in the 
next section. 

Results and Discussion 

Our approach to the question of the two- 
phase region in the CeO,-RE,O, systems 
was prompted by results from the analo- 
gous ThO,-RE,O, systems. Both Keller et 
al. (7, II) and Sibieude and Foex (IZ), in 
work on the systems ThO,-RE,O,, have 
shown that at a given subsolidus tempera- 
ture the phase boundaries and the breadths 
of the (F,, + C,,) phase regions display a 
systematic dependence on the ionic radius 
of the rare earth end-member. The (F,, + 
C,,) region has a maximum breadth in the 
ThO,-SaO, system, where there is a maxi- 
mum difference in the ionic radius of Th4+ 
and Sc3+ which decreases with increasing 
RE3+ radius. It was thought, therefore, that 
a study of the phase boundaries in the 
systems Ce02-RE,O, should show analo- 
gous behavior and permit approximation, 
by extrapolation, of the position and 
breadth of the (F,, + C,,) phase field, even 
in systems where its detection by XRD is 
difficult. 

Samples were prepared at 5-mole% inter- 
vals throughout the systems CeO,-RE,O, 
(RE = In, Yb, Tm, Er, Ho, Dy, and Gd) 

using the techniques described above. 
Phase relations at 1200°C were established 
by XRD analysis on the basis of phase 
assemblage data in those systems where the 
F,, and C,, lines could be adequately re- 
solved. Phase boundaries were estimated to 
within + 3 mole% CeO, and were plotted as 
a function of the effective ionic radius of the 
RE3+ in eightfold coordination using the 
values calculated by Shannon (29). The 
plot (Fig. 2) shows that the breadth of the 
two-phase region decreases with increasing 
RE3+ radius in agreement with the results of 
Keller et al. and Sibieude and Foex. By 
extrapolation, it can also be seen that the 
(F,, + C,,) region has a finite width for all 
the CeO,-RE,O, systems investigated. The 
extrapolation indicates that the two-phase 
region in the system CeO,-Gd,O, could be 
as wide as 20 mole%. 

The F, and C, cell constants were mea- 
sured in the (F,, + C,) region of the above 
systems and also in the systems CeO,- 
Sc,O, and CeO,-Lu,O,. The data are plot- 
ted in Fig. 3 as a function of RE3+ radius. 
Figure 3 shows that the difference in the F,, 
unit cell and that of the C,, decreases with 

FIG. 2. Plot of the (F,) - (F, + C,,) and (F, + C,J 
- (C,) phase boundaries (in mole% CeOZ) as a func- 
tion of RE” radius in the systems Ce02-RE,0a at 
1200°C in air. Data points for each system are labeled 
with the RE endmember. The dashed lines are exten- 
sions to the RE3+ radii of those systems whose phase 
boundaries could not be placed by conventional XRD 
techniques. 
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FIG. 3. Plot of the F, and C,, cell constants in the 
(F,, + C,,) region of the systems CeO,-RE,O, as a 
function of RE3+ radius. 

increasing RE3+ radius. As the difference in 
unit cells decreases, the fee-type lines of 
the F,, and C,, within the (F,, + C,,) region 
would tend to merge to the point where 
they may not be resolvable by routine XRD 
techniques. The points for Dy and Gd do 
not lie on the plot since, as previously 
mentioned, the cell constants for the solid 
solutions in these systems are larger than 
those of the end members. The combined 
(and related) effects of a shrinking (F,, + 
C,,) phase field and convergence of the cell 
constants with increasing RE3+ radius with 
the resulting effects on the XRD patterns is 
therefore a likely explanation for the claim 
of a complete solid solution series in the 
systems Ce02-RE203 and the proposal of a 
continuous structural transition. 

An attempt to reproduce the results of 
Bevan et al. (17) was undertaken as part of 
the second half of this study. Samples in the 
system CeO,-Y,O, were prepared at 5 
mole% Y203 increments from 0 to 35% 
Y203. The samples were fired at 1600°C in 
air for 4 days and cooled to room tempera- 
ture in about 1 hr by turning off the furnace. 
The fired samples were observed to be well 
sintered with little visible surface porosity 
hence reaction of the bulk sample with air 
while cooling can be discounted. Powder 
diffraction examination of the samples re- 
vealed the presence of a F,, plus bee-type 

lines indexable using the doubled cell con- 
stants calculated from the fee lines in sam- 
ples from 10 to 35% Y,O,. The (222) F,, 
reflections were not observed to split in any 
of the 1600°C patterns and none of the 
peaks were diffuse. The results of the 
1600°C firings were nearly identical to those 
of Bevan et al. who also observed fee plus 
bee reflections in samples containing 11 to 
38% Y203. In contrast, samples of identical 
compositions fired at 12Oo”C, showed a 
pure F,, for compositions from 0 to 17% 
Y,O, and (F,, + C,,) for compositions richer 
in Y,O,. The C,, had a cell constant such 
that it was easily observed in the presence 
of the F,,. 

An explanation for the observation of 
weak bee-type reflections in diffractograms 
of specimens supposedly within the pure 
F,, region of the systems Ce02-RE203 was 
suggested by the work of Tuller and No- 
wick (23). They demonstrated that the elec- 
trical conductivity of fee (CeO,),.,,- 
(Y,03)0.0s solid solutions changed from 
purely ionic conductivity at low tempera- 
tures (<9OO’C) and high oxygen partial 
pressures (> 1O-3 atm) to a mixed ionic- 
electronic mechanism at higher tempera- 
tures (>9Oo”C) and lower oxygen partial 
pressures (< lop3 atm). Ionic conduction 
was attributed to conduction via oxygen 
vacancies. The onset of electronic contri- 
butions was attributed to Ce4+ reduction to 
Ce3+, resulting in the liberation of elec- 
trons. The transition point was found to be 
a function of temperature, occurring at 
lower oxygen partial pressures with in- 
creasing temperature. At 1150°C the transi- 
tion point was found to approach the air- 
oxygen isobar (1O-o.68 atm). Similar 
phenomena in other CeO,-RE,O, systems 
over a broader range of compositions 
within the fee CeO,-rich regions has been 
observed by Kudo and Obayashi (21, 22). 

