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Radiation damage in nuclear ceramics

Neutrons

Fission

Electrons | CaZrTi, 0,
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Rationale

o Lifetime of nuclear materials is reduced due to radiation
damage build-up.

» Most properties (thermo-physical, mechanical, chemical) are
affected by radiation damage (normal and accidental conditions).

* An accurate understanding of the mechanisms of damage
production and annealing should help to forecast the behaviour
of a given material exposed to different sources of damage.

* Design the materials that will resist to radiation damage.
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Damage along the fuel cycle
. Spent fuel

Storage / cooling

8
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HLW 200 kg

Geological
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Belloni, F., Kiitahyali, C., Rondinella, VV.V., Carbol, P., Wiss, T., Mangione, A., "Can carbon nanotubes play a role clear waste management?”, 2009, Environ. Sci. Technol. 43 (5), pp. 1250-1255.



Methodology — Basic processes

Examples
High burnup UO, fuel
Spent fuel (alpha-doped UO,)
Spinel MgAl,Q, (transmutation matrix)
Waste conditioning matrices (CaZrTi,0-)

Conclusions




Materials considered
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Single effect studies: irradiation
with selected ions at given
energies, fluences, Tures

Doping with alpha- -

emitters for UO, - 75 GWd/t,
homogeneous damage
and helium distribution

Concomittant effects of
different damage sources




Irradiated fuels, alpha-doped material, implanted samples

Radiation damage
mechanisms

Property changes vs.
o-damage (time)

radiation damage

gas accumulation

He accumulation/ oxidation Annealing
release behaviour behaviour

Swelling, hardness, thermal defects, dislocation loops,
diffusivity, oxygen potential He bubbles, internal stress

Tools: SEM-TEM, XRD, DSC, Laser Flash, KC, Hardness Meas.




Inelastic collisions with an electron
main process of energy loss producing excitation and
lonization

Inelastic collisions with a nucleus
Bremsstrahlung and coulombic excitation

Elastic collisions with a nucleus
Rutherford diffusion

Elastic collisions with an electron
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“Les rayons alphasont des
projectiles matériels
susceptibles de perdre de leur vitessg
en traversant la matiere” (1900)

E.Schrédinger
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Range of different particles
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Range, um dE/dx, Nucl./Elec. Defects

formed

Light FPs 0.03/0.97 40000
Heavy FPs 0.06/0.94 (510]0]0]0)

o-particles 0.01/0.99 -
- e -

Cosmic rays (p*) Light years !
106 (typical)
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10
Cascade from a recoil (SRIM2000)
5
£

Edy =20 < |
eV
Ed, =40
eV

typical pka energy ~ 50 eV; only a few > 2 keV
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Ziegler, J. F., Biersack, J.P., Littmark, U., The Stoi iini and Range of lons in Solids, Pergamon Press, Oxford, 1985



Only the electrons which “rotate” at a
higher speed than that of the fission
fragment are carried away.
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Fission rate:
10 fum3s ...10% fum-3 in 3 years
(~7-10"0 atoms-um=3 in UO,).

Displacements:
two fission fragments ( 67 and 95 MeV) produce ~10°

displacements along 7-9 um range.

9 ~1 dpa/day

At the end of irradiation each fuel atom has been displaced a

few thousand times!
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a) 1300 MeV 38U
dE/dx = 56 keV/nm

1 b) 2713 Me\

@ U dE/dx = 59 keV/nn

c) 173 MeV Xt
dE/dx = 29 keV/nm

lon tracks observed by TEM
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=== Thermal spike effect (Toulemonde model)

lon direction
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Radial temperature spread in the track
Here corresponding to the case b)
~ | i.e. maximum energy 2.7 GeV
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Track formation at UO, surface [1] and fission-spike induced phase change in
U,Oq4 needles existing in UO,,, (at T> 1150 C[2]).

Fission-enhanced diffusion of U in UO, (athermal below 1100 ° C) explained
by thermal and pressure effects of fission spikes [3].

Re-solution of fission gas bubbles due to passing fission products [4].

Radiation-enhanced creep due to thermal spikes [9].

