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The oxygen nonstoichiometry () of UQ,., and (Ce, U, }0s. (y=0.05, 0 25) has been measured as a function of oxygen
activity (ag,} al 1000°C by a sold state eculometric litration technique, The results for UQ,,. are in a good agree-
ment with literature data and the as-dependence of the nonstoichiometry has been well explained with (2:2 2)
clugter model. The equilibrium oxygen activity of (CeU..)(h. increases with Ce-content (y) for given nom-
stoichiometry (x}, which is aseribed to the fact that Ce is preseni as Ce™ and Cs™, and, therefore, the addition of
Ce reduces the oxidation capacily of UQs,. From the oxygen activity dependence of x in (Ce/Us,)Ou., the defect

structure of (Ce, U, )0, iz discussed.
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I. Introduction

O.-based mixed oxides (MOXs), (Me,U,,)0.,. (Me=Er,

Eu, La, Ce, Pu, Th, ete.), are the most widely used
nuclear fuel materials. Metal-to-oxygen ratio, or non-
stoichiometry (x) of the MOX fuel is closely related to its
physical and chemical properties, e.g., diffusion, creep,
electrical and thermal conductivity, release of fission pro-
duct, and FCCI (Fuel-cladding chemical interaction).*”
These properties are very important factors to the pre-
paration of the MOX fuels and to the chemical and phy-
gical processes that oceur in the MOX fuels during burn-
up. The information on the nonstoichiometry (x} as func-
tions of thermedynamic variables, therefore, is crucial in
tailoring the material properties of the MOX fuels and
predicting the behavior of the fuel in nuclear reactors.

The nonstoichiometry (x) of U0, has been extensively
studied by thermogravimetry,”® emf-measurement,™
and quenching technigque.” All of the literature data are
in a rather good agreement in magnitude. In defect struc-
ture analyses from oxygen aclivity (aq,) dependence of x,
however, some discrepancy is found especially in
intermediate a,, range where the nonstoichiometry (%}
lies between about 0.001 and 0.01.

U0.-Ce, mixed oxide is of technological interest in nu-
clear reactor because it behaves similarly to UQ,-PuO,
mixed oxide in the reactor and is also easier to handle.
Furthermore, cerium itzelf is a major fission product
that goes into solid solution in the (U,Pu)Q; matrix.""™
Some studies on the nonstoichismetry (x) of UQO,-CeO,
solid =olutions have been carried out,”'*"™ but they are
concentrated at temperatures lower than 1000°C and
hypo-stoichiometric composition (x<0).
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In ihe present work, the nonstoichiometry (x) of UO..,
and (Ce,1,,}0,., (y=0.05 and 0.25) has been measured for
hyper-stoichiometric composition (x>0) via solid state
coulometric titration. From the oxygen aclivity de-
pendence of x, the delect structure of UQ,, and Ce-effect
on the nonstoichiometry and the defect structure are
invesligated.

II. Experimental

U0; powder was prepared by ammeonium uranyl car-
honate (AUTC) conversion process and CeOp-UQ, mixed
oxide powder was prepared by mechanical blending of
the UQ, powder with appropriate amount of CeQ, powder
(>99.9%, Aldirich, U.S.A). Each U0, and CeOx-UO, mix-
ed oxide powder was pressed at 300 MPa into green pel-
lets of about 10 mam in diameter and 10 mm in length.
Sintering of the green pellets was performed at 1700°C
for 4 hours in hydrogen atmosphere. The sintered pellets
were then crushed into chips to he used for coulometric
titration experiment. Density of each sintered pellet
meagsured by water immersion method was 97.2, 90.5,
and 77.5 %TD, respectively.

