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Phase transitions in reduced ceria (CeOz-,) due to solid-state reactions yield a complex phase diagram. 
Associated with these transformations is a change in molar volume of the sample. For certain mixtures 
of coexisting phases internal stress develops and the sample is not in true equilibrium. As a result, the 
molar volume of the phase under pressure is reduced. Experimental and theoretical evaluations 
confirm the phase diagram determined before by specific heat measurements. New data collected 
concerning the local pressure effect enabled the development of a more detailed explanation of this 
deviation from equilibrium. Q 1989 Academic PKSS, IN. 

1. Introduction 

Under ambient conditions cerium forms 
two oxides, Ce02 and Ce203, incorporating 
the Ce4+ and Ce’+ ions, respectively. Un- 
der reducing atmosphere conditions and at 
elevated temperatures Ce02 can be reduced 
to nonstoichiometric compositions, CeO,, 
with 2 > y > 1.5. For T > 921 K, 2 > y > 
1.818, a single a phase exists for which y 
may have a continuum of values (Fig. 1). At 
low temperatures, T < 722 K, CeO, forms a 
discrete set of composition (Z-3). Similar 
phases were observed in the oxides Pro, 
and TbO, (4). In the nonstoichiometric 
phase, Ce4+ and Ce3+ ions coexist. Under 
an oxidization atmosphere these com- 
pounds are unstable and oxidize to form 
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CeOz. The oxidation rate above 40°C in air 
is high. 

The structures of reduced ceria phases 
were investigated by X-ray diffraction, (5, 
6), neutron diffraction (6), and electron mi- 
croscopy (7). Thermogravimetric (I), con- 
ductivity (a), Seebeck (8), EMF (9), and 
heat of oxygen solution (IO) measurements 
revealed some of the thermodynamic prop- 
erties of reduced ceria. 

We have investigated the nonstoichio- 
metric phases of CeO, using specific heat, 
EMF, dilatometry, and X-ray diffraction 
measurements. The phase diagram and 
thermodynamic properties obtained from 
specific heat measurements for the compo- 
sition range 2 > y > 1.714 were reported 
before (2, 3) (see Fig. 1). Coulometric tita- 
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1.711 

FIG. 1. Phase diagram of CeO, determined from specific heat measurements (Refs. (2, 3)). 

tion was used to induce a finely controlled 
reduction of CeOz within the (Y phase, to 
compositions of CeO, with 2 > y > 1.99, 
i.e., within the dilute concentration limit. 
From EMF versus composition measure- 
ments, the defects in Ce02-X were deter- 
mined to be doubly ionized oxygen vacan- 
cies, Vi (11). 

The purpose of the present work was to 
determine the transformation temperatures 
of CeO, for different compositions, y, by a 
method independent of the specific heat. 
This was done to verify the plurality and 
values of the transformation temperatures 
measured by the C, method (2, 3) which 
were quite different from those measured 
by other methods (5-20). The measure- 
ments of thermal expansion of CeO, were 
chosen for that purpose. Another purpose 
of this work was to follow the transforma- 
tion temperatures both on heating and on 
cooling. It should be noted that in the spe- 
cific heat measurements, using an adiabatic 
calorimeter, data were collected only on 
heating. A third purpose was to investigate 
a supposedly nonequilibrium state of the 
solid. The specific heat measurements (Fig. 
1) reveal a decrease in the temperature of 
the transformation (Y + 6 + (Y + a: (at -722 

K) for compositions with y close to 2. This 
was assumed to be due to nonequilibrium 
originating from local pressure on the mi- 
nority phase by the majority phase, pres- 
sure that could not relax within the time of 
the measurement. If that were the case then 
one should observe a decrease in the molar 
volume of the minority phase (under pres- 
sure). As y deviates from 2 the fraction of 
the 6 phase increases and the pressure on it 
decreases. This should manifest itself as a 
difference in the molar volume change of 
transformation for different compositions. 
Furthermore, a nonequilibrium behavior 
should be different in heating and cooling 
measurements. 

