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DE LA RECHERCHE A LINDUSTRIE

Motivations

Quantify the influence of oxygen activity on the behaviour
of UO,, starting from point defects ...

= INnterpret results from out-of-pile property measurements

== 11y to control, enhance or mitigate its effects:

develop materials whose properties are tailored, develop and control
fuel cycle processes




B |) Oxygen potential and deviation from stoichiometry

B [l) Point defect populations in U-O2+/-x and their dependence upon oxygen
activity
W [ll) Consequences on
- self-diffusion properties

- mechanical properties
- radiation environment? Some complicating factors

B |V) Conclusions



C2A 11 Fluorine structure of UO, and deviation from stoichiometry

B Fluorineiono-covalent compound
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m UO,, =
I Insertion of interstitial atoms in octahedral sites (O,”)
I oxydation of cations +4 a +5 ou +6 depending on degree of non-
stoichiometry...



I-2 Definition of oxygen potential

B Gibbs’ rule of ¢: N of intensive parameters necessary and suff|C|e.nt to
determine the system
B Solid exchanging with gas phase
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By =5-2=3,as aresult, x =f(T,P, po,)
Wif there 3 impurity or other actinidev =6 -2 =4 soit x = (T, po2,P, y)
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AG(02)=RT Ln (pO2) (Molar free €nthalpy of oxygen or oxygen potential)
Intensive parameter which has to be controlled in exactly the same waysas say
temperature (Gerdanian. Dodé)




lI-1 Which majority defect at « exact » stoichiometry

- Defects controlled transition metal oxides by basic equilibria 1 :

N It —N T T
)= 4o 0= 0] + VY b= Ui+ Vy
o B o measurement, simple hyps.,
m UO, oxygen deﬂme_nt/exc_;ess | estimate [h°]~ [e’], [0i”] ~ [V, °°]
transition metal oxide & intrinsic
ionisationlll : 1.00E-02 | |
[e’] ~ [h°] >> [O"] ~ [V,*°] >> 55 6 65 7
[V,J-{U1] _—
Basic reasqn: SC (small gap) 400G . [OF]
=> electronic conductor | OOE.03
DFT+U [@ calculations: E((e’-h°) ¢ 1300°C
~1.7eV<E (Vy-0) ~3.3eV< . 1200°C
E:(V,-U) ~ 11 eV .
]
1,00E-04 u
[1] P. Kofstad, non-stoichiometry, diffusion and electrical [2] Andersson et al., Phys. Rev. B 84 (2011)

conductivity in binary metal oxides, 1972 | 6




Cea II-2 Defect concentrations as a function PO,?

m Model which accounts for impurities and equilibrium 0 =h°+¢
poz[l] 1 i o
502=0; +2h

o= W +h°

- Reproduce as many experimental data as
possible as a function of oxygen activity, T,

doping: ¢ 21 =[h°], x Bl = [O defects] 10" /—_:101 2
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[1] To be published (2013)
[2] P. Ruello et al. JACS 88 (2005)
[3] P.O Perron, Report AECL-3072 (1968)

[4] Crocombette et al., Phys. Rev. B 83 (2011)
[5] Dorado et al., Phys. Rev. B 83 (2011)

[6] Andersson et al. Phys. Rev. B 7




Cea [I-3 Example of Results at 900°C

Defect concentrations

1w*® 1w’ 10 1" 1”17 10
pO, [atm]

B Predominant electronic defects

B Transition from a single defect regime to a di-interstitial W’ at roughly 104

B [defects] ~ PO,



[1l-1 Effect of PO2 on oxygen self-diffusion

Dty = fo (0] 1Dy + fugs [V 1 D

o and 3, Em characteristic of the mediating defect




Cea 11I-2 Application to oxygen self-diffusion at x ~ 0l1.2]

