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Abstract

An experimental method, based on measurements of the expansion of a single crystal as a function of thep(O2) was used to determine the
concentration of uranium vacancies in hyperstoichiometric uranium dioxide. The results are consistent with the concentration of electrical
carriers measured in the same conditions, they are also in qualitative agreement with a theoretical modelling proposed in the literature.
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owever, an improved interpretation would require to take into account the clusters of oxygen interstitials and vacancies.
2005 Elsevier Ltd. All rights reserved.
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In order to understand the behaviour of a given ma-
erial, the knowledge of its actual point defects is a key
oint. In the case of hyper-stoichiometric uranium dioxide
UO2+x), at temperature between 1173 and 1673 K, an ap-
arent contradiction exists in the nature of the point de-

ects associated to hyper-stoichiometry depending on the
tudied properties. On a crystallographic point of view, the
rystalline structure of UO2+x is Fm3̄m, like UO2, with
decrease of the unit cell parameter as a function ofx.1

illis proposed the existence of oxygen intertitials or clus-
ers of oxygen interstitials and vacancies to interpret the
iffraction data.2 On the another hand, the sintering speed
f UO2 is enhanced in an oxidising atmosphere, and some
uthors claim that it is due to an increase in the uranium
acancy concentration.3 In order to get experimental data
n the concentration of the two types of defects in UO2+x,
n experimental method based on measurements of the ex-
ansion of a single crystal as a function of thep(O2) was
sed.

1. Experimental

A 7 mm long UO2 single crystal was set in Netzs
dilatometer and held at a constant temperature, ranging
1173 to 1673 K. In this configuration a 10.1 nm displacem
induces a 1 mV voltage variation of the detection system
atmosphere inside the dilatometer was monitored in ord
obtained various values of the oxygen partial pressurep(O2)
using a zirconia made oxygen probe.

Thep(O2) corresponding to the UO2 stoichoimetry wa
determined in a previous study4 and used as a starting po
for the measurements at a given temperature. Then the2
is increased step by step. At each step the expansion
single crystal is measured.

2. Results

The length increase of the single crystal as a functio
thep(O2) at 1473 K is presented inFig. 1. The length of th
single crystal first increases of about 1.5�m just after leaving
∗ Corresponding author. Tel.: +33 4 42 25 31 59; fax: +33 4 42 25 36 11.
E-mail address:lionel.desgranges@cea.fr (L. Desgranges).

the stoichiometry. For largerp(O2), the crystal length is more
or less constant at each temperature.
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Fig. 1. Expansion of a UO2 single crystal as function ofp(O2) at 1473 K.

These results are clearly in contradiction with the length
evolution deduced from the diffraction data of the litera-
ture. The unit cell parameter of UO2 is indeed measured
to decrease as a function of the hyperstoichiometry.1 In or-
der to interpret our expansion data, the evolution of the
unit cell parameter is not enough and other mechanisms
has to be considered. Because the sample is a single crys-
tal, only the expansion induced by the formation of new
unit cells can give a simple explanation of this behaviour.
The formation of new unit cells has indeed a major im-
pact on the total length of the sample because they create
some empty volume inside the crystal resulting in an internal
swelling.

So it is possible to interpret thep(O2) driven expansion
data as the sum of two contributions: one arising from the unit
cell parameter decrease, the other resulting of the formation
of new unit cells. This two contributions can be associated
to two different types of point defects: oxygen interstitials
and uranium vacancies. The formation of both defects is cor-
related to the incorporation of oxygen, which occurs when
UO2 stoichiometry is increased with increasingp(O2). Their
formation mechanism can be described with the following
equations, using standard notation:

New unit cell formation : O2 ⇔ V
′′′′
U + 2OO + 4h◦ (1)
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Fig. 2. Oxygen interstitial and uranium vacancy concentrations calculated
from expansion data ofFig. 1compared to UO2 electrical conductivity as a
function ofx at 1473 K.

Knowing the length decrease due to the unit cell parameter
evolution, it is then easy to deduce the number,�N, of created
unit cells along an axis, from the experimental expansion�l.
It is equal to:

�N = �l + (L0/a0)(aA − aB)

a
(3)

whereL0 is the initial length of the single crystal.
Taking into account a column of unit cells with a length

equal to l, the length of the single crystal in B, the concen-
tration of the uranium vacancies and the oxygen interstitials
can be calculated with the following formulae:

Concentration of uranium vacancies= 4�N

a2l
(4)

Concentration of oxygen interstitials= n(U)x − 8�N

a2l
(5)

wheren(U) is the number of uranium atoms.
The calculation is performed for the results obtained at

T= 1473 K. The calculated concentration of oxygen intersti-
tials and uranium vacancies is presented as a function ofx in
Fig. 2. The correspondence between thep(O2) values and the
values ofxwas performed using the data of Ref.6

A numerical application is detailed for the points A and
B of Fig. 1. The point A,p(O2) equal to 10−9 Pa, corre-
s
1 g
t nit
c
t
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3

con-
c f the
nterstitial formation : 1
2O2 ⇔ Oi + 2h◦ (2)