The fourth purpose of this work was to 
discuss theoretical evaluations of the molar 
volume changes in a first-order phase tran- 
sition involving three phases (e.g., (Y + 6 -+ 
(Y + a:) and along a miscibility gap. A com- 
parison with the experimental data is pre- 
sented. 

2. Overview of Method and Results 

We report here on dilatometer measure- 
ments of CeO, in the composition range 2 > 
y > 1.79 and temperature range 1200 > T > 
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320 K. The oxide was reduced in situ. The 
length of the sintered sample was followed 
as the temperature was scanned continu- 
ously, both on heating and on cooling. De- 
tailed information along constant y lines in 
the y, T plane, from which the phase dia- 
gram of the Ce-0 system could be deter- 
mined, confirmed the diagram obtained 
from specific heat measurements (3) except 
for small differences in the value of the 
various transformation temperatures. 
This assists our previous conclusion that 
the phase diagram is more complex than 
that given by Bevan and Kordis (I). In par- 
ticular, phases outside the homologous se- 
ries Ce,,0Znp2, as well as other phase trans- 
formation temperatures, have been ob- 
served. 

The thermal expansion measurement for 
compositions 2 2 y L 1.96 support the 
model of local excessive pressure on the 
minority (6) phase and a decrease in the 
molar volume of the compressed 6 phase. 
This pressure also lowers the transforma- 
tion temperature observed on heating, for 
the (Y + 6 + (Y + (Y: transformation. The 
excessive pressure disappears above the 
transformation due to a decrease in the free 
molar volume of the phases. 

3. Experimental 

3.1 Dilatometer 

The length variation of the CeO, sample 
was followed by a push rod dilatometer us- 
ing a differential transformer as the moni- 
toring device (model: TMA 500 Heraeus, 
Hannau). The temperature of the trans- 
former region was stabilized to room tem- 
perature by circulating water. The sample 
holder and push rod were made of quartz. 
The dilatometer was contained in a gas- 
tight envelope and the atmosphere at the 
sample could be controlled. 

Special features were added to allow in 
situ changes in the composition of the sam- 
ple. The envelope was modified to enable 

continuous flushing of the sample by a con- 
trolled atmosphere. A gas system was used 
which transported either purified Ar or a 
controlled mixture of H2/H20. The temper- 
ature of the sample could be varied continu- 
ously up to 1300 K. The temperature was 
measured by a Pt-Pt 10% Rh thermocouple 
with an accuracy of 1 K and a sensitivity of 
25-50 mK. Care was taken to minimize the 
exposure of the thermocouple to the HZ/ 
Hz0 atmosphere as this had an adverse ef- 
fect on the accuracy of the thermocouple to 
the order of a few degrees K. 

3.2 Sample Preparation 

Ceria powder 99.95 by Koch-Light and 
99.9% by Venton’ was mixed with stearic 
acid (as lubricant), pressed at 1500 bars, 
heated at a rate of 2”C/min, sintered at 1450 
for 4 hr, and cooled at a rate of l”C/min. 
Density of the samples was 95 ? 1% of the- 
oretical. They had a cylindrical shape with 
a diameter of 8 mm and a height of IO-15 
mm. 

A sample was placed in the dilatometer 
and reduced by flushing with a controlled 
mixture of HZ/Hz0 until equilibrium was 
reached. Equilibration was followed by the 
dilatometer. Equilibrium was assumed to 
have been reached when the length of the 
sample was constant for more than 5 hr. 
Thereafter, the HZ/H20 mixture was re- 
placed by purified Ar (P(0,) < lo-l9 atm) 
and the sample was annealed for 6-12 hr at 
the elevated temperature before starting the 
measurement. 

