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Abstract

The isothermal electrical conductivity and oxygen potential of the (U,Gd)O,x, solid solution were measured in var-
ious oxygen partial pressure regions at 1200 °C and 1300 °C. The electrical conductivity gradually decreased with
decreasing oxygen partial pressure even in the hypo-stoichiometric region. These findings were in contrast to the impli-
cation of a hypo-stoichiometry where the electrical conductivity is increased through the formation of oxygen vacancies.
The (U,_,Gd,)O,_,,» was defined as a new stoichiometric composition to determine the relationship between the devi-
ation of the oxygen composition from stoichiometry and oxygen partial pressure. The dependence of the new oxygen
deviation, z in (U;_,Gd,;)O5_,/»+, on the oxygen partial pressure corresponds to the dependence of the electrical con-
ductivity, and thus a consistent defect structure model can be deduced from both the dependence curves. It suggests that
the defect type is oxygen interstitial even below the oxygen composition of 2.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Uranium dioxide can accommodate large amounts of
excess oxygen atoms, with its cubic symmetry main-
tained [1-7]. Incorporated and displaced lattice oxygen
atoms form defect aggregates called oxygen defect clus-
ters. Various kinds of oxygen defect cluster models have
been suggested. Among these, the Willis’s (20?2V020?)
defect cluster [1,7] and the cuboctahedral cluster [5,8-10]
are commonly used for interpreting a defect cluster in
the UO,., system. The oxygen defect structure and its
ionization state in the UO,., system are often deduced
from the dependence of the oxygen partial pressure,
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Po,» on the oxygen deviation from stoichiometry (x)
and /or electrical conductivity (o) [11-15]. The deviation
(x) and the electrical conductivity (o) have similar corre-
lations with the oxygen partial pressure, i.e., x p})é *and
0 X p(l)/v & respectively. The « and f values convey some
important information on the defect structure. Thus,
the oxygen defect structure can be deduced from the o
and f values by applying an appropriate defect model.

A mixture of UO, and neutron-absorbing lanthanide
oxides (Ln,O3), which is in the form of (U;_,Ln,)O, is
used to control the nuclear fission in nuclear reactors,
together with UO, fuel [16-19]. A trivalent Ln** cation
substitution leads to changes in the relationship between
the oxygen-to-metal (O/M) ratio and oxygen partial
pressure. The O/M ratios at all the oxygen partial pres-
sures are decreased by the substitution of the Ln** cat-
ion. In the low oxygen partial pressure region [20,21],
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the metal-to-oxygen ratio becomes even smaller than
2.0, i.e. (U;_,Ln,)O,_,, which is not possible for UO,.
The sub-stoichiometry resulting from the reduction
of Pu** to Pu®* can also be found in the uranium-pluto-
nium mixed oxide (MOX) [22-28]. The defective
structure in hypo-stoichiometric (U, _,Pu,)O,_, is inter-
preted in terms of a clustering of the Pu** and oxygen
vacancies. The Markin-Mclver rule [22] proposed that
the oxygen potential depends only on the average va-
lence and not directly on the concentration of pluto-
nium. However, the valence state of the lanthanide
cation in (U;_,Ln,)O,_, system is intrinsic and always
fixed at 3+. The oxygen potential depends directly on
the substitution amount of the lanthanide cation.
Several researchers have measured the non-stoichi-
ometry and electrical conductivity in the (U,Ln**)Osx,
system at various oxygen partial pressures and tempera-
tures, and they have suggested various defect models
based on those measurements [29-40]. The suggested de-
fect models cover wide ranges of the substituted species,
substitution amounts, and measuring temperatures so
much so the oxygen defect models in a Ln** substituted
UO, are difficult to integrate in a consistent manner.
Nevertheless, it has been commonly stated that the de-
fect is related to the oxygen interstitials in the hyper-stoi-
chiometric region and it is related to the oxygen
vacancies in the hypo-stoichiometric region. The hyper-
and hypo-stoichiometry means the upper and lower
deviations from the O/M ratio of 2.0, respectively. Thus
the charge concentration should increase as the non-
stoichiometry increases, regardless of the types of
defects. The electrical conductivity vs. oxygen partial
pressure curves of (U,Ln*")O,+, should have a para-
bolic shape with a flat minimum at the O/M ratio of
2.0 as in the Gdy(Zr,Ti;_,Ta,),0; system [41].
However, several electrical conductivity measure-
ments of (U,Ln*")O,_, in the hypo-stoichiometric
region have shown somewhat opposite results. Matsui
et al. found that the electrical conductivity of the
hypo-stoichiometric (U;_,La,)O,_, slightly decreased
with decreasing oxygen partial pressure [22]. Ohmichi
et al. also found that the isothermal electrical conductiv-
ity of hypo-stoichiometric (U,_,Y,)O,_, decreased with
an increase of the oxygen deficiency x [36].
Inconsistency can also be found in the hyper-stoichi-
ometric region. The electrical conductivity is the product
of the concentration and mobility of the charge carriers.
The concentration of mobile charge carriers is propor-
tional to the oxygen deviation from the stoichiometry,
which is determined by the oxygen partial pressure. It
is known that the hole mobility for the same type of oxy-
gen defects is almost independent of the change in the
oxygen partial pressure [29,40]. This implies that the o
and f values in the x pg: and ¢ x p(l)/f equations
should be closely interrelated. However, in most cases
of the (U,Ln*")0,, system, the two values are quite dif-