C. Ronchi, J. Appl. Phys. 44 (1973) 3575.

H. Blank, Phys. Stat. Sol. (a) 10 (1972) 465.

Hj. Matzke, Rad. Effects 75 (1983) 317.

H. Blank and Hj. Matzke, Rad. Effects 17 (1973) 57.

D. Brucklacher and W. Dienst, J. Nucl. Mater. 42 (1972) 285.

O BN =




Commission

européenne

The spike produces a shock wave (strong compression wave outside the track core)
which can result on tensile stresses on the surface layer

TEM micrograph evidencing the nature of surface tracks, i.e. intermittence of short
segments (e.g. two FFs exits indicated by the arrows on the picture right)




‘Nuclear Fuel




400 operating reactors worldwide producing a large stockpile of radioactive
waste. In the past decade 300000 Tons of spent fuel, 1% of Pu (3000
tons), 0.1% MA, (300 tons), and 400 tons of LLFPs.

Increase of the burnup (55 GWy/t).
Spent Fuel Stability (public acceptance).

Two major visions:
- consider the SNF as ultimate waste.
- take benefit from the fissile material still present in the SFN and isolate
the fission products and minor actinides in waste forms (implies
reprocessing).

Basic questions on the radiation stability of UO, (HBS, disposal).




We do not want high burnup LWR fuel to cause rod failure:
- N0 excessive pushing of clad.
- N0 excessive fission gas release hence rod pressurization.
- no fuel melting.

We want to predict the effects of burnup and irradiation temperature on in-pile
behaviour (e.g. thermal conductivity, structural stability) but also on the long
term behaviour (storage).
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Ronchi, C., Wiss, T., Fission-fragment spikes in urar ide, 2002, Journal of Applied Physics 92 (10), pp. 5837-5848




1450K /
2 -1 .
. n \lefusivity at 500

1.9 6
810 m%s

Fl'esh UO
HBRP experimental database
4 burnup x 4 T,
X4
0
40 29 1€)
\NA

High burnup fuel samples typically failed at T=T,,. Annealing could be measured
through thermal cycling only for high Ti

Research
Centre



Commission
européenne

HBRP

0.5
: . | | | |
A accounts for phonon-impurity | [ 1 -7k v :EoL v :Ameded
scattering due to: 0K A EOL & Ao '
044 | T,=1450K O :EOL @ :Annealed / <
* soluble fission products ~ ~ /// P
(dependent on burnup only) = yﬁ g
. X 03| Purity /21 ° ’
® p0|nt defects é / I R/ad’ration
(dependent on temperature, < /’ D/f damage, s ;: i
saturated at low burnup) S oo , i e
, _ o s L K
« dynamically dissolved FG % ,/// /ﬁed,a““50
and volatile FP 3 _y—"{ | FPand
(dependent on burnup and 0.1 — | icrostructure
temperature)
0.0
.. 0 20 40 60 80 100
B should account for variation of Burnup (GW d t™)
elastic properties with burnup: _
N effect of thermal annealing:
* presently based on empirical

fitting 88 decrease of A and increase of B
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100 GWd/t

X 10-6

2.0
thermal diffusivity

1.8 at 500K (m?2 s1)

After annealing,
diffusivity
converges to
predicted end-of-
life values.

end of life
(model prediction)

0.6 . ! . . : . : .
0.0 0.2 0.4 0.6 0.8 1.0
Radial position (r/r,)
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Assessment of the evolution of spent fuel prior to water access
...description of the initial condition of spent fuel that is intended
for disposal in a geologic repository.

What will be the structure after cumulating alpha-decay ?
Emphasis will be ... on the evolution of the microstructural
stability of spent fuel (waste matrices) as a function of time.

The final aim is to extrapolate experimentally but also to model
measured effects to the storage times relevant for the
applications of interest (interim storage, final disposal).




Free volume in a rod: 20 cm?3
Pressure at EOI: 40 bar
Hydrostatic P disposal: 50 bar
Increase e.g. 50 bar

2 -RTG =MOX 8000y

@©

GJ“ "

L Displacements per atom
MOX (45% Pu) 60 GWdrt,, .
-0, 100 G, : Cascades during alpha-decay
e e Elastic — inelastic effects

Annealing

Structural integrity

Keywords: solubility, diffusion coefficient, He-release, swelling,
fracture, source term (S/V)

Centre



TEM alpha-damaged (U, ,Pu,_ )0,
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Heat Released, J g

The deviation of initial C,*(T) from annealed C,(T) is due
to recovery of latent heat of lattice defects.

