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Abstract

The various contributions to the thermal conductivity of UO2 are first reviewed: contribution from phonons
is preponderant up to 1600°C; radiative contribution is negligible in the case of a polycrystalline sample, and is
unable to account for the increase in conductivity observed above 1600°C; electronic contribution, which seems
patently to be responsible for this increase, is efficient from 1400°C (electron-hole pairs treated as small
polarons). Given the lack of decisive arguments on their actual efficiency, it was decided that, for temperatures
above 2400°C, neither a possible decrease in the electronic contribution due to vacancies, nor an additional
possible contribution from Frenkel pairs would be described. We do not therefore go beyond the above-mentioned
electronic contribution. In the light of these considerations, the law established by CEA for the thermal
conductivity of unirradiated UO2, on the basis of a homogeneous set of measurements between 100°C and
2500°C, has been revised. A least-square method applied to the above measurements was used to derive
simultaneously the four adjustable constants of the law which is henceforth proposed:

, 1 C ( W
A = + —exp

A + BT T2 { KT

The values of A, B, C, and W obtained, have the advantage of giving a better account of the high temperature
results compared to the Martin recommendation (which has, by the way, the same physical form as above).
Furthermore, this new law allows an extrapolation towards the melting point which is better founded than the
earlier CEA law, while still respecting the value of the integrated thermal conductivity up to melting. Finally,
various burnup effects (impurities, stoichiometry, etc.) can be formulated in physical terms. Moreover, the values
of various fundamental properties connected with the derived constants have been determined: Debye
temperature, Griineisen parameter, Mott-Hubbard energy, electrical conductivity. These values are discussed and
compared with published data.

PRESENTATION

In this document the question of the components of the thermal conductivity of UO2 is restated,
in order to account for the measurements already published by the CEA up to high temperatures (2500
°C). The case of stoichiometric, totally dense and non-irradiated UO2 is treated.

The first part is a discussion of the mechanisms involved and of their formulation. The second
part uses the results obtained by the CEA to formulate the various contributions considered, and the values
of the corresponding parameters are compared with-published data.

1. MODELLING OF THE THERMAL CONDUCTIVITY OF URANIUM DIOXIDE

1.1 GENERAL CONSIDERATIONS

The change in thermal conductivity of UO2 in relation to temperature is well known between 600
and 2500°C (Figure 1 according to [1]): starting from 4 to 5 W.m'.K'1, a hyperbolic reduction occurs first
of all, followed by a minimum at around 1600°C and finally a rise until the melting point.
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After [1]
* vertical shading : diffusivity measurements

* oblique shading : direct measurements
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FIG. 1 Thermal conductivity ofUO2 at various temperatures

1.2 LATTICE CONTRIBUTION X+

1.2.1 Basic relation

The phonons of the acoustic branch give:

V = 1/3 C^v

Cv: heat capacity per unit volume,
I : mean free path of the phonons (collision process with "Umklapp" - cf [2]),
v : mean velocity of the phonons (~ speed of sound in the solid).

Considering a variation in din 1/T, and the presence of impurities and lattice defects, the following
relation applies for a temperature T significantly higher than the Debye temperature (0)D of the crystal [3]

A + BT (1)

B is the intrinsic parameter and A the extrinsic parameter. It is important to note that the relation (1) is

valid only if the quantity of defects is such that A < — BT [3].

Existing experimental determinations give [1]:

intrinsic parameter:
2.12 x

(2)

<B < 2.24 x 10* m . W 1

extrinsic parameter (stoichioraetric fuel in early life), with T in K:
2.466 x 102 m.K.W1 < A < 5.746 x 10"2 m.K.W1 (3)

204



1.2.2 Expression of the intrinsic parameter B

Consideration will be given to the following formula proposed in [4]:

v2n2/3

60* M ( 4 )

G is given by:

G = 4.118 x 107 x (1 -0.514Y1 + 0.228Y"2) (5)

is the Griineisen parameter of the solid.Y
{6\nV)T

n is the number of atoms of the unit cell (n = 3 for UO2).
63 is the mean atomic volume, at ambient temperature (in A3 per atom)

M is the mean molar mass (in grams per atom)

There is important dispersion of published values of Y (from 1.6 to 2.0) and especially of 8 D (from
183 to 377 K). The following approach is adopted:

n 1/
*to determine Y the well-known expression is used: Y = . where a is the volume thermal

P.Cp

expansion coefficient, V the molar volume, pa the adiabatic coefficient of compressibility, and C the
specific heat at constant pressure. Reference [5] gives a value of 1.9 ± 0.1.