The oxygen partial pressure P(02, T) de- 
termined by the HZ/H20 mixture at ele- 
vated temperatures is well documented. A 
relation between sample composition y in 
CeO, and P(Oz, T) was obtained from Be- 
van and Kordis (1) and Campserveux and 

1 Impurity analysis by emission spectroscopy done 
by KFA Jiilich, indicates that the main impurities are 
ca 900 ppm for Koch-Light and 1500 ppm for Vetron 
(and various rare-earth elements at a possible similar 
total concentration). 
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Gerdanian (12). The accuracy of y deter: 
mined in this way is -0.01. In determining 
the phase diagram by specific heat (C,) 
measurement we were able to determine 
the composition y to a better accuracy of 
-0.001 by direct weighing. We therefore 
used this C, phase diagram for calibration, 
for accurately determining the composition 
of the sample in the dilatometer measure- 
ments. 

3.3 Measurement Procedure 

The sample was reduced in situ as de- 
scribed before. Thermal expansion mea- 
surements were done while the sample was 
flushed by purified Ar and thus oxidation or 
reduction of the sample should be negligible 
(2). Using heating and cooling rates of 22 
and 73 K/hr, a single scan lasted about a 
day. The sample composition was found to 
stay unchanged within 24 hr. For longer pe- 
riods a slow oxidation was detected due to 
oxygen introduced possibly by very small 
leaks. A rate of 7.3 K/hr was also used in 
narrow temperature ranges, in particular, 
near phase transformations. 

Changes in the composition were im- 
posed by switching again to an Hz/H20 gas 
mixture. The composition was changed in 
small steps of Ay 5 0.03, followed always 
by annealing, otherwise cracks appeared in 
the sample, which had an adverse effect on 
the following measurements. 

4. Experimental Results 

4.1 Thermal Expansion CoefJicient and 
the Phase Diagram of CeO, 

The thermal expansion coefficient, (Y, of 
cerium dioxide (y = 2) was first measured. 
The stoichiometric oxide exhibits no phase 
transition in the temperature range investi- 
gated. Values of (Y (Table I) are consistent 
with previous measurements (13-16). Fig- 
ures 2a and 2b show the thermal expansion 
coefficient for an oxide of composition 

TABLE I 

LINEAR THERMAL EXPANSION COEFFICIENT 
OF CeOz 

T W a (1O-6 K-‘) Reference 

350 10.5 
400 11.0 
500 11.5 
600 12.0 
700 12.4 
800 12.7 
900 13.0 

1000 13.2 
1100 13.5 

298-1273 12.1 
413 10.5 

1583 12.9 
298-1273 11.2 

Present work 

(13) 
(14 
(14 

(15, 16) 

CeOi,szd as a representative example for a 
nonstoichiometric sample. At a three-phase 
transformation (e.g., (Y + 6 * (Y + (Y:), oc- 
curring at a fixed temperature, the volume 
should expand or shrink abruptly and result 
in a positive or negative peak in a(T), re- 
spectively. For a continuous transforma- 
tion along a miscibility gap a shoulder 
should be seen. Four such transformations 
are indicated in Figs. 2a and 2b. The trans- 
formation temperatures in the heating scan 
are higher than the corresponding ones for 
the cooling scan. The latter undercooling is 
seen in most measurements and is usually 
found in these kinds of measurements. The 
exception occurs for y z 1.96 and is associ- 
ated with nucleation and nonequilibrium ef- 
fects as will be discussed later. 

A selection of measurements is presented 
in Figs. 3a and 3b. The phase diagram de- 
rived from the dilatometer measurements 
(using the one in Fig. 1 as a guide for deter- 
mining the exact phase compositions) is 

shown in Fig. 4. It is seen to be consistent 
with that determined by the specific heat 
measurements (Fig. 1). The phase diagram 
determined by thermal expansion measure- 
ments on cooling resembles that on heating 
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FIG. 2. Thermal expansion coefficient ((Y) vs T for CeO , *,.+: (a) on heating, (b) on cooling (material: 
from Koch-Light). 

