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~52 STUDY PRINCIPLE

== Context and aim

Pressurized Water Reactor (2" generation) = Uranium Dioxide fuel (reference fuel)

‘ Aim : Fuel lifetime and manoeuvrability enhancement ‘

¢ ]

-~ Limit fission gas release from ‘ Limit the presence of Cross section of a

the fuel | corrosive species failed fuel rod

Thermo-mechanical evolution of the irradiated material
= Governed by the temperature and the oxygen
partial pressure (i.e. oxygen potential)

4

Grain coarsening PO, control

In situ control of PO, in the nuclear fuel thanks to the buffer capacity of an oxido-
reductive dopant present under two different oxidation degrees.
== Study of the doping and fission products chemistry
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STUDY PRINCIPLE

Determination of the range of oxygen potential

60 T T ¥ T T T T T T T T . . . .
Objective : Fuel operating in the most favorable
B R Optimum oxygen potential area.
50 | E -
S . . .
csy Cs  Csl  Te: Tel,+Te, =p Two selection criteria :
] Minimal Critical . . :
120 L : gaseous ¥~ corrosion | = Main : Minimal gaseous fraction of
i fraction domain . .
c i. corrosive Fission Products (FP)
E | Gases total (expect rare gases) = Secondary : Highest FP immobilization
@ 30 | w Pl -
3 Q !
o + e -
2 i
o 3 S == Three areas are delimited :
20 =
2 = - An unfavorable area
0 T . . .
e °49) > Highest risk of corrosion.
I,Te(g)
10 - .
i EA W .- f - An optimum area
Cslig = _j Cel q} 1 » Minimal fraction of gaseous corrosive FP.
ol 1 . ljk' Tedy > Maximal immobilization of the FP.
-550 -500 -450 400 -350 -300 -250 200
RTLn[P(O,)] (kJ/mol O,) = An Intermediate area
Fugacity profiles and major gaseous speciation in a UO, fuel as a > Limited risk of corrosion.

function of oxygen potential — 30 GWd/t U, 1500°C (FactSage 6.2)

The reactive fission gas speciation depends on PO.,,.
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STUDY PRINCIPLE

—— Choice of the redox buffer

-200 — . —

. . . o ]
Criteria for the choice of the redox buffer : : -7
. . ! " Critical
Temperature range, buffering capacity, cross (Nb,O-/NbO,) Buffer el
. . . . g 250 | i
section, final properties of the unirradiated i
fuel... i
-300 :
—_ 1
c\')\l __.,a-l"'-”
Selected dopant : NIOBIUM 5 -
% -350 @
- 1
= 1
Potential redox Buffering capacity % :
buffers (mole O / mole Nb) £ o0 | o
(1
Nb,Os/NbO, 0,5 Minimal
gaseousfraction}_,,,-"
NbO,/NbO 1 o0 F .
Nb,O/NbO,/NbO 1,5
-500 |
: Nbyg,
v' Redox reactions likely to be :
H H E . . . . . . . | . | . | .
thermOdynamlca”y activated above 1000°C 5501000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
v" Liquid phase Nb,O at T > 1500°C (> grain Temperature (°C)

Niobium buffering systems position compared to the stability areas
of the corrosive species

growth)
C. Riglet-Martial, M. Brothier et al., Combustible nucléaire oxyde régulateur des produits de fissions
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C@a MANUFACTURING CONDITIONS

I Batches with different niobium compositions (50/50 wt.% for the redox couples) :
= UO, + 0,8 wt.% (NbO, + NbO)

- UO, + 0,8 wt.% (Nb,O; + NbO,) 0 I A A S| H R HE
(szof,mbo:z) Buffer i i
B Niobium doped pellets manufacturing ==er | | | I
process :
Powders mixture > No,Ouy 1
UO, and NbOx - " |
o |
Forming = | |
(uniaxial pressing, 400 MPa) g -aoo :
B | |
Reduction (450°C, 2h) 450 | |
then Sintering (1700°C, 4h), : i |
under Ar/5%H, 500
: (NbOQIN:bO) Buffer i
v ssol . 1 | LT .
Annealing 000 00 100 10 100 R0 1800 00 100 1900 2000
1000, 1200, 1500 and 1700°C _ Sintering conditionsTer;;rrTeu:;‘ir?Nb — O phase diagram.
1h, under Ar/5%H, Sintering conditions studied are given by red circles
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DE LA RECHERCHE A LINDUSTRIE

FIRST RESULTS
Microstructural analysis

Objective: Analysis of the doped pellets state

-> Microstructures :

39 um
94,6%T 4,

)

e Ta 200 pm

U0, + 0,8%wt. (NbO,+NbO) — 1700°C

V. PENNISI

Td =10.90 g.cm?3

== Healthy pellets (no crack)