ferent from each other, and moreover, relations between
them are not clearly explained as yet.

In this study, the electrical conductivity and non-
stoichiometry, x, of (U;_,Gd,)O5+, (y=0.087,0.169)
were measured at various oxygen partial pressures at
1200 °C and 1300 °C. A new stoichiometry was pro-
posed to explain in a congruent way the relationship
between the electrical conductivity and the non-stoichi-
ometry. The defect structure of (U,Gd3+)02n was de-
duced from both the electrical conductivity and
non-stoichiometry change based on the new stoichiome-
tric oxygen composition.

2. Experimental

Wet ball-milled powders of 6 wt% and 12 wt%
Gd,03-doped UO, were pressed into cylindrical pellets
and sintered in H, at 1730 °C for 4 h. The sintered pel-
lets were held at 1650 °C for 20 h in a gas mixture of
CO; and H, (CO»/H, = 0.3) for the purpose of chemical
homogenization. The annealed sample pellets were
cooled to room temperature in 3 vol.% CO, containing
H,. The formation of the single-phase solid solution
was characterized by X-ray diffraction and EPMA area
mapping. For the thermogravimetric studies, 1.5 g of the
pellet samples were loaded into a TGA (Shimadzu, TG-
50) and the isothermal weight changes according to the
variation of the oxygen partial pressure were measured.
The oxygen partial pressure was controlled by flowing
various CO and CO, gas mixtures and monitored by
an oxygen sensor. The electrical conductivity was mea-
sured by the conventional DC 4-probe method. Two
Pt plates were attached to both ends of the cylindrical
sample pellet, and two Pt wires in the vicinity of both
ends. The constant currents were applied stepwise
through the two Pt plates in the range from —40 mA
to 40 mA with a 5 mA interval. The corresponding volt-
age drops between the two inner Pt-wire probes were
measured.

3. Results and discussion

3.1. Dependence of the non-stoichiometry and electrical
conductivity on the oxygen partial pressure

Fig. 1(a) displays the isothermal O/M ratio changes
of (U;,Gdy)0s+, (y=0.087,0.169) as a function of
the oxygen partial pressure measured at 1200 °C and
1300 °C. As the Gd contents or temperature increase,
the O/M ratio shifts to a higher po, region, and the po,
range showing a constant O/M ratio tends to become
more narrow. Logx vs. logpo, is plotted to obtain the
value o in the x p(l)" relation and are shown in Fig.

2

1(b). The exponent « is about 1 for the hyper-stoichiom-
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Fig. 1. (a) Dependence of the metal to oxygen ratio, O/
(U + Gd), on the oxygen partial pressure of (U;_,Gd,)O5x.. (b)
Dependence of the oxygen non-stoichiometry, x, on the oxygen
partial pressure of (U;_,Gd,)O5x+..

etric region and about —2 for the hypo-stoichiometric
region, respectively. These results agree well with other
measurements [31].