Because Bevan et al. (17) prepared their 
specimens at 1600°C in air, some Ce4+ 
reduction to Ce3+ would have occurred 
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resulting in compositions within the ternary the fact that this system can be studied 
system CeO,-RE,O,-CqO,. Ce3+ forma- using an air atmosphere (at 1200°C Ce is 
tion on firing at high temperatures has been present almost entirely as 4+), we have 
observed in other systems in which Ce4+ is examined compositions along the 5 mole% 
present as a starting material. Frederikse et Y,O, composition section, ranging from 0 
al. (.?O), in a study of the system “Ce02”- to 40 mole% Ndz03 in 5 mole% increments 
ZrOz over the temperature range 1 lOO- as indicated in Fig. 4. All samples were 
1600°C in air, show that fluorite-structure- prepared and characterized as previously 
type solid solutions of (Ce,Zr)O,-, form in described. X-Ray powder diffractograms of 
which the value of x increases quite rapidly samples at 10 mole% Nd,03 intervals are 
with firing temperature. It is interesting to presented in Fig. 5. The phases observed 
note that at constant temperature the solid are in agreement with the interpolated 
solutions are characterized by a larger phase diagram. 
value of x than the pure cerium oxide end While the diagram is drawn based on 
member (30, 31). To explore the possibility phase relations at 1200°C in air, it is ex- 
of Ce3+ formation in the “CeOZ’‘-Y,O, pected to resemble relations over a temper- 
samples fired at 1600°C consider the sys- ature range of up to 1800°C. A number of 
tem CeO,-Y,O,-Nd,O, in which Nd3+ is workers reporting work in systems involv- 
used as a crystal chemical stand-in for Ce3+ ing end members of this type have shown 
(Fig. 4). Nd3+ and Ce3+ have very similar that there are no order-disorder transfor- 
ionic radii ( 1.109 and 1.143 A, respectively, mations or compounds formed in this tem- 
in eightfold coordination (29)) and Nd,O, perature range. The only change of phase 
and Ce,O, have the same A-type structure. 
The proposed system at 1200°C has been 
constructed by interpolation from known 
phase relations (27). Taking advantage of 

FIG. 4. Predicted subsolidus phase relations in the 
system CeO,-Y,O,-Nd,O, based on extrapolation 
from known binary relations at 1200°C. The composi- 
tions fired in this study are indicated on the diagram. FIG. 5. Portions of X-my diffractograms of samples 
A,, and B,, are solid solutions based on the A- and B- fired in the system Ce02-YZ03-Nd203 at 1200°C in air. 
type R.&O3 structures, respectively. Linear intensity scale; CuKa radiation. 



relations with temperature appears to be a 
slight shift of the phase boundaries such 
that single-phase regions are expanded at 
the expense of multiphase regions. It is 
assumed, therefore, that Fig. 4 represents 
approximate phase relations in the system 
Ce02-Y203-Nd203 over a broad tempera- 
ture range. 

An examination of Fig. 5 shows that the 
sample containing zero mole% Ndz03 (a) 
produces only Bragg reflections character- 
istic of the fee structure. This sample is 
phase-pure F,,. As the amount of Nd203 is 
increased, the fee lines remain present but 
bee-type lines begin to appear (c-e). The 
bee lines are of low intensity and are not 
diffuse. The intensity of the bee lines does 
increase, however, relative to the F,, 
reflections, indicating that these samples lie 
within a region of (F,, + C,,). The combined 
(222) and (444) reflections of the F,, and C,, 
do not split in any of the samples. These 
observations concur with the results of the 
1600°C firings in the CeO,-Y,O, system. 
Because of this similarity, it is suggested 
that the extra bee reflections observed by 
Bevan et al. were due to the actual pres- 
ence of a C-type phase containing some 
Ce3+ produced during their high-tempera- 
ture syntheses, and not structural ordering 
of defects. 

As a further argument against the domain 
theory, it should be noted that the samples 
of composition 10 to 35% Y,O, fired at 
1600°C produced sharp bee reflections in 
addition to the F,, pattern. Samples of 0 to 
18% Yz03 fired at 1200°C produced only 
reflections of F,,. Since these results con- 
tradict the usual observation that ordering 
is enhanced by slow cooling or equilibra- 
tion at low temperatures, we consider this 
further evidence for our contentions. 

Conclusions 

It has been shown that no continuous 
solid solution occurs in the CeO,-R&O, 
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systems and the conclusions of others re- 
porting such can be explained by an inabil- 
ity to resolve the intense fee-type lines of 
the F,, and C,, in the two-phase (F,, + C,,) 
region. This is due to the convergence of 
the cell constants of the F,, and C,, to an 
approximate 1: 2 relationship with increas- 
ing rare earth ionic radius. It has also been 
shown that the observations of bee-type 
reflections within the supposedly single- 
phase F,, field in the CeO,-R&O, systems 
fired at high temperatures at the air-oxygen 
isobar can be attributed to partial Ce4+ 
reduction to Ce3+ and the movement of the 
bulk sample composition into the (F,, + C,,) 
region of the Ce02-R&O,-CezO, system. 
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