T (K)
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* Roberts et al.
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Y, 0 \ ﬁ** & Marin et al.
a: WY v  Auskern et al.
£ 40 o Ba o Hadari et al. B Data comparable for « _
T 4o a B stoichiometric » UO, (But p(O2) is
2 .is . on neither controlled nor measured)
8 i o HQ Yo : : : 3
o 10 o, @ X estimate impossible below 2 10
S 107 2aV va Markin & Bones: Ax ~ 0.0025 = 4
é Gae]m  Thisstudy (881A) v orders of mag. on p(O,) at 700°C
&) 10-s ] @ This study (set B) & v
10-20 ¥ '. L -I:h-ls' S'tL:d'y '(S'elt 'C? T rrrJfrrrgr st Iv' T
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10%/T (K)
B 2-3orders of magnitude in part due to:
Small changes in oxygen content ~ 2 orders of magnitudelll
Impurities ~ 1-2 orders of magnitude [2

Both p(0O2) & vy must be controlled, measured

[1] B. Dorado, Phys. Rev. B 83 (2011) [2] P. Garcia et al., JNM 400 2010




Ce 11I-3 Comparable (theoretical) approach to U self-

— diffusionlll

m Near-stoichiometric region, high T
m LDA+U calculations
Energies associated with equilibria = data for point defect model

Migration energies (NEB) = (assumed diffusion mechanism) activation energies
[2,3]

0 =U,+Vy D= Vy+2Vgs
Kpy = [U].[Vy] Ks = [Vy].V5
Vul = K(T).pos2

If e ~ h°, then f y 1
= Vacancy assisted mechanism: Du~[Vu] e E™kT Du ~ e EEmKT p ., (T)

= Ar/H2 and residual H,O,,, determine pO2 = Ea ~ 4eV
= |f interstitial mechanism: Du~[Ui] e E™/&T Du ~ py,* (Ea ~ 15 eV)

[1] B. Dorado et al., Phys. Rev. B 86 (2012) [2] Andersson et al., Phys. Rev. B 84 (2011)
[3] Crocombette et al., Phys. Rev. B 83 (2011)




Concentration

[lI-4 Comparison between experiment-theory

10 3 .
 I——
102 = T
: o>
10 4 N
EP
10 4
10° Ui
107 ] fﬂf"d:;b{ﬂ
Efﬁai h /
107 3 AN /
] . ,r"}
10F + A
(
] A
1D-1U ki Bk Bk Bints Hibinie e Bk Bk M | 1""|'""| by e Meley Bk Mt My Bien By IR

107 1028 10-%% 10-* 102 10-*° 10-'® 10-'5 10" 1012 1070

e ~h°

PO,

[def. U] < [def. O]

-104

-12 -+

log D (cmzls)

1: Auskern and Belle (pc)  [5]
2: Lindner and Schitz (pc) (6]
3 : Aloock and Hawkins (pc) [7]
4:Rdmmmdhmdy(sc) (8]
5 : Matzke (sc) (2]
6: Yajima et al. (pc)

7 : Present work (sc)

104T (Kh

3 order of magnitude dispersion
Ea ~ 3.6 -5 eV for single crystals

Eatheoretical

~ 4 eV = vacancy mechanism

Results are rationalised based on PO2 dependence of [defect]

| 12



C2A  1lI-5 Summary of results

Irrespective of temperature or composition
[Defect ] ~ Po,3* X EXp(-E /KT)
q,.» Ea characteristic of defect (composition, charge, formation energy)

Electrical conductivity O, neutron scattering, PAS for Vu (collaboration with CNRS
CEMHTI)

Dyjo= P59 X EXP(- Ea+Em /KT)

d., E o E,, characteristic of diffusion mechanism (formation & migration)
Self-diffusion

In UO2+X [electronic]>[oxygen]>[uranium]

| 13



V- Conclusions

Oxygen activity controls defect concentrations hence atomic transport
properties
B Sintering, mechanical properties, microstructural changes, diffusion and release of
volatile fission products
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" Property measurements should whenever possible be carried out under controlled
atmospheres, not composition

" Means of comparing property measurements to theory (first principles)

= Measurement of U/O/FP =f(T, po2, VT), see announcement
= Merge U-O defect models & use compound energy formalism?

= Correlation between mechanical properties and self-diffusion o



V- Anhouncement

m Hoping for a PhD position to fill at
Cadarache starting October 2014

= Subject: measurement, interpretation
and modelling of electrical & atomic
transport properties of UO2+x (doped
with Nb/rare earths). Mainly U.

= Recently acquired and developed
equipment ADELAIDE
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