According to Eq.(1), the new unit cell formation re
ults only in a uranium vacancy formation. According
q. (2) the oxygen interstitial formation would result in
ecrease of the unit cell parameter, as it is described i

iterature.1

These two types of defects have a different influenc
he expansion of a UO2 single crystal. It is then possible
alculate their respective concentration using the experi
al data presented inFig. 1. A simple calculation is present
o determine the concentration of oxygen interstitials and
ium vacancies for a given hyperstoichiometry, assuming

hese concentrations are zero for the stoichiometric UO2.
ponds to stoechiometric UO2. The point B,p(O2) equal to
0−1.56Pa, corresponds to UO2+x with x= 0.083. Referrin

o diffraction data1 obtained at a similar temperature the u
ell parameter of UO2+x is equal toaA = 5.54Å for x= 0 and
o aB = 5.5355Å for x= 0.083. Using formulae(4) and (5)
ives for point B a concentration of uranium vacancies e

o 2.4× 1019 cm−3 and a concentration of oxygen interstiti
qual to 1.4× 1021 cm−3.

. Discussion

The consistency of this evaluation of the point defect
entrations has been checked with the calculation o
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Fig. 3. UO2 electrical conductivity as a function ofp(O2) at different
temperatures.4

electrical carrier concentration induced by the point defect
formation and with the comparison with its actual value deter-
mined experimentally. The electrical conductivity of UO2+x
at 1473 K is represented as a function ofx in Fig. 2using data
from.4 The shape of this curve is very similar to the shape of
the oxygen interstitial concentration given inFig. 2, which is
the main point defect forx> 0.01.

A more quantitative evaluation of the electrical carrier
concentration at point B is proposed with different ionisa-
tion states of uranium vacancies and oxygen interstitials.

(a) Assuming that uranium vacancies are ionised four times
and that oxygen interstitials are ionised two times, the
concentration of induced electrical carriers should of the
order of 3× 1021 cm−3.

(b) If the oxygen interstitials are not isolated and form
clusters like (2Oai , 2Ob

i , 2Vc
O)’, then the concentration

of induced electrical carriers should of the order of
8× 1020 cm−3.

(c) The electrical conductivity of UO2 as function ofp(O2) is
presented for several temperatures inFig. 3. For tempera-
tures higher than 1373 K, the conductivity curves exhibit
a minimum corresponding to the stoichiometric UO2.
The conductivity value associated to this minimum in-
creases as function of temperature, which is interpreted
as the contribution of intrinsic carriers whose concentra-
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ity data are of the same range of magnitude. This represents a
good agreement considering that many crude approximations
have been made for these estimations.

On a theoretical point of view, a modelling predicting
the concentration of the uranium vacancies as a function
of x was developed taking into account four types of point
defects.5 The equilibrium constant for Schottky defects in
uranium dioxide is given byKS = [VU][V O]2, the equilib-
rium constant for the Frenkel defects in uranium sublattice is
given byKFU = [VU][U i] and similarly the equilibrium con-
stant for the Frenkel defects in oxygen sublattice is given
by KFO = [VO][Oi]. For the case of a large oxygen excess,
it can be considered that [Oi] = x which implies that [VU]
is proportional tox2. These estimations are only in qualita-
tive agreement with our experimental results. For the case
of large oxygen excess, the measured�L is nearly constant.
Because the unit cell parameter decreases linearly withx,1

the number of created unit cells, and hence, the concentra-
tion of uranium vacancies, varies asα +βx, whereα andβ are
constants.

This discrepancy can be explained by the nature of the
point defects involved in the thermodynamic modelling.
Willis demonstrated indeed that, for large excess of oxygen,
oxygen interstitials were not isolated defects any more, but
formed complex clusters. Including these clusters in the mod-
elling would certainly improve its consistency with experi-
m
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tion follows an Arrhenius law. On the right side of t
minimum the electrical conductivity increases with
creasingp(O2). The creation of new carriers associa
to the formation of point defects in UO2+x can explain
this conductivity increase. At 1473 K the increase of c
ductivity, between the points corresponding to A and
Fig. 1, is equal to�σ = 36.24�−1 cm−1. Considering a
electronic mobility of 3.7× 10−2 cm2 V−1 s−1 at 1473 K
the corresponding concentration of electrical carrie
around 6× 1021 cm−3.

The number of electrical carriers deduced from exp
ion measurements and calculated from electrical condu
ental data.

. Conclusion

An original approach is proposed to determine the
entration of uranium vacancies in hyper-stoichiometric
ium dioxide using expansion measurement as a fun
f p(O2). The results obtained show that the concen

ion of oxygen interstitials is 100 times higher than
ne of the uranium vacancies. The experimental evid
f cationic vacancies is consistent with the interpretatio

he increase of sintering speed in oxidising atmosphere
lso qualitatively consistent with the modelling propo

n.5 A new modelling including the clusters of oxygen
erstitials and vacancies would improve the quantitative
erpretation of point defects in hyperstoichiometric uran
ioxide.
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