Curves corrected for the a-decay heat (~0.14 Jg'K-1)
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Annealing of defects produces measurable heat. Four distinct annealing stages were observed
whose analysis was made possible by a comparative analysis with the independent recovery
processes of lattice parameter, thermal diffusivity, void/dislocation growth and a-helium
release.

Defect Concentrations and Enthalpies Measured in the Four Recovery Stages

Stage I Il 1l v

Total released energy 147 Jg! 196 Jg 11.8 J g 15.0 Jg

: O vacancy-interstitial | U vacancy-interstitial - - o
Mechanism recombination recombination Loop formation Void precipitation
Defects involved in 20~
recombination 24102 cm
Defects involved in 19 ~pac3
precipitation 7.010%cm
Diffusion Enthalpy, H 0.62 eV 1.34 eV 20eV 20eV
Recovered Energy, E 38*+05eV 5.1eV 10.6 eV 13.4 eV

Jaint
Research
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The a-Helium Inventory is 4.4 10'® atoms cm-3, much lower than the defects concentration.
Helium released at the end of stage |V is a consequence of defect restructuring but plays no
major role in it.
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The overall microstructure of alpha-damaged UO, consists of the
rapid formation of dislocation loops. Their growing slows down by
re-solution of interstitials...

...But coalescence of diffusing interstitial-type dislocation loops.
Rapid lattice swelling and saturation at ~ 2%
- consequence of extended defects ingrowth (polygonisation?)

MD studies of prismatic dislocation loops show that interstitial
loops can diffuse along the direction of tHe-Burger’s vector

without an applied stress (B.D. Wirth, ke» 18 (2007) pp 923-924, K.
Arakawa, K. Ono, M. Isshiki, K. Mimura, M. ' i, H. Mori, Science 318 (2007) pp 957-

959)

Formation of dislocation tangles based on the growth and
interaction of prismatic dislogation loops (origin of the HBS ?).




» Combined analyses allowed quantification of damage and
recovery process.

* Accelerated decay accumulation was validated as
representative of long-term ageing of high-level waste forms.

 Comparison with irradiated fuels shows that damage effects and
recovery processes during thermal annealing occur by similar
mechanisms in a- and fission-damaged UO,: - towards a
unified understanding of radiation damage.




" matrix for transmutation — VvV
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With neutrons coropdenne

Good resistance to void formation (fluences up to 2.3x10% n/cm?, E, >0.1 MeV, 1100K). (F. W.
Clinard, Jr, G. F. Hurley and L. W. Hobbs, J. Nucl. Mater. 108&109 (1982) 655.)

and to void swelling (Hj. Matzke Rad. Effects 64 (1982) 3-33.
Efficient point defect annihilation by interstitial-vacancy recombination (dpa> 50).

(K. E. Sickafus, A. C. Larson, N. Yu, M. Nastasi, G. W. Hollenberg, F. A. Garner and R. C. Bradt J.
Nucl. Mater. 219 (1995) 128-134.)

With low and medium energy heavy ions

Al 'and O sublattices disordering (2x10'® Xe-ions/cm?, E,, = 300 keV, RT

(A. Turos, Hj. Matzke, A. Drigo, A. Sambo and R. Falcone Nucl. Inst. and Meth. B 113 (1996) 261-
265.)

Spinel amorphization at 100 K when irradiated with 10" Xe-ions (E,, = 400 keV)
(R. Devanathan, K. Sickafus and M. Nastasi J. Nucl. Mater. 232 (1996) 59-64.)

Step height swelling of 0.8% for spinel irradiated with 10'” Ar-ions/cm? (E,, = 4 MeV, 200 K) (S. J.
Zinkle and G. P. Pells J. Nucl. Mater. 253 (1998)m20-132.)




With alpha-particles —

- Structurally stable against impact of alpha-particle but formation
of He-bubbles.

(R. Fromknecht, J-P. Hiernaut, Hj. Matzke and T. Wiss, Nucl. Instr. Meth. Phys. Res. B 166 & 167, pp. 263 - 269, (2000).)