S2 e o 39
' -* ' um
< \/ “3 e (R 0
— 3 | 95,9%T,,
'. €, 7% -‘ f L f' L8 3 O i
N . e (‘-‘T'.‘: <" r TS 's--'\i_:.
=0 : = .\v_‘}‘—..a'. % o. !,—"' ' . ._.- ,. ._.' :\ :
L e ey,
Ne & g e gl it
P S ! Y ~Seiag B SA
. . oL By T g Ry
o' o L0 etz NS e St (%5
L= L ; i 5 SRR ?{v__ - ".
- ot ~ . 28 - o
e .' . -.‘ * . .". . : A'. K bl .,- . & A » ]
AT SRR R e
= a > A ‘ e P ) : 200 pm =

Td =10.86 g.cm

== Grain coarsening : grain size about 39 um (10 um classical)

== Micrometer size Nb oxides precipitates at grain boundaries
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FIRST RESULTS

Precipitates composition analysis

B Objective : Check of elemental composition of NbO precipitates

‘ : Nb i p !q 8o~
20—2 0 l'( 20_-; h ‘ lH ’*’
gk WWM i - L i oo
Profile and element contents Profile and element contents
Change of the Nb/O ratio ‘ No change of the Nb/O ratio
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FIRST RESULTS

— Precipitates composition analysis

-~ SEM + EDX analysis on UO, + 0,8%wt. (NbO,+NbO) pellets
Same results observed for UO, + 0,8%m.(Nb,O:+NbO,)

» Annealing at 1000°C (same for 1200°C) » Annealing at 1700°C (same for 1500°C)
« low temperature » annealing « high temperature » annealing

Observation of a grey contrast | Observation of a single grey
Change of the Nb/O ratio | No change of the Nb/O ratio
- Hypothesis : Presence of two - Hypothesis : Presence of a single
niobium oxide phases or more niobium oxide phase

complex system

=) |- XANES experiments
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C@a NIOBIUM SPECIATION STUDY

I Objective : Identify the niobium valence state in the precipitates to check the presence

of the two NbO, phases

-> EXxperiences performed on two Synchrotrons :

SOLEIL - MARS beamline

B Nb K edge (18 986 eV)
B 12x13 pm?2 beam
B Depth interaction : ~10um

4

H-EXAFS spectrum
Local environment

V. PENNISI

Y

ESRF - ID21 beamline

B Niobium L; edge (2 371 eV)
B 1x1 pum? beam
B Depth interaction : entre 0,3 et 1 um

" 4

U-XRF cartographies
Nb localisation
H-XANES spectrum
Nb chemical form
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NIOBIUM SPECIATION STUDY

-> Reference components :

4 references : Nb, NbO, NbO, and Nb,O.

SOLEIL — MARS beamline ESRF - ID21 beamline
1.4+ _' T
| . —Nb
12 WL ||‘ —_— Hb((DO()+2) 4
— - — NbO, (+4) | 1
g 104 R — Nb,O, (+5)| ]
2 o8- % o ]
2 064 H
2, — Nb(Q) E |
B —— NbO (+2) c -t ]
x 044 —— NbO, (+4) -
2 —— NbO, (+5)
0.24
S e | Wm0 B o s 0 3% 2400 2350
Energy (eV) E (V)
references | b | N0 | o, | N0,
E, (eV) 18986,0 18994,1 19001,7 19004,0 E, (eV) 2368,6 2370,1 2371,2 2372,4
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~>=  NIOBIUM SPECIATION STUDY — PRECIPITATES ANALYSIS

- U-XRF and p-XANES on MARS beamline

- Study of the sample UO, + 0.8 wt.% (NbO, + NbO)
2 precipitates studied (intensive Nb zone)

5 711 713 716 F1E
Nb_U 11 713 Yle 78 A

g 711 713 F.le 718
T T T T

Nb

-5.04

-5.04

Zone 3 =01 501

wrl 00T

-4.99 -4.99

-4.96

h 100 pm " 100 pm

-4.96

Al
A {

—=— S1R - zone 2
—=—S1R-zone 3

Nb-U & . 434 437 |

e Similar spectra
« Similarity with NbO,,

| @
one 2 > | =
- 652 © |3
5 |E
6.4 %

6.46 X — Nb(0) Linear
¥ 2 —— NbO (+2) L
160 pm —— NbO, (+4) combination fit

18960 18980 19000 19020 19040 19060 19080 19100 19120
E
neray (V) ANS | 11.06.2015 | PAGE 12
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~>=  NIOBIUM SPECIATION STUDY — PRECIPITATES ANALYSIS

S U-XANES on MARS beamline

- Study of the sample UO2 + 0.8 wt.% (NbO,_+ NbO)

‘ Before annealing Annealing at 1000°C
—=—SISR- 2 . .
f"‘-‘ . SIR.sones E, between NbO . gigi - iﬁﬂif
| =y P and NbO, positions |
C ; iy
S | S
- — Nb(0) % i — Nb(0)
Z —— NbO(+2) Z —— NbO(+2)
—— NbO, (+4) —— NbO, (+4)
18060 18980 19000 19020 19040 19060 19080 19100 19120 18960 18980 19000 19020 19040 19060 19080 19100 19120
Energy (eV) L| near Energy (eV)
T o | 100 | 00, | Ruc PRGN o [ 00 | N0, | R