Fig. 2(a) shows the isothermal electrical conductivity
changes. The electrical conductivity curves show basi-
cally the same features as those of the O/M ratio; they
are decreasing, remaining constant and then decreasing
as the oxygen partial pressure decreases. It is interesting
to note that the electrical conductivity continues to de-
crease even in the hypo-stoichiometric region. This re-
sult is in contrast to the commonly accepted defect
model that the electrical conductivity should increase
due to the creation of free electrons in the hypo-stoichi-
ometric region.

Fig. 2(b) shows the plot of loga vs. logpo,. From the
comparison of Fig. 1(b) and Fig. 2(b), we can see that
the shape and the slopes of the two curves are totally dif-
ferent from each other in both the hypo-stoichiometric
and hyper-stoichiometric regions. The dependence of
the oxygen non-stoichiometry suggests that the oxygen
vacancy type defect concentration increases with the
decrease of po, in the hypo-stoichiometric region. How-
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Fig. 2. (a) Dependence of the electrical conductivity, o, on the
oxygen partial pressure of (U;_,Gd,)O5x.. (b) Plots of the loga
VsS. Ingo2 of (Ulfdey)Ozix.

ever, the electrical conductivity continues to decrease,
suggesting that the defect in the hypo-stoichiometric re-
gion might not be an oxygen vacancy that can create free
electrons. In the hyper-stoichiometric region, both the
oxygen non-stoichiometry and electrical conductivity in-
crease with increasing oxygen partial pressure. However,
the slopes of the two curves are quite different from each
other. The slope of the electrical conductivity curve of
(Up.013Gdg 037)O0s+, is about 1/4. In the case of the
(Up.831Gdo.169)O52 system, the slope is about 1/12. On
the other hand, the slopes of the non-stoichiometry
curves of (Ug.913Gd.087)O02+x and (Up.g31Gdo.169)O21x
in a high po, region show the value of 1. Similar differ-
ences between o and f are generally found in
(U,Ln3+)02¢x systems [40]. But, any reasonable correla-
tions between the two exponents have not been sug-
gested as yet.

The charge neutrality condition of [h']=
[Ln},] = constant is frequently introduced to interpret
the flat electrical conductivity dependence in the inter-
mediate oxygen partial pressure region of the
(U,Ln**)Os+, system [34,40]. The electrical conductivity
is constant when the [A'] = [Ln},] = constant condition
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prevails. The defect model in the intermediate oxygen
partial pressure region can be deduced only from the
dependence of the oxygen non-stoichiometry on po,.

3.2. A new definition of the stoichiometry in the
(U,Gd’* ) 054 system

The stoichiometric O/M ratio of Gd,03 doped UO,
is usually defined as 2. The chemical formula of
Gd,0; doped UO, is generally denoted as

(Ui ,Gd,) 054 (1)

The non-stoichiometry x denotes the deviation from 2.
The chemical formula of (U, _,Gd,)O, can be divided as

(u,6ar0ly) - (Ustor) 2)

It implies that a negatively charged oxygen atom at an
oxygen concentration of 2 compensates for the U cat-
jon. The U* cation atoms can be reduced to U*" cation
atoms. Therefore, the fully reduced composition is de-
scribed as

(ut,Gd")o, (3)

Lindemer and Sutton [21] have found that x of
(U‘ffde;*)Oz,X was converted very closely to

2.0 — y/2 as the oxygen potential was lowered when
the substituted amount of Gd was not too high. Fujino
et al. [42-44] have tried to explain the oxygen potential
of the M>* cation-substituted UO, system in terms of
the configurational mixing of various kinds of cation
complexes. According tq their calculations, the oxygen
potential of Ul,yLnf,+ 0,0+ was rapidly decreased
at an oxygen composition of 2 — y/2 because the config-
urational entropy was diverged to an infinite value. The
composition of the stoichiometric phase is not changed
by the oxygen potential in a certain oxygen potential
range. Therefore, Lindemer’s experimental results and
Fujino’s computational results suggest that the phase
having chemical composition of Eq. (3) could be a new
stoichiometric phase in the Gd doped UQO, system.
Then, the oxygen deviation z from a new stoichiometry
can be expressed as

(U‘l‘fyfzzUZde?)Oz,gﬂ 4)

The newly defined non-stoichiometry z and x in Eq. (1)
has the following relation:

z=x+y/2. (5)

Nakajima et al. [45] measured the oxygen potential of
a hypo-stoichiometric (U,Y)O,_, solid solution using a
mass spectrometer. They found that the oxygen potential
of U;_,Y,0,_,/» was almost in agreement with that of
pure urania having the same oxygen deficits (UO,_,).