*to determine ©D the Willis's neutron diffraction studies [6] are used. They give ©D = 377 ± 10 K

From the above values, the following relation is found:

1.75 x 10'4 m.W"1 < B < 2.58 x 10'4 m. W"1, which is compatible with (2).

1.2.3 Molecular dynamics calculations

References [7] and [8] give the calculation of the lattice contribution by molecular dynamics, with
a Born-Mayer-Huggins potential, and Green-Kubo relationships between the macroscopic charge and
energy fluxes, and the corresponding local gradients. The authors have highlighted another contribution
above 1700°C (electronic contribution).

1.3 RADIATIVE CONTRIBUTION A.r

Energy conservation with radiative fluxes gives an integral-differential equation. The equivalent
radiative conductivity, kr is not expressed in analytical form, unless the mean free path of the photons is
low compared with the dimensions of the sample (Rosseland approximation). This is the case for a sample
of UO2 exceeding one centimetre in size. The following expression can then be defined:

K = « T3

In reality ([9], [10]), radiation is highly diffused by charged carriers of thermally activated creation, which
leads to a significant reduction in A.R.

Moreover [11], if the whole problem is resolved without the Rosseland approximation, it is found
that XT in fact increases more slowly than T3.
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The case of fuel pellets

For UO2 a radiative conductivity at melting point of a few ten % of total conductivity has been
estimated. However, this value, which concerns a non-irradiated dense single crystal, must be
considerably reduced for a fuel pellet because of the grain boundaries [ 12] and the porosity of the matrix
[13]. Finally, Xt may be considered to be negligible [1], [14].

At melting point, the radiative contribution Ar represents a maximum of 0.1% of total thermal conductivity.

1.4 ELECTRONIC CONTRIBUTION A.e

This is a heat transfer mode that is directly linked to the electrical conductivity of UO2) based on
the existence of typical electron excitations.

UOj should be considered as a Mott-Hubbard-type insulator rather than a classic semiconductor
[1], [15]. Below a temperature of about 1400°C, an extrinsic conduction regime is set up which is
governed by stoichiometric deviations or by the doping agent concentration [16], [17].

Above this temperature the regime is intrinsic, associated with the following reaction:

2 U4+ - U3+ + U5+ (6)

This regime is characterised by the creation of carriers (electrons on U3+ and holes on Us+). This
breakage of the insulating state requires additional U energy {Mott-Hubhard energy). The carriers created
are described, by associating them with induced lattice deformations caused by their presence, as small
polarons [21. These carriers therefore migrate by hopping from site to site.

Expression of the electronic contribution

Wiedemann-Franz's law which is applied to a conventional semi-conductor is not applicable in this
particular case. For UO2, allowance must be made for the simultaneous diffusion of matched carriers
according to the following scheme: thermally activated creation of electron-hole pairs, migration of both
carriers by hopping in a thermal gradient, recombination of the pair in a cold zone.

The expression for Xe is then [15]:

( kV 0 0 ( u\2

e o. + o I kT

k is Boltzmann's constant,
e is the electron charge,
T is the temperature (in K),
on and op describe the electrical conductivity of electrons and holes respectively,
U is the Mott-Hubbard energy.

o
If £ = — and o = o0 + op, the following expression is obtained:

p
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=» Estimation of the ratio C = —
°P

The measurements taken by Killeen [16] show that Seebeck's coefficient for UO2 becomes independent
of temperature above 1400°C. Winter [15] indicates that this is consistent with the assumption C = 1.

The relation (7) then becomes:

K = ^ ){) T

=* Expression of the electrical conductivity o(T) for T > 1400°C

Let n and p be the respective fractions of electrons and holes, the mobility of which is given by

and /Xp. For stoichiometric UO2: n = p . The equality established above (on = op) then leads to:

The total electrical conductivity can then be written:

o(T) = 2eNun\i(T) (9)

Nu is the density of uranium atoms

n is deduced from the law of mass action associated with the reaction (6). According to the

formulation given by Harding [18]:

n2 = a expl - J£ j (10)

where a is a constant.