Zone 2 0,12 0,43 0,45 1,0e-3 Zone 3 0,19 0,19 0,62 1,0e-3
Zone 3 0,07 0,27 0,67 4,0e-4 Zone 1l 0,14 0,23 0,64 2,0e-3

Uncertainties + 0,03 eV

=>» Presence of the two phases NbO, et NbO
=> Unexpected presence of metallic Nb
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~>=  NIOBIUM SPECIATION STUDY — PRECIPITATES ANALYSIS

- U-XANES on ID21 beamline

- Study of the sample UO2 + 0.8 wt.% (Nb09_+ NbO)

Annealing at 1000°C Annealing at 1700°C |

U - XANES
100 - 60 -
80 -
g g 40 4
2 60 - H NbO2 2 uNbO2
2 9
B B NbO t ENbO
5 40 - I3
3 Nb 2 2 Nb
20 -
0 T T T 0 T T T T
Point1 Point2 Point3 Point4 Point1 Point2 Point3 Point4
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~>=  NIOBIUM SPECIATION STUDY — PRECIPITATES ANALYSIS

- U-XANES on ID21 beamline

- Study of the sample UO2 + 0.8 wt.% (Nb09_+ NbO)

Annealing at 1000°C Annealing at 1700°C
100 - 60 -
80 -
g g a0 -
2 60 - u NbO2 2 u NbO2
£ S
® ENbO £ ENbO
g 401 g 50 -
& Nb = Nb
20
0 T T T T 0 T T T T
Point1 Point2 Point3 Point4 Point1 Point2 Point3 Point4

=> Presence of the two phases NbO, and NbO
= Unexpected presence of metallic Nb
= Homogenization of the precipitates for the sample annealed at 1700°C
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NIOBIUM SPECIATION STUDY — PRECIPITATES ANALYSIS

Conclusion

U-XRD and p-XANES analyzes (on MARS and ID21 beamlines)

> Whatever the starting redox couple and the annealing temperature, three niobium
phases are present in the precipitates : Nb, NbO and NbO..

» Absence of the Nb,O¢ species (initially present) in UO, + 0,8%m. (Nb,O;+NbO,)
> Unexpected presence of metallic niobium in all the S1 and S2 precipitates.

> Precipitates homogenization at high temperature (1500 and 1700°C).

=) Reduction of the initially introduced NbO, species

- Ar/5%H, too much reducer
- Change of the annealing atmosphere necessary
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NIOBIUM SPECIATION STUDY — MATRIX ANALYSIS

— . U-XANES on ID21 beamline

B Objective : Characterize the soluble form of Nb in UO, matrix

- Sample UOQ, + 0.8 m.% (NbO, + NbO) and UO, + 0.8 m.% (Nb,Og + NbO,) for 1000
and 1200°C annealings

1 ] ] | | I I

- f SIR1 Zane1 — H

S2R1 Zone 2 ——
S1R2 Zone 2 — [
L S2R2 Zone 1 — 4

E, (Nb,O,) = 2372,4 eV

I 1 2372, 5<E, (matrix) < 2372,6 eV

normalized xu(E)

]

—_ O = N W kA o 0 N o o O
T
|

f
i

2340 2360 2380 2400 2420 2440 2460
Energy (eV) Demeter 0.9.13 @ Bruce Ravel 2008-201

Similar matrix for all the samples
—> The soluble form of Nb in UO, matrix is Nb>*.
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NIOBIUM SPECIATION STUDY — MATRIX ANALYSIS

i U-XANES ans U-EXAFS on MARS beamline

B Objective : Characterize the physical form of the matrix and Nb speciation inside UO,

matrix

- U-XANES on the matrix :
e sona > Same spectra observed on every sample (S1 and

_ S2, annealed or not)

E > Different with known NbO, < Different symetry

8 > E, position : between Nb**/ Nb%*

- Hypothesis :
I oy o = Contribution of the matrix and the precipitates

- UW-EXAFS on the matrix : = signal up to 11,5 A1

l —=—MNbin UD_ matrix
——NbO,

—Nb,0,

24 HNbin UOimatrix

« Signal from hidden
precipitates can not be
excluded

Nb K edge 1(k).K
Nb K edge Fourier Transform |1[k).;‘<3|

= Work in progress

kA7) R-8(A)
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Cea CONCLUSION ET PERSPECTIVES

CONCLUSION

> Influence of the sintering atmosphere (reduction of the dopants during the process)

» Whatever the starting redox couple and the annealing temperature, coexistence of two
niobium oxides (NbO, and NbO) inside the precipitates < Presence of two different valence

states

W) Possible existence of an in-situ oxygen buffer effect due to niobium

FUTURE WORK

> New experiments using less reductive annealing atmospheres
- Preserve the initial redox composition of the dopants

» Solubility limit of niobium in UO, (Electronic Probe MicroAnalysis)
—> Establish a solubility model of niobium in UO,
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