except for a shift in the apparent transfor- at the end of each scan using the melting 
mation temperatures due to undercooling. temperature of silver, thus excluding the 
A difference of -10 K exists for the Koch- possibility of a thermocouple-related error. 
Light material between the transformation The difference in Tph is thought to be a 
temperatures measured before by C, and property of the samples, affected probably 
those measured now by dilatometry while by defects. The samples that showed 
the Ventron material gave a difference of changes in Tph were repeatedly reduced and 
-20 K in the transformation temperatures. oxidized and repeatedly heated from -300 
It was observed during the C, measure- to - 1200 K and then cooled. This may have 
ments (2) that the transformation tempera- resulted in clustering of vacancy defects, 
ture (T,,h) increased by - 10 K with time af- cracking of larger crystallites into many 
ter long thermal and gas treatments. The smaller ones, and the migrations of vacan- 
thermocouple was automatically checked cies to form pores or dislocations. This may 
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FIG. 3. Thermal expansion coefficient (a) vs Tfor various deviations from stoichiometry in CeO,: (a) 
on heating, (b) on cooling (material: from Koch-Light). 
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FIG. 4. Phase diagram of CeO, determined from thermal expansion coefficient measurements. Phase 
diagram determined from experimental data obtained (solid line) on heating and (dashed line) on 
cooling. Some experimental points (0) are also shown (material: from Koch-Light). 

have changed the concentration of nucle- 
ation centers taking part in the transfor- 
mations, and may also have affected the 
relaxation mechanism of internal stress 
thereby affecting Tph. 

To see how the phase diagram in Fig. 4 
was constructed let us follow a(T) for 
CeOls24 in Fig. 2a. For T < 714 K the sam- 
ple with composition y = 1.824 is composed 
of two phases, (Y and 6, the mole fraction of 
the S phase being much larger than that of 
the (Y phase. The Q + S + ac: + S transfor- 
mation occurs at 714 K (a: = a( 1.846), the 
euthectic phase). For 714 < T < 725 K, the 
sample consists of (Y’ and S phases. Obvi- 
ously, only the analysis of a set of measure- 
ments yields this. At 725 K a transforma- 
tion (Y’ + S + (Y’ + p1 occurs which is 
followed at 756 K by the transformation (Y’ 
+ p1 * (Y’ + E. As T is increased the 
amount of (Y’ phase increases gradually 
while that of the E phase decreases accord- 
ingly, until at T 2 841 K all the solid exists 
in the (Y’ phase only. The last gradual trans- 
formation is usually seen as a shoulder 
rather than a sharp peak, both in dilatome- 
ter and in specific heat measurements. 

4.2 Volume Change during 
Transformation 

The quantity measured by the dilatome- 
ter, the change SL in length L of the sample, 
reflects also the change SV in volume (SV = 
3SL). As the mass of the sample stays con- 
stant the measurement yields information 
regarding changes in the molar volume of 
the solid. Figure 5 shows the change in vol- 
ume for the sample Ce01.824 and the manner 
in which the volume changes at each trans- 
formation were determined. For any given 
transformation the change in molar volume 
depends on the molar fraction of the phases 
involved. This dependence, theoretically, 
is linear in y as will be shown later. Figures 
6a and 6b show the relative change of sam- 
ple length AL/L at the transformation (Y + S 
+ (Y + a: and (Y + S + a: + S for the 
composition range 2 2 y 2 18 18. Lines 
were fitted to the data based on those theo- 
retical considerations. The peak of the tri- 
angular shape should be, and is also found, 
at the eutectic composition for the a! + S + 
(Y + I& and (Y + S + cu: + S transformation. 
A roughly linear relation AL/L vs y was ob- 
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FIG. 5. Changes in the volume of a Ce0,.824 sample on heating. This figure shows how the change in 
volume at a phase transformation was determined. 

served also for the transformation tempera- 
tures Tph = 725 KTl706 KJ , 1.842 2 y 2 
1.808; Tph = 756 KT I743 KL , 1.832 5 y 2 
1.800;andTph=860Kf/840K~,1.813~y 
2 1.792 (not shown). The change ALAL on 
heating is systematically smaller than that 
found on cooling as the latter occurs after 
undercooling. There is, however, an excep- 
tion for y 2 1.96 where nonequilibrium and 

a O/Cc 

1.846 

nucleation processes affect the sample be- 
havior as is discussed later. 