Swift heavy ions

- amorphization when irradiated at RT with 72 MeV I-ions (101°
ions/cm?) and track formation for FPs-ions.

(S. J. Zinkle, Hj. Matzke and V. A. Skuratov, Mater. Res. Soc., Warrendale, PA, MRS Symp. Proc. 540 (1999) 299 - 302).

- large swelling (starting at 5x10"3 l-ions/cm?, 72 MeV).
(T. Wiss and Hj. Matzke, Rad. Measurements, 31 (1999) 507 - 514.)




lons: lodine
E: 72 MeV
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TEM of ion tracks in MgAI,O,

* *

»*
*

a) 30 MeV Cy,Buckminster fullerenes  b) 2.38 GeV Bi-ions
c) 120 MeV Bi-ions d) 70 MeV l-ions (specimen tilted in the electron beam

Wiss, T., Matzke, Hj., Heavy ion induced damage in MgAI204, an inert matrix candidate for the transmutation of minor actinides 1999 Radiation Measurements 31 (1), pp. 507-514




dE/dx,, keV/nm
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A cross-sectional TEM - dE/dx - study has allowed to determine the amorphization
threshold (6 keV/nm) of spinel for fission products (iodine 72 MeV)
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100 nm

1.3 GeV #*Bi in spinel 70 MeV 271 in spinel

—

30 MeV C, in spinel 70 MeV 271 in ceria

Centre
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— Calculation of the molten radii

for A =4 nm

©® Experimental track radii
Low velocity (this study)

B Experimental track radii
High velocity (this study)

® Reported value by Zinkle et al.
High velocity (ref. [13])

Calculation of the molten radi
along swift heavy ion tracks
using a thermal spike model

dE/dx threshold for track formation:
6.6 keV/nm (calculated)

0 0 220 % 4 50 60
lon tracks: dE/dx, keV/nm
-Low velocity (1 MeV/amu, FPs) largest track radii.
Well fitted for | = 4 nm supporting the assumption of a melt phase around the ion path.

- Medium velocity (5 MeV/amu) lower track radii.
- High velocity (>10 MeV/amu) smaller track radii observed in spinel.

The deposited energy density is the key parameter for track radii.

Irradiations with FPs, Amorphization, Swelling
After exposure to e: Recrystallization: formation of irradiation-induced nanostructures

Jaint
Research
Centre
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MgAl,O, selected according its properties (X, G, Tesistance
to damage (n, ), T,,, etc)

Study of a once through scenario in an (epi) thermal flux
(HFR)

Infiltration of 11 wt% 24'Am

Irradiation: 358 FPDs, T < 1050 K, fission power 30 — 270
W.cm3

Swelling 18 % due to gas production (He; 10 mol/cm?;
4400appm

25T - oy

Wiss, T,, Konings, R.J.M., Walker, C.T, ThieI Journal of Nuclear Materials 320 (1-2), pp. 85-05
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Fissile inclusion (U(
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= |nformation available for MgAl,O,-based fuel is extensive.

= The number of studies certainly exceeds those for most
alternatives.

= Further conclusions on the usefulness of MgAl,O, for this
specific application must wait for the results of equally detailed
studies on alternative materials.

= Chemical and poor radiation stability (FPs) makes it a poor IMF
candidate.
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Zirconolite CaZrTi, O,

Main constituent of SYNROC® developed
at ANSTO: can accommodate Ln and tri-
and tetravalent An in the Ca and Zr sites
(monoclinic structure). Natural zirconolites
have the ability to incorporate up to 24
wt% UO,, 22 wt% ThO,, and 32 wt%
REE,O; in the structure.

Zirconolite

. TiOg - Polyhedron
e MM

A

239py-doped

238py-doped
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thermal annealing, 2006, Journal of Nugc! aterials 352 (1-3), pp. 202-208

Wiss, TA.G., Hiernaut, J.-P., Damen, P.M.G., Lutique, S., Fromknecht, W.J., Helium behaviour in waste conditioning matrices during
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The Fractional Release data show that the onset of significant He-release is
closely associated with the onset of recrystallization and densification.