AG
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2092 2.0
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Fig. 3. Schematic representation of the Gibbs energy of oxygen
on the composition in the (U;_,Ln,)O,., solid solution
together with that of UO,,,. The dark area corresponds to
the experimental range of this work.

This result might be controversial because the oxygen
potentials of the solid solutions containing the trivalent
M?** ion are generally known to be more positive than
those of pure urania. However, if we assume a new stoi-
chiometric phase below the O/M ratio of 2, this result can
be relatively well understood. Fig. 3 represents schemat-
ically the variation of the oxygen potential using the con-
cepts of new and original stoichiometry in U;_,Ln, O,
together with UO,..,. At x = y/2, the oxygen potential of
U,.,Y,0,_,» might be decreased to such an extent that
it is almost the same as that of UO,_,,,. In addition, the
configurational entropy, consequently the oxygen poten-
tial, of the two phases might be in accord with each other
because each concentration of Y** and U*" in
U;_,Y,0,_, is the same as that of charged oxygen
vacancies and U*" in UO,_,. The experimental data of
Nakajima et al. [45] could also support that
U;_,Y,0,_, is a stoichiometric composition.

The oxygen partial pressure dependence of the new
non-stoichiometry z was recalculated according to Eq.
(4). The non-stoichiometric dependence curves are plot-
ted in Fig. 4, together with those of the conductivity. As
shown in these figures, the recalculated non-stoichiome-
tric dependence curves are in good agreement with those
of the electrical conductivity. The recalculated non-stoi-
chiometric dependence curves suggest that the defect
type is always oxygen interstitial even below the O/M ra-
tio of 2.0. We can also observe that the oxygen concen-
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Fig. 4. Revised dependence of the oxygen non-stoichiometry, z,
on the oxygen partial pressure together with the dependence of
the electrical conductivity. The z is the oxygen non-stoichio-
metry in (U;_,Gd,)O5_2+:: () (Ug.013Gdo.087)02—y12+- and (b)
(Uo.831Gd0.169)02 242

tration does not change in the intermediate po, region,
and that the slopes of the curves in a high po, region
are almost the same as those of the electrical conductiv-
ity curves. These findings are quite different from those
of Fig. 1(b) but almost identical to those of the electrical
conductivity dependence curves in Fig. 2(b).

When the new definition of a reference stoichiometry
of Eq. (3) is applied to the MOX system, the situation is
somewhat different. According to the oxygen potential
calculation of Schmitz [24], the oxygen potential of
(Ui_,Pu,)O,_ is also abruptly diminished at x = y/2.
However, Fujino et al. [46] show that the electrical con-

ductivity of (Ug.{Pug9)O,_, is increased with a decrease
of oxygen partial pressure at a low oxygen partial pres-
sures. This fact confirms that the defect concentration is
increased as the O/M ratio deviates more from 2, and the
defect type of the hypo-stoichiometric MOX is an oxy-
gen vacancy, i.e. free electron. As aforementioned, a
new kind of cation having a different valence state,
Pu*", is created in the hypo-stoichiometric region of
the MOX system, and its concentration is increased with
decreasing oxygen partial pressure. Whereas, in the
(Uy-yLn,)O5+, system, any new kind of cation is not
created in the hypo-stoichiometric region. Only the con-
centration of the existing U** is diminished with an oxy-
gen partial pressure decrease until all the U>* cations are
reduced to U*" cations. The decrease of the electrical
conductivity in a low partial pressure region verifies
the diminution of the defect concentration, i.e. holes,
in the hypo-stoichiometric region with decreasing oxy-
gen partial pressure. The difference of defect type be-
tween (U,Pu)O,_, and (U,Ln)O,_, suggests that, when
we choose the reference stoichiometry for inter-
preting the defect structure, it should be considered
whether a new type of cation having a different valence
state appears or not across the stoichiometric
composition.