The nonstoichiometry (x) of UQ,, and (Ce,U,,)0,,. (y=
0.05 and 0.25) was measured hy means of solid state
coulometric titration wilh the high-temperature elec-
trochemical cell

Pt(CeyU )05, (a0 )| salid electrolyle | agt, Pt (I
and the experimental cell is schematically shown in Fig.
1. A disk of 8 m/o yttria-stabilized zirconia (BYSZ), 12.5
mm in diameter *1~1.5 mm thick, was employed as
the solid electrolyte. The most critical characteristic of
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Fig. 1. Schematic diagram of the coulometric titration cell.
1, Pt-lead wire, 2, Y5Z ring; 3, Pt foil; 4, alumina cup; 5,
specimen; 6, alumina ring; 7, YSZ disk; 8, silicate glass; 9, 8-
type thermocouple.

an electrochemiecal cell is that the chamber conlaining
the oxide sample has to be isolated completely from the
outer gas atmosphere so that oxygen molecules are sup-
plied to the chamber or removed from it in known
amounts only through the solid electrolyte by electroche-
mical reactions at porous Pt-electrodes. For a complete
isclation, silicate glass powder with the composition of
49 wt% 510, 25 wt% Ba0, 16 wt% B.0,, and 10 wi%
AlO, was used as shown in Fig. 1. At high temperatures
above 1000°C, the silicate glass powder melts and pro-
vides a gas-tight seal. Details of the preparation of the
electrochemical cell have been described elsewhere ™"

Coulometric titration was performed by passing con-
stant currents through the YSZ electrolyte with' a d.ec.
current source (Keithley 224) and measuring open-cell
em.f across the electrolyte with a digital multimeter
(Keithley 2000). The applied current was the order of 100
pA. The amount of atomic oxygen, ANy, which was re-
moved from or added to the sample chamber can he cal-
culated as

I-t
ANy = F (1)
where I denctes the applied current for a time duration t,
and F the Faraday constant. If the oxygen content in the
dead volume of the sample chamber can be neglected as
is the case, the change of the oxygen nonstoichiometry,
Ax, in {Ce,U;,)0s,, 18 then given as follows:

M M-It

Ax=x—-xt* = —. = 2)
X m O amF (

where x* is the nonstoichiometry at the starting point of
coulometric titration, M the molar weight of the speci-
men, and m the specimen weight. After the current was
turned off, the equilibrium oxygen activity over the speci-
men, 4, has been delermined via the Nernst equation
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ag,=ag!-exp (—4FE/RT). (3}

In Egq. (3), E is the steady state open-circuit e.m.f. across
the solid electrolyte, and a()ﬁ”r the oxygen activity of the
reference gas flowing outside the titration eell. In the
present work, Ar/Q, or CO4/CO mixtures were employed
as the reference gas, whose oxygen activity, aog‘“ was
monitored with a stabilized zirconia oxygen concentra-

tion ecell.
II1. Results and Discussion

1. Nonstoichiometry (x) and defect structure of
U0,

In Fig. 2 is shown a titralion curve or a nonstoi-
chiometry isotherm, x(ap), for the system of hyper-
stoichiometric UO,., at 1000°C together with literature
data.****™ There exisls rather good agreement between
the present work and the litevature data, which had
been measured by other methods than coulometric ti-
tration, e.g., thermogravimetry, E.DM.F. measurement,
and quenching technigue.

Point defects in UQ.,., are known not to exist as iso-
lated defects but to form clusters among them, except for
near-stoichiometric compositions {(x=0). The most fre-
guently adopted defect model in discussing the defect
structure of hyper-stoichiometric TUQ,,, is (2V,20,207
cluster involving oxygen vacancies (V) and two different
types of interstitial oxygens (0" and ) proposed by
Willis on the basis of neutron diffraction.®® Using the
Kroger-Vink notation, the formation of the so-called
(2:2:2) cluster is represented by
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Fig. 2. Nonstoichiometry, = in hyper-stowchiometric UQ,,, at
1000°C as a function of oxygen activity (ap,). Open symbels
are from Refs. [b], [6], [8], [10] and [12].
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205 +0,(g) +0Up= (V5207209 +0U :Kygy, “

where Ky and n are the reaction equilibrium constant
and the effective charge of the (2:2:2) cluster, respec-
tively. Applying mass action law to Eq. (4) with the as-
sumption that the defects behaves ideally,

[(2v520,200)] [Ug 1"

X7 rp gt 5)
[Ool* Vol ac,

K'FEE(n) =

From the following electroneutrality condition and site
balance

n[(2V520,207]=[Uy 1. (6)
2[(2V520, 200 =x, (7

log x can be related to log as, as follows.