The integrity of the studied materials was preserved during storage.

The following sequence could be drawn from the different investigations on the
phase transition of 2M-zirconolite during damage build-up and recovery:
monoclinic — pyrochlore — fluorite — amorphous- rhombohedral — monoclinic
(+ pseudo hexagonal).

this study on helium behaviour shows the ability for this type of compound to
accommodate for large quantities of helium.
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Thank you for your attention !




Slowing down of a particle/ion in a target

e history of the particle
energy loss of a particle, range, interactions

e history of the target atoms
displacements, recombinations, ionization,
excitation, radiation damage build-up

Nuclear industry, nuclear medicine, space applications,
semi-conductor, geology...




Classical approach
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Classical description of a two-particles interaction as a function of
Impact parameter b, diffusion angle 0, and solid angle Q.

Non relativistic particle, Mass center = Lab. Ref., Coulombic

force
g1 22,8~
ne, I
1., 1 z2z7¢
My =—
2 4ng, D

Cross-section for
diffusion

o(>0,)=nb’

o (zz€f

1

dQ

(Bre, (M sin“g

Rutherford

(e (F 2777 dx
p_J.th_-[)v1 dx= dne, -[vl(x2+b2)

—00

AG=Q= P _ Azze'f
2M,  (4ng, ) M,Vv2b?

do

Th Oo __ 2z£f
OMSOM4Q  8re2M,V2Q?

I do = 1/Q?, low energy

tranfer
2, 1/M,, mainly on e’
1/v,, end of range



....In fact..
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Screening by e : Thomas-Fermi potential

2
V(r) = LLE
a ) r

with the screening function ©
and screening length (Lindhard)

a - 0.8853 3
L™ [ oa—na\/2 @0
(le/szg/s)l
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Other description of the screening function
by Lenz, Jensen, Sommerfeld, Moliere

Inter-penetration of the electron clouds

Hartree-Fock-Slater calculations.
However, good approximation by TF

Charge distribution in single atom

-
%
Alomlc Mumbar ... ..... 92
Atomic Wwalght ......... 238 o : U92
Mows Danalty ......... 19 glem’ 'E
Atomic Demwily ........ 0.0482 llc-frllw.J 8
Lattice Type .. T
"
Lattice Connton e
2nd Loltice Conslonl... 1.88 Ang, a
Myftin-Tin Radiye . ... 1.43 Anq. g_
Faormi Vaiocity-Theory (Cont).. 1.03 vo £
Ferml Valocliy-Theary (Dinc).. 1.8i Vo 2
Faimi Valoclly-Euper Iment. ... M’MH. v
Intasatinital Volum .., 7.9 (Aag.}
Intaralltitel Charge. .. 1.89 slsctrons o 04 08 2 1.8
Intaratitital Denaity (Dise) .. 0.238 o/(ang.)" Atomic Radius (A)
Roa. () Chg.(e/a%) [ Rod. (A) Cng.(e/a%)|Rag. (A) Crg.(a/a%)[Roa. (A) hg.(e/00)
00014 2.6M8 | 0.477 98263 | 0.2 122 1.2 0.342
0.00207 1886 | 0039 B3N | 0212 93.3 1.48 0.240
0.00311 12066 | 0.0%4 1823 | 0.208 .8 1.48 0.248
0.00413 9023 | 0.0801 88N} | 0.30% .3 1.47 0.248
0.00519 8475 | 0.0843  B.07EI | 0.3%3 a8.8 1.49 0.248
0.00827 4.6403 | 0.0884 5373 | o.3m8 -1 s 0.248
0.00726  3.4063 | 0.07286 #7003 | D.4m » 1.81 0.248
0.008 2303 | 0.0808 3323 | 0.4%4 23 1.52 0.248
000833 195 | 0.0092  z.06) | 0.487 173 1% 0.248
0.0104 1LMES | 00973 1.9%) | 0.8 2.9 1.38 0.248
0.012¢ nees | 0.108 1,936 | 0.3 9.08 1% 0.248
00143 80284 | 0114 12763 | o387 7.4 1.7 0.248
0.0188 72704 0.123 1.1E .62 5.83 1.9 0.248
00187 eyE4 | 0.im 101y | 0688 %72 1.8 0248
00207  8.304 | 0% 2802 | 072 ERE ) 1.8 0.248
00278 4004 | 0147 85002 | 0.788 282 182 0.248
00249 4034 | 0130 17362 | 0.8%2 1.0 1.83 0.248
0.027 Lt | 0am .72 | ome 1.5 189 0.248
Jaint 0.029 30404 0188 4.8502 0.988 5,18 |.= 0246
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Electronic stopping power