3.3. Defect structure of the (U,Gd")Os+, system

By applying the new stoichiometry of Eq. (4), the
slope of the non-stoichiometry dependence curves of
Fig. 1(a) was largely changed in Fig. 4. The most of sug-
gested defect structures in the U;_, Gd,O5_,/>+. System
were analyzed with the slopes in Fig. 1(b). Therefore the
defect structure needs to be revised according to the
slopes in Fig. 4.

The structural determination of the defect structure
in the hypo-stoichiometric (U,Ln**)O,_, system has
not been systematically carried out as yet. However,
the oxygen vacancy cluster models including a dopant
have been suggested [25,26,38]. These defect structure
models might be applicable by changing the oxygen
vacancies to oxygen interstitials. The dependence curves
measured at 1200 °C show smoothly changing curva-
tures in a low po, region, so it is difficult to clearly deter-
mine the slope. However, the o or values are determined
to be 4-5 for both the solid solutions from the depen-
dence curves measured at 1300 °C. This value implies
that the incorporated oxygen interstitials are not simply
associated but form defect clusters [31]. Particularly, the
very similar slope to that in the high oxygen partial pres-
sure region suggests that the defect structure in the low
oxygen partial region may be similar to that in the high
oxygen partial pressure region.

According to Eq. (2), the charge neutrality condition
in the intermediate oxygen partial pressure region can be
expressed as
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[7'] = 2[0!] = 2z = [Gd] = constant. (6)

The hole mobility in the (U,Ln**)Os4, system is known
to decrease with an increase of the Ln** concentration
due to the decrease of the available hole hopping sites
[29,47]. Eq. (6) also suggests the possibility that the hole
concentration might be non-linearly proportional to the
[Gd] concentration when the cation clustering occurs
especially in a high [Gd] containing solid solution.

The most frequently adopted defect cluster for hyper-
stoichiometric system is either the (2V(20?20P)" or
(2V50*20P)" cluster which involves two kinds of inter-
stitial oxygens and vacancies. The oxygen partial pres-
sure dependence of the non-stoichiometry z is obtained
as zx p(])/;m“) for the (2Vp20%20°)" cluster and

zZx pgf("“) for the (2Vo0*20°)" cluster. The slope for
the (U0'913Gd()‘087)02,2/y+: solid solution in a hlgh Po,
is about 1/4. It can be explained by both the
(20"2V520%)" or (0*2V20P)" defect cluster model.
In the case of the (Up g31Gdy.169)O2-_2/y+- solid solution,
the slope is about 1/5. In this case, the (ZO?ZVOZOE’)M
defect cluster model can be suggested. If we assume that
the major defect structure does not change and only its
valence state varies with the Gd contents, the
(202V20P) defect is more plausible for the defect
model at high po,.

There is a noticeable difference between the non-stoi-
chiometry and electrical dependence curves in a high
Po, region. The conductivity curves depart from the lin-
ear dependence near or above Do, ® 1073 bar. From
Fig. 4(a) and (b), we can found that the oxygen partial
pressure at the inflection is almost independent of the
Gd concentration. In addition, the corresponding new
oxygen non-stoichiometry z at the inflection is also
independent of the Gd contents and has a value of
about 0.1. The observed oxygen partial pressure at an
inflection point and a corresponding oxygen non-stoi-
chiometry z are found to be almost the same as those
observed in the UO, base fluorites such as UO,,,,
(U1.,Y,)O054 [29] and (U;_,Er,)O,., [40], when the
experimental data of these systems are reanalyzed using
our new stoichiometry, i.e., UO2., (U1,Y,)O00_yp4-
and (U;_,Er,) O,_,p+.. This implies that the electrical
conductivity curves of (U,Ln3+)02,y,2+_. are inflected
when the oxygen non-stoichiometry z exceeds 0.1
regardless of the amount or species of the doped cation.
The oxygen non-stoichiometry z can be converted to
the U** fraction (fus+) from the total cations by using
Eq. (4). The electrical conductivity departs from the lin-
ear dependence when the fraction of U*" per total cat-
ions becomes smaller than about 0.8. This slope change
in the electrical conductivity curves above
Po.~ 107> bar may be associated with a suppression
of the charge mobility since the non-stoichiometry,
1.e., charge concentration, linearly increases even above
Po,~ 107 bar.