The mobility, for the mechanism considered, takes the following form [17], [18]:

M(T) = - expf - y~
T { kT

where V is the migration energy of the carriers.

According to (9), we have thus:

2 e Nu a F ( W

o(T) = H exp - ~
' T [ kT

of the form:

o(T) - 5

with:
D = 2 e N u a F (12)

and

W - | - V
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From relations (8) and (11) the final expression of the electronic contribution is deduced, for the
stoichiometric oxide in an intrinsic regime:

-£ exp - *
T2 { kT (14)

with:

C =
4 e , (15)

The various published values of U and V, and the corresponding values of W, are listed in Table I.

1.5 VALUES ABOVE 2400°C

1.5.1 Attenuation of the electronic contribution?

Weilbacher [19] considers a reduction in the electronic contribution due to trapping of carriers by
oxygen vacancies, with an activation energy (3.29 eV) of the order of magnitude of the formation energy
of defects in UO2.

However, this reduction can be called into question [1] in view of the important relative
uncertainty (about 8%) on the values of Cp used to deduce A from diffusivity measurements.

1.5.2 Additional contribution beyond 2400 °C (existence of a super-ionic state)?

The values of Cp at high temperatures in fact give rise to another problem [23].

The curve used by Weilbacher is obtained by differentiating a unique high-temperature enthalpy
law. But Dworkin and Bredig [24] have shown mat there is an order-disorder type transition in the anionic

Tableau 1: creation energy of charged carriers U,
migration energy V, and activation energy
of electrical conductivity W (various authors).

Auteurs

Hytand (1]

Young [9]

Winter [15]

Dudney [17]

Harding [18]

Weilbacher [19]

Klieen [20]

Hampton [21]

Aronson [22]

U(eV)
(Mott-Hubbard energy)

1.86

2.30

2.00

2.40

2.52

2.26

2.30

2.40

-

V(eV)
(carrier migration energy)

0.24

-

0.30

0.20

0.15

-

0.14

0.12

0.30

W(eV)

(=^V)

1.17

-

1.30

1.40

1.41

-

1.29

1.32

-

208



sub-lattice of certain fluorite-type compounds (SrCI2, CaF2, PbF^. This transition requires the use of two
different enthalpy laws to obtain a more satisfactory fit. A peak value for Cp is thus obtained centred on
a temperature of 0.8Tm. On this basis, Williams [25] proposes for SrCI2 a Frenkel pair diffusion model,
and calculates a contribution A.f)) which has the same order of magnitude as the increase in conductivity
observed in this body for T > 0.8Tm.

'=» CaseofUO2

The situation is not so clear [23].

On one hand, Ralph [26], has used the UO2 enthalpy measurements taken by Hein [27], to develop
a numerical treatment which highlights a peak in the Cp curve around 2400°C. Other indications suggest
the existence of a Bredig-type transition.

In addition, the rare experimental results available at the temperatures considered [19] do not
indicate any particular increase in thermal conductivity. However, these results have been established
from diffusivity values, using a Cp law which does not have a peak atO. 8Tm

Moreover, the parameters coming into play in the calculation of X^ are not well known [25].

1.5.3 Attitude adopted

For lack of sufficient information, no description will be given of the attenuation of the electronic
contribution nor of the increase due to the Bredig transition. Indeed, it is worth noting that the two terms
have opposite signs and thus compensate for each other, at least in part.

These terms could possibly be introduced once they are better known.

1.6 SUMMARY

The thermal conductivity up to about 1500°C can be described in a satisfactory manner by a lattice
contribution.
The noticeable transparency observed in the infrared for UO2 single crystals no longer exists in
fuel pellets (effect of porosity and grain boundaries).
The existence of intrinsic electrical conduction above 1400cC gives rise to a contribution to
thermal conductivity, attributed to the electron-hole pairs treated as small polarons, which would
explain the increase in thermal conductivity in this zone.
Above 2400° C the situation is not so clear-cut: the Frenkel pairs could take part in heat transfer
and, in parallel by trapping the carriers, the vacancies could attenuate the electronic contribution.
Given the lack of experimental and theoretical data it is not possible to formulate these effects
(which in fact should compensate each other, at least partially).