Electronic collisions constitutes inelastic interactions where electrons can be
exchanged between incident ions and target atoms. The corrected Bethe and

Bloch
formula is adequate for particle velocity larger than the velocity of the minimum-

bound dE an (e, (2mv C

electrons. ‘&l BET™YY: [ 4n80j {'”(—l j—ﬁz—'”(l—ﬁz)—?}
For lower velocities the electron clouds can re-organize them. Lindhard and Scharff
proposed an expression for the electronic stopping power based on the TF atom

V, << 212/3V0 —&l =N,Z;® x8nr e’ X(Zl%z—yzj%xi
2
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Electronic energy losses produce o ' ' ' ? ' ' '
thermal spike + shock waves st [Target material ol A
resulting in surface track formation. | lon: %zr
75 R U U SR A W
g >
— ? ? | | |
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5 5 ‘ ' electronlc |
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power 0 | 3 nuclear Inelll 3 3
™ ™ T T | E—— ™ T
10" 10° 10* 10" 10" 10" 10° 10° 10°
dE

dxjn Tdo,(E,, T)= 4nNaTF(

Electronic stopping power
dE
dxj [

SRIM: Ziegler, J. F., Biersack, J.P., Littmark, U., The

Ze
4me,

&2 Iog )
%% oo~ Biersack

Energy, MeV

j {n[zn;v?j_ﬁz_.n(l_ﬁz)_% Bethe & Bloch

and Range of lons in Solids, Pergamon Press, Oxford, 1985




Effective chargif - dependence on the velocity

3\/
Z=% if \f<\(Z°
0

Z=7 if \[>>Z"

_jjocfe

1E)OC'0_95
dx) E

Maximum stopping power - Bragg peak

Vg

dE
—— |oclogE
dxjOC :

24 |
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70

uo,
d,, = 10,96 glem’

A

)
102 10t 1 10

]
10°
Energy, MeV/amu

| V<<Z\V,
] VEZV,

1] Z\Vp<v<C
v V=C

Vo Iocity (electron in hydrogen) = 2.19-10° crm/s
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The range can be deduced by
integrating the invert of dE/dx

Ing
~

(o=
N
Energy, MeV/amu

20

dE/dx, keV/nm
]
=
o

o
oo

10 1
- 0.6

- 04

- 0.2
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e ion irradiation
B ¥k
10 : ion implantation
% irradiation
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§ /é %4" fission
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- Energy loss of an alpha-particle in UO,

T

—— electronic
—— nuclear

T

dE/dx, keV.nm™

T

N
(&)

T

RN
o

dE/dx, keV.nm™

SRIM: Ziegler, J. F., Biersack, J.P., Littmark, U., The Stopping and Range of lons in Solids, Pergamon Press, Oxford, 1985

depth, pm

10

o

T

T T T

Energy loss of a median heavy FP in UO,

electronic

—— nuclear

depth, um
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Communication of kinetic energy to a lattice atom sufficient to break bonds
- lattice elastic forces cannot bring it back

& energy to transfer, E,, threshold displacement energy.
& formation of a Frenkel pair

Dependence on lattice vibrations (Temperature), crystallographic directions.
If sufficient energy is transferred to the primary knock-on atom (pka) further
collisions/displacements can occur.