A relationship between the oxygen partial pressure
and hole concentration makes it possible to calculate
the mobility of the hole using the following equation:

o
RS (7)

Hn

The ¢ is the elementary charge and Cj, is the hole con-
centration. This concentration, and the oxygen non-stoi-
chiometry, z, per fluorite unit cell are related as follows:

4. [z]’ ()

where a is a lattice parameter. The defect type and its va-
lence state determine the constant 4. From Egs. (7) and
(8), the mobility of , is given in terms of the electrical
conductivity and non-stoichiometry as follows:

3

Ch=4A-

o-a
= 9
From Eq. (6), the 4 value in the intermediate oxygen

partial pressure region for both solid solutions is 2. The

significance of 4 in a low and high oxygen partial pres-

sure region is not clear at present, but if we tentatively
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Fig. 5. Hole mobility of (U;_,Gd,)O,_,»+- as a function of the
oxygen partial pressure: (a) (Up.913Gdg.037)02—,/2+- and (b)
(Uo.831Gd0.160)02yra+2-
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assume that the incorporated oxygen is fully ionized
regardless of the defect type, then A4 is 2 in the whole
oxygen partial pressure range for both solid solutions.
Fig. 5 shows the calculated hole mobility for both so-
lid solutions based on the assumption that the incorpo-
rated oxygens are fully ionized. The calculated mobility
is in agreement with the other trivalent cation-doped
UO, systems [29,40]. The hole mobility of the
(Uo.831Gdp.169)O2— 2+ System does not change with
oxygen partial pressures below po, ~ 1073 bar. This re-
veals that the incorporated oxygen atoms in the solid
solution were fully ionized regardless of the oxygen de-
fect structure because the mobility of the same type
charge carrier is known to be constant. However, in
the (Up.913Gdg.087)O2— 2+ System, the hole mobility in-
creases in a high po. region between 1077 bar and
1072 bar. The increase of the hole mobility may be due
to the difference in the charge state of incorporated oxy-
gen. It might be worth noting that the hole mobility of
both solid solutions decreased linearly at high oxygen
partial pressure above po, ~ 1073 bar. In a small polar-
on hopping mechanism [48], the hole mobility is directly
proportional to the fraction of the unoccupied site avail-
able for a carrier occupancy. The decrease of the hole
mobility in a high oxygen partial pressure above
Po, & 107> bar might be ascribed to the diminution of
the unoccupied site available for a carrier occupancy.

4. Conclusion

The isothermal electrical conductivity of the
(U0.913Gd0.087)O02+, and (Up 831Gdo.160)O2x systems de-
creased with decreasing oxygen partial pressure not only
in the hyper-stoichiometric but also in the hypo-stoichi-
ometric region. This result cannot be understood by the
commonly accepted defect model where oxygen vacancy
type defects prevail in the hypo-stoichiometric region
and thus the electrical conductivity should increase with
decreasing oxygen partial pressure by means of the for-
mation of the free electrons.

Based on the literature where the (U;_,Ln,)O,_,
composition is constant in a certain range of the oxygen
partial pressure, (U;_,Gd,)O,_, is defined as a new
stoichiometric phase. The dependence of the new oxygen
non-stoichiometry z in (U;_,Gd,)O,_,>+. on the oxy-
gen partial pressure suggests that the defect type is an
oxygen interstitial even below the oxygen composition
of 2, just as the electrical conductivity curve does. In
addition, the oxygen composition maintains constant
in the intermediate po, region, and the slopes of the
curves in a high po, region are almost consistent with
those of the electrical conductivity curves.

The hole mobility of both solid solutions in the total
measured oxygen partial pressure region was calculated
using the correlation between the oxygen non-stoichio-

metry and the electrical conductivity. The hole mobility
was found to remain almost unchanged, regardless of
the defect cluster type, with the oxygen partial pressure
change as far as the ionization state of the defective oxy-
gen atom remains constant. However, the hole mobility
of both solid solutions decreases linearly with the oxy-
gen partial pressure increase when it exceeds
Po, & 1072 bar.
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