2. THE CEA LAW: A NEW FORMULATION

2.1 THE CURRENT CEA LAW

2.1.1 Results

Two series of experimental points, one going up to 2300 °C [28], and the other up to 2500 °C [29]
were obtained by the same direct measurement method, described in [29], for stoichiometric fuel in early
life.

In the phonon conduction field, the conductivity is described by a classic law of the type (A+BT)"1

then, to make allowance for the rise in the curve at high temperatures, a Tm term was considered .
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For an oxide of density 10.65 g.cm'3, the law is written [30]:

A(D = 3 + 3.4125 x 10"17 7 4 9 4

0.10449 + 2.27 * 10"4T

In this relation, Tis given in °C, and A is given inW.m"'K"'.

2.1.2 Comparison with Harding and Martin's law (often known as Martin's law)

Harding [18] expresses the thermal conductivity of UO2 as the sum of a lattice contribution and
an electronic contribution:

1 4.715 x 109

exp
1

0.0375 + 2.165 x 10"4 T T2

In this relation, T is the temperature in K, and A. is in W.nV'K '.

(16)

Harding reports good agreement between this law and Brandt's compilation of experimental values
[31]. The manner in which this law was constructed is recalled below :

- for ihe lattice contribution, the authors use the values of A and B taken from an unpublished report by
Killeen (cf [32]).
- for the electronic contribution, they based their calculations on the electrical conductivity law (11):

• f - I - s
They determine D and W by adjusting tfiis formula to measurements taken by Bates [33]. They

found: D = 2.97 X 10' K.(W.m)' and W = 1.41 eV.

By taking V = 0.20 eV (Dudney value [17]), the relation (13) gives:

U = 2.42eV

However, by considering the integral of thermal conductivity between 500 °C and the melting point,
they preferred to use U = 2.52 eV, and thus V = 0.15 eV, leading to the following recommended values

V = 0.15eV
U = 2.52 eV

Both laws (CEA and Martin) are plotted on Figure 2, together with the experimental points of the
CEA, reduced to zero porosity according to the correction of [34]. Excellent agreement is found up to
1800°C, with an increasing deviation at higher temperatures. Towards the melting point, the central
temperature calculated with Martin's law would be about 80°C higher than the value given by the CEA
law, for the same linear power.

2.2 NEW FORMULATION OF THE CEA LAW

The fitting of the CEA experimental points was reviewed, considering a law of the form:

X(7) - — L _ •-£expf--£)
A + BT T2 ( kT
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FIG. 2 Thermal conductivity ofUO2 - Current CEA law

By simultaneously determining the four parameters A, B, C, and W, the following expression is obtained
for dense UO2:

1 6 1 5 7
exp

1.41
(17)

.034944 + 2.2430 x 10'4T T2

(Tin K, k en W.m\Kl)

2.3 DISCUSSION

2.3.1 Values of A and B

According to the relation (17), we have:

A = 3.4944 x 10"2 m.K.W and B = 2.2430 x 10"4 m . W

* the value of A is compatible with (3)

* according to (4) and (5), the experimental value of B is found with 1.88 < y < 2.00 and 367 K < ©D

< 384 K. The agreement with the theory is thus satisfactory.

2.3.2 Activation energy W

The activation energy obtained (1.41 eV) is identical to that found by Harding [(16)] and in
agreement with other published values. These values generally result from electrical conductivity
measurements. The coherence observed characterises the mechanism responsible for this conductivity.

2. 3. 3 Parameter C and integral of the conductivity at melting point

The value of C obtained in (17) is about 30% higher than the value indicated by Harding [(16)].
To appreciate this deviation, Figure 3 shows the two laws and the experimental points. The central
temperatures estimated near melting point would differ by about 60° C.
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* The new CEA formulation lowers the integral of thennal conductivity at high temperature compared to
the previous law. However, this drop must be compensated for by taking a higher Tm value (2847°C
instead of 2800°C) and, between 500°C and melting point, the same value is found to within 3.5 x 10\

* Moreover, Harding has adjusted his law to obtain Marchandise's integral value at melting point [35].
His procedure raises two problems:

[35] gives ln = / A. dT= 6.8 kW.m"1 for a 5% initial porosity, taking X = 3073 K, and
773

considering that, in practice, as from 2000°C, the porosity drops to 1 %. Harding adjusted C in
order to obtain the same value for lm, but with Tm = 3120 K, and considering zero porosity as
from 1700°C.

the reference value concerns in-pile fuel for which it is known that, at least at high temperature,
the conductivity is lower than that of out-of-pile fuel [30].