1
logx =K I . 8
ogx =K+ ) agag,, 8
where
1 2n|—3
K= ([’H—l) ]Og [? Km")J - (9)

In the derivation of Eq. (8), [05"] and [Uy"] are assumed
to be 2 and 1, respectively, due to x<<1. From the slope
of a plet of log x versus log a,,, therefore, the value of n
can be calculated and, consequently, charge state of the
(2:2:2) cluster can be determined.,

Fig. 3 gives log x vs. log a;, isoltherms for the hyper-
stoichiometric UQ,,, with the data of other workers ¢"**%
The slopes for all of the data sets are about 1/5 in low
oxygen activity region, and 1/2 in high oxygen activity re-
gion. Thus the defect structure of hyper-stoichiometric
UQ,,, seems to change from a quadruply ionized
(Vs 20,20 cluster to a singly ionized (2V,20. 202
cluster with increasing oxygen activity, which means
that stronger interaction between (2:2°2) clusters and
electron-holes oceurs at high ag,. From the intercepts ob-
tained from the linear regression for the data in Fig. 3,
reaction constants for the formation of each (2:2:2) clust-
er can be caleculated from Eq. (9), and the results are lisi-
ed in Table 1. As temperature increases, the two reac-
tion constants decrease, which means that each oxygen
incorporation reaction is exothermic,

As mentioned before briefly, some discrepancy in the
analysis of the defect structure of hyper-stoichiometric
U0,,. is found among authors especially in the region
where (2V,20,"20"" was concluded to be predominant
in the present work. Mateui and Naito® reported that
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Fig. 3. Log x vs. Log ag, for hyper-stoichiometric UQ,,, at
1000°C and 1200°C. Open symbols at 1000°C are from Refs.
[6]-[8] and [23] and the data at 1200°C are from Ref. [14].

the slopes of log x vs. log a,, plot are 1/2 and 1712 in the
composition range of x>0.006 and 0.003<x<0.006, respec-
tively. The 1/2-slope in high Aq, region {ie., x>0.006) is
the same with the present result and they also inter-
preted that the 1/2-slope stems from (2V,20,20") cluster,
but the 1/12-slope in low ag, region (ie., 0.003<x<0.008)
shows a rather hig difference from the present results.
To explain the 1/12-slope Maisui and Naito proposed
another type of defect model. According to them, as the
nonstoichiometry (x) decreases below about 0.0086, the de-
fect cluster includes more oxygen vacancies so that {2V,
20,07 becomes prevailing, and they explained the 1/12-
slope with (2V,20.0°” model. Markin e ol on the
other hand, reported that the log x vs. log has 1/6-slope
in the compogition range of 0.003<x<0.006.

For more detailed analysis on the defect structure of
the hyper-stoichiometric UO,,., the data on eleetrical pro-
perties, e.g., electrical conductivity and thermoelectric
power, are required, which may have the same ap;
dependence as the nonstoichiometry (x)} and can usually
be measured more precisely than nonsteichiometry.

2. Nonsioichiometry (x) and defect siructure of
(Cej‘ UI -yJ O2+x
Nonstoichiometry (x) of hyper-stoichiometric (Ce,U,,)

Table 1. Reactions and their Equilibrium Constants at 1000°C for the Formation of (2:2:2) Cluster Calculated from the Linear
Regression of the Present Data at 1000°C and the Literature Data at 1200°C [24] in Fig. 3.