4.3 Thermal Expansion in the 
Composition Range y L 1.96 

For y > 1.96 the temperature of the (Y + 6 
-+ (Y + a: transformation, which normally 
occurs on heating at 714 K, takes place at a 
lower temperature (Fig. 4). The lowering in 

l 
1.846 

FIG. 6. Changes in molar volume of CeO, vs composition for the transformation a! + 6 c, cx + (Y: and 
cy + 6 ++ a: + 6: (a) on heating, (b) on cooling (material: from Koch-Light). 
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the transformation temperature increases 
to -20 K as y + 2. On cooling, however, 
the transformation for y = 2 occurs at Tph - 
714 K and Tph decreases as y decreases (see 
dashed curve in Fig. 4 for T - 668-714 K). 

5. Discussion 

5.1 Phase Diagram 

The dilatometer measurements yield in- 
dependent information on the number of 
transition temperatures and their values for 
any given composition CeO,. The composi- 
tion of the sample was fixed as T was 
scanned, but its exact value could be deter- 
mined only by comparison with the C, mea- 
surement. With this limitation in mind the 
phase diagram in Fig. 4 is not independent 
of that in Fig. 1. However, the values and 
number of transformation temperatures ob- 
served in heating as well as in cooling mea- 
surements are an independent verification 
for those obtained before by the C, method. 

5.2 Change in Molar Volume on 
Transformation 

The determination of the volume change 
at a transformation typically had an uncer- 
tainty of about 10%. We therefore regard 
the results shown in Fig. 6 as being in fair 
agreement with the theory to follow, with 
the correct trend of a maximum near the 
eutectic or peritectic composition and a lin- 
ear dependence on composition. The the- 
ory can be adopted from that developed for 
the latent heat (3) by exchanging molar vol- 
ume (v) tf for molar enthalpy (H). Then 
(Ref. (3) Eqs. (6, 7)) 

and 

ya ‘y ZY, (la) 

ye 2 Y 2 YS, (lb) 

where i = CY, 6, e refer to the phases CX, 6, 
and eutectic (y = 1.846) at the transforma- 
tion temperature (714 K); yi is the composi- 
tion of the corresponding phase i. The mo- 
lar volume change is seen to be linear in y 
on both sides of the eutectic composition. 
Similar linear relations of A7 vs y can be 
written for the other three phase transfor- 
mations. 

The fact that the change Av is negative 
for 1.96 > y > 1.818 indicates that (from 
Eq. (la) or (lb)) 

v, - v, < v, - v, 
, Av < 0, (2a) 

Yn - Ye Ya - Ys 

which can be rewritten as 

i.e., vs is larger than the value one would 
obtain from linear extrapolation of v to y = 
ys using the values of v0 and v, at y = yay, 
y = ye, respectively. When the peak is posi- 
tive (A7 > 0), 3, is smaller than the linear 
extrapolated value from v, and v,. The 
sign of Av depends on the phases involved 
((Y, 6, (Y:) and is &dependent of their rela- 
tive quantities. AV should, therefore, be ei- 
ther positive or negative for the transforma- 
tion at T - 714 K for all relevant values of 
y. The experiments exhibit a change of sign 
of Av neary - 1.96. We argue that in the 
wider composition range 1.96 > y > 1.818 
for which the transformation temperature is 
uniform (714 K on heating) the solid is in 
equilibrium. For y > 1.96 this is not true 
anymore. This will be discussed in more 
detail in Section 5.4. 