All this contributes to envisaging a higher value of C in Harding's work, with care being taken
when attempts are made to refit a thermal conductivity law to the integral of the conductivity at melting
point.

2.3.4 Electrical conductivity and Mott-Hubbard free energy

A special interest is taken here for o in relation to the laws proposed by Bates [33] and Killeen
[16]. Having deduced C from the k measurements, the value of V is that proposed in [17] (0.20 eV). U
is then fixed (2.42 eV) taking into account W (1.41 eV). Expressions (15) and (11) then give:

o(T) expf - (O.m)-1
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Figure 4 can be used to compare this o(T) law with the measurements taken by Bates, and with
the Harding adjustment:

oM(T) - 2-970 * 1 ° 9 e x p f - 1-41 » 1-6 * I P ' "

oK = 2600 x exp
AT

(Q.m) -1

and with Killeen's law (resulting from measurements up to 2000 K):

/ -1.07 x 1.6 x 10"19^ ir, ._,
(D.AT7)-

1E+04

I
•2- 1E+03

u
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FIG. 4 Electrical conductivity of UO2

oM is close to the lower limit of Bates' measurement interval o is at the upper limit of this interval, but in
good agreement with oK.

If the value suggested in [17] (0.0554 mlV'.s"1) is taken for F above 1400 °C, the relations (15)
and (12) give a value of a = 9.71.

Physical sense of a

The mass action law associated with (6) is written as follows:

Gn2

- 2n)
— = exp - (18)

where G = U-TS, with S being the variation in entropy associated -with rupture of the insulating state.
Assuming l-2n " 1, then the relation (10) is found with:

a = exp —
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This corresponds to S = 4.5 k. According to [15], S ~ 2k. There is thus a o - / ( coherence problem.
Note that Harding's work leads to values of a = 6.9 and S = 3.9.

G - { V \
[36] indicates that: \J = —(1 -2n) exp - — and [15] gives an electrical conductivity in the

7 \ kl)
following form:

o(7) = ^ n ( 1 - 2n)exp| - J ^ |

With (18), we find:

a(T) = IS

Taking V = 0.20 eV, and by fitting this relation to the Bates' measurements by a least-squares method,
the following values are obtained:

U = 2.41 eV S = 1 77k K = 1.332 x

Applied to X, Ms formalism was found to have no major advantage which could compensate for
its complexity. But it is worth noting that it confirms the value of W, and above all, it enables the value
ofS to be defined, by confirming the order of magnitude (2k) that Winter indicated as being consistent with
Killeen's Seebeck coefficient measurements [151.

Nevertheless, the mobility (pre-exponential factor) has to be studied in further detail.

3. CONCLUSIONS

3.1 The experimental points of the CEA up to 2500°C have been fitted to a new thermal conductivity
law, including the contribution of phonons and the electronic contribution at high temperatures:

1.41 x 1.6 x 1Q-191

kT
A(7) = "- +

 6 1 5 7 * 1 ° exp
0.034944 + 2.2430 x 10'4 7 72

(TinK, 1 in W.m'.K1)

The value of B (intrinsic parameter of the contribution of phonons) is in agreement with the
theoretical estimate, using y values between 1.88 and 2.00 and ©D values between 367 and 384 K.
The values of C and W indicate a good compatibility with Bates and Killeen's laws (electrical conductivity)
by taking S = 1.8 k, V = 0.20 eV and U = 2.42 eV.

3.2 This new CEA formulation has the advantage of being based on better physical grounds than the
previous law for extrapolations to the melting point, without calling into question the integral of the
conductivity at melting point. Moreover, it is closer to Martin's law at high temperatures, while at the
same time giving a better account of the measurements above 1800°C.

3.3 The analysis performed should, in the near future, provide the means to take more detailed account
of the effects of irradiation (over-stoichiometry, presence of impurities), whether at the level of term A
of the lattice contribution or with respect to the electronic contribution [151
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