Reactions Temperature Reaction equilibrium eonstant

205" +0,(2) + AU =(2V 20,205 "+ 41T,

2057 +0,(m)+Uy"=(2V,20,"20.5+ U,

1000°C Log Kyup=0.0-0.1
1200°C Log Kyoyy=-0 19--0.07
1000°C Log Kggpp=4+1

1200°C Log Kug1=1.920.1
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(... has been measured at 1000°C for cationic composi-
tions of x=0.05 and 0.25 and the resulis are illustrated
in Fig. 4 togelher with the results for UQ.,,. As shown
in Fig. 4, the nonsteichiometry isotherms shift towards
higher oxygen activity as the Ce-content (y) increases.
In other words, the nonstoichiometry (x) decreases at
a fixed oxygen aelivity and the oxidation capacity of
{Ce, )0k, iz reduced with increasing amount of Ce.
The shift of the nonsteichiometry isotherms are ge-
nerally found in Re,0,-UQ; solid golution or (Re U, )0;,.,
where Re is a rare-earth element having valency of 3,
eg., (LaIN0."™ (G0, ™ and (Er, N0, ="
Ce0,,, exists as hypo-stoichiometric oxide (x<0),* which
means that Ce ion may exist only as Ce” and Ce" and
the mean valence of Ce ion in CeQ,., is less than 4. The
effect of Ce on the nonstoichiometry of UQ,.., therefore,
is similar to that of Re and can he understood in terms
of the mean valence of the added cation.

In Fig. 5 are represented log x versus log a,, isotherms
for hyper-stoichiometric (Ce,UU,,)0,,, for y=0, 0.05, and 0.25
at 1000°C. For (Cenllys)0z., the slopes are 1/5 and 1/2
at low and high a,,, respectively. The defect spructure of
hyper-sioichiometric (Ce, 10505y, therefore, is concluded
to be the same as that of hyper-stoichiometric UQ,,,, 1.e.,
a quadruply ionized (2V,2070,Y" cluster at low ag, and a
singly ionized (2V,20°07Y clusler at high . For
(CeossUy75)0s,,, however, the slopes are different from those
of U0y, and (CeeeUoes}s- ¢ they are 1/2 at low ag, and 1
at high as,. If one could assume that the defect structure
of (Cog s Uar) O,y 1s of the same type as UQ,,, and (Ce,o ;o)
0,.., the ohserved dependencies could be explained with a
singly ionized (2V,20,20 cluster and a neutral (2V,20"
20 cluster at low and high ap,, respectively.
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Fig. 4. Nonstoichiometry, x in hyper-stoichiometrie (CeU,.,)
0y, al. 1000°C for the cationic compositions of y=0, 3.05 and
0.25 as a function of oxygen activity.
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Fig. §. Log x vs. Log ag, for hyper-stoichiometric stoichiome-
tric (Ce,U,,}0,,, at 1000°C for y=0, (.05 and 0.25.

IV. Conclusions and Summary

The nonstoichiometry (x) of hyper-stoichiometric UQ,,,
(Cey U)oy and {(CeyU:00s,. has been measured at
1000°C as a function of oxygen activity (ag,} via solid
gtate coulometric titration.

The log x vs. log as, plot for hyper-stoichiometric U0,
gives straight lines with two different slopes: 1/5 at low
ao, and 1/2 at high a,. These dependencies of x on
oxygen activity can be explained with a guadruply ion-
ized (2Ve20.,°0)"" cluster and a singly ionized (2V,
20,0/ cluster at low and high a,, respectively.

The nonstoichiometry (%) of hyper-stoichiometric (Ceyup
Uyes)Os, shows the same ap -dependence as UQO,., and it
has been concluded that the defect structure does net
change at least up to 5§ mole% addition of Ce to UQ,,,
ie., a quadruply ionized (2V,20,°20™ cluster at low 8g,
and a singly ionized (2V,20,'20.")' cluster at high a,,.

For (CeysUpn)Oy.,, however, the slape at each regime
changes : 1/2 at low ag, regime and 1 at high aq, regime.
This indicates the major defect type is different from
that of U0, and (Cepellow)Onn IE (CepuglIe )0, 18 as-
sumed to have the same defect structure as U(s,,, the ob-
served slopes can be explained with a singly ionized (2V,
20,20,) cluster at low ao, regime and a neatral (2V,20."
20" cluster at high a,, regine.
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