5.3 Transformation Along the 
Miscibility Gap 

For sample compositions y > 1.846 and T 
> Tph = 714 K two modifications of the 01 
phase denoted by CY and (Y’ coexist. Raising 
the temperature induces a gradual transfor- 
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mationofcu+ac’(y< 1.94)ora’-ta(y> 
1.94) as well as a change in the composi- 
tions of the (Y, (Y’ phases. We denote the 
compositions on the miscibility gap bound- 
ary by y” and y*’ and the corresponding mo- 
lar volumes by va and pa’, respectively. 
Adopting a theoretical evaluation from C, 
(3), exchanging 7 f~ H, a(T) @ C,, the 
thermal expansion coefficient in this y, T 
region can be written as: 

a(T) = Aa(7’) •t 

dx”- , 
Am(T) = dT (V” - va) 

~T)B~~~I (34 

+ Xa 4" ava 
dT r3ya T 

ap’ aVa’ + (1 - x”) - - aT a# T’ (3b) 

where 

40~~~ = xa 7 
ava’ 

ye + (1 - x") aT y" 

(3c) 

and 

xa ~ Y - Y*’ 
y” - y”‘. (34 

Qualitatively (Ya& (T) can be viewed as the 
smooth basic thermal expansion coefficient 
of the solid on top of which modifications 
are added due to phase transformations. 
For the (Y phase (y == 2) (YB& (T) coincides 
with a(T). Computer simulation of Aa 
yields broad peaks in the form of shoulders 
as seen in Fig. 3a for, e.g., y = 1.857. How- 
ever, it cannot reproduce sharper peaks 
seen in other measurements. We have no 
explanation for this deviation from theory. 
In the C,, measurement on the other hand 
the transformation along the miscibility gap 
resulted always in a rather broad shoulder 
which could be fitted rather well by the the- 
ory (3). 

It should be noted that for y > 1.94, i.e., 
left of the miscibility maximum, the trans- 
formation results in a positive shoulder or 

peak, whereas for y < 1.94 the shoulder or 
peak is negative. This is consistent with the 
theory (Eq. (3b)) and is a result of the par- 
ticular values of molar volumes of the (Y and 
(Y’ phases and the shape of the miscibility 
gap. 

5.4 Nonequilibrium at Low Temperatures 
(T < 714 K) in the 2.00 > y > 1.96 
Composition Range 

For y > 1.96, T - Tph, and T < TPh both 
the thermal expansion and specific heat 
measurements (2, 3) indicate that the sam- 
ple is not in equilibrium. We have sug- 
gested before (from the results of C, mea- 
surements taken on heating only) that the 
minor phase (a: for T > Tph, or 6 for T 5 
T& is dispersed in the (Y matrix in the form 
of small crystallites that are under large lo- 
cal pressures. In view of the new data we 
can elaborate more on the possible explana- 
tion. 

We discuss two possible explanations for 
the change in sign of Av for y - 1.96. 

(a) AV becomes po_sitive since the 6 
phase molar volume, V8, is forced to de- 
crease under pressure. For T > Tph and y > 
1.96 let us look at a small grain of the a: 
phase (y = 1.846) coexisting with the CY 
phase and embedded in the (x matrix. On 
cooling from the cr phase this a: grain, with 
a larger free molar volume than the (Y 
phase, was formed under excessive local 
pressure. This grain should transform into 
the QI plus 6 phases (in quantities deter- 
mined by the level rule for the eutectic 
composition). The (Y material will join the 
surrounding cx phase matrix. The 6 phase ( y 
= 1.818) contains almost 10% (ordered) ox- 
ygen vacancies and its free molar volume 
(under 1 atm pressure) is so large that the 
material should expand in this transforma- 
tion as T is lowered. However, for y > 1.96 
the small 6 grain, embedded within the (Y 
phase matrix, cannot expand freely and the 
local pressure on it increases further. This 
pressure does not relax within the time 
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(hours) the system had been kept at T - Tph 
- 714 K. From the theory of elasticity (17) 
one can show that the local pressure on a 
small cavity containing the a: or 6 grain can 
be orders of magnitude larger than the am- 
bient pressure. 

We have estimated (3), using the 
Clausius-Clapeyron equation, that the lo- 
cal pressure is of the order of 1 kbar. Since 
the compressibility of CeOz is roughly 10m3/ 
kbar (18), the change in the lattice constant 
(5) should be 5 x 10m3 A which is sufficient 
to explain the change in sign of Av. 

The excessive pressure on the 6 phase 
grain may increase on further cooling, if the 
thermal expansion coefficient of the (Y 
phase is larger than that of the 6 phase (un- 
der excessive pressure). We assume that 
this is the case in CeO,. 

For y < 1.96 (and in particular for y < 
1.94) the amount of the a: or 6 phase is so 
large that it cannot be considered to be em- 
bedded within a rather rigid (Y phase matrix. 
The local pressure in the sample is then 
(roughly) equal to the ambient one. 

The excessive pressure can explain the 
change in sign in Av at y - 1.96 where the 
concentration of the o$ or 6 phases falls be- 
low -1%. It can also explain smearing of 
the shoulder (3) and the decrease of Tph be- 
low 714 K. It cannot explain the increase in 
Tph for Y - 2.00 found on cooling. This 
leads us to propose a modification of the 
former explanation. 

(b) For the compositions y - 2, the 
amount of 6 phase formed is very small. 
One then assumes that there is a certain 
concentration of defects that can serve as 
nucleation centers (e.g., one per a: grain). 
Furthermore we assume that these defects 
occupy a relatively large volume. On the 
transformation a: + (Y + 6 these defects 
disappear and the total volume decreases 
though vs is rather large. The transforma- 
tion therefore takes place close to the 
“true” transformation temperature (i.e., 

the one for 1 atm pressure). Tph is found to 
be at 714 K. 

If, as the amount of the 6 phase in- 
creases, the concentration of nucleation 
centers stays constant, the 6 grain must be- 
come larger and come under excessive 
pressure. This blocks the transformation 
from being completed at 714 K. As under- 
cooling occurs other kinds of nucleation 
centers or processes enable the growth of 
the 6 phase and the peak of the transforma- 
tion is observed at Tph < 714 K. 

For y < 1.96 the amount of 6 phase is so 
large that the (Y matrix cannot exert pres- 
sure on the 6 phase. Thus Tph - 714 K mea- 
sured on heating can be assumed to be the 
true transformation temperature. Tph mea- 
sured on cooling is lower due to undercool- 
ing required by the dynamics of forming the 
F phase nuclei. 

For y - 2, T’h - 714 K, on heating, Tph is 
observed to be much lower than that mea- 
sured on cooling, after the sample is cooled 
below -670 K. This can be understood if 
the small 6 phase formed on cooling at Tph 
- 714 K comes under further excessive 
pressure due to a mismatch in the expan- 
sion coefficients, with that of the 6 phase 
(under pressure) being smaller than that of 
the a! phase. On heating, a certain amount 
of the 6 phase and nearby (Y phase trans- 
form into the a: phase. Under 1 atm the a: 
phase has a smaller volume than the (Y + 6 
phases forming it. Thus the transformation 
may relax the excessive local pressure. 
This enhances the nucleation of the (Y: 
phase and the transformation takes place at 
a lower temperature, Tph - 690 K. 

5.5 The High-Temperature (T > 921 K) cx 
Phase 

Sorensen (19) suggested the existence of 
phase transitions within the high-tempera- 
ture (Y phase region (T > 921 K, 2.0 > y > 
1.8). No indication for such transforma- 
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tions could be observed in the thermal ex- 
pansion measurements. This is in agree- 
ment with C, measurements in which 
indications for those transformations also 
were not observed. 

5.6 Concluding Remarks 

The dilatometer measurements were 
used to verify by an independent method 
the finding of the specific heat measure- 
ments regarding the value and multiplicity 
of transformation temperatures and the 
general shape of the phase diagram of re- 
duced ceria. The thermal expansion mea- 
surements were done on heating as well as 
on cooling. The phase diagrams determined 
from both groups of results are similar ex- 
cept for a shift due to undercooling and ex- 
cept for a different behavior on cooling and 
heating when the compositions are in the 
range 2 > y > 1.96. The latter difference 
was used to extend an explanation we gave 
before, for the behavior of samples withy > 
1.96 at T < 714 K. We suggest that the sam- 
ple is not in true equilibrium due to unre- 
laxed excessive pressure on the minority 
phase 6. 
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