& Displacement cascade

Number of displaced atom, n(T) per pka (Kinchin and Pease, 1955)

n(T) =0 if T <E,
n(T) =1 if E,<T<2E,
n(T)=T/2E, if T>2E,

Better approximation: n(T) = 0.8 (T-E,;,)/2 E4 for T>2 E,

Joint
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Linear defects:
- dislocations (screw, edge,
m.\lf\l'J\

AL
0566560
36606603

Point defects

7 ¥ “._n"i-c |

) . e . : . 5

Bi-dimensional defects:
- stacking faults
- grain boundaries

Tri-dimensional defects:
- bubbles

- precipitates

- clusters

Vacancy Ef, ~ 1 eV
Interstitial E, ~ 3-5 eV
Frenkel pair: 4-6 eV
Substitutional

Defect concentration is T dependent




Low temperature: =
athermal recombination by newly produced defects
(overlap of displacement cascades)

Higher temperature:
migration of interstitials
- correlated recombination (interstitial with “its” vacancy)
- nhon-correlated recombination
- trapping on impurity
- trapping on sinks (dislocations, clustering)

e.g. in operating fuel values as high as 1500 dpa are reached during the
fuel lifetime and the material remains crystalline !!
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Alpha-particle 5.5 MeV
O Oxygen
o Uranium
200 0 | y, b
~ 150 displacements ~ 1500 displacements

SRIM: Ziegler, J. F., Biersack, J.P., Littmark, U., The St
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opping and Range of lons in Solids, Pergamon Press, Oxford, 1985




close exchange crowdions, propagating
Frenkel pair collisions dynamically

7/
primary
knock-on

lattice
vacancy

energy
transport
by focusing

O
cotlisions <110>OOOOO¢O

{100)

zone atoms




 HBS (or RIM) structure is formed at high local burnup and low
T.. Itis characterized by grain subdivision, increased porosity,
and evolves to an “ultimate™ microstructure at very high burnup.

* No universal consensus on mechanisms and properties of
HBS.

* However, it seems that HBS is not a negative feature of high
burnup fuel:
- fg is not released when HBS is formed

- depletion of fission gases in the matrix, but almost
complete  retention in the fuel (rim porosity).

- but release temperature decreases with decreasing T,
and increasing burnup |




Optical

'3

i

1040 nm

+
&
o
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High Burnup Structure

Fractal dimension HBS d= 2.2

Logp/log q (Cauliflower d = 2.33)
p: nb of fractals

q: magnification
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Depends strongly on the
lonization primary ionization, on the
lattice binding forces.

But also...
on the electron mobility
Electrostatic Insulators most sensitive

displacement

Relaxation and
elastic strain
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SEM of a 200 GWd/t, fuel sample

* W

Memory effect after
HBS formation

Break of the structure
during annealing (1200

K) Formation of ,ultimate®

pores at very high
burnup

Fission product release and microstructure changes during laboratoryrannealing of a very high burn-up fuel specimen,
J.-P. Hiernaut *, T. Wiss, J.-Y. Colle, H. Thiele, C.T. Walker, W. Goll, R.J.M:{Konings, J.Nucl. Mater., 2008, Journal of Nuclear Materials 377 (2), pp. 313-



Normalised Fractional Release

Tellurium

Caesium

96(1l)

Xenon-Krypton
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A burnup and temperature
matrix has been used to

determine the threshold for
fission gas release

To be submitted to JNM in, “Release of volatile fission products during thermal annealing of LWR UO2 fuel irradiated of different burnup and temperature”
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Xenon-Krypton

BN e

2200 T’*""‘”‘

2000 KA

TNFR40 (K)

By J.-P. Hiernaut, T. Wiss, J. Spino, V.V. Rondinella, R.M.J. Konings, T Sonoda, M. Kinos i
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TEM analysis of (U,, Th,, Pu,)O,

(Ug.g) 2%Pug )0,

1.7-10"8 He.g™’
0.7 dpa
T=2y

3.6-1090 He.g"’

100 dpa
T=30y

(Uo 33’Tho 67)O24y

7.2:10% He.g™
170 dpa
T=550-100y

NFES
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Large damage ingrowth

Time, s

1 0 1x10° 2x10° 3x10°
] T T T T T I T T T T TT °=
. LTy — & ]
o
./°
0.1-m
S| ]
=) —m—-UO-10] |
s / o Uo-01] 3
< —Q@— a-decay] 1
0.01

0 1 2 3

dpa

Irradiated fuel (Ug.g, °8Puy 1)0,

Can HBS be explained by these observations ?
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Microdispersed
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Implantation of 85Kr

Subsequent irradiation
with 72 MeV iodine-ions

The radiation-enhanced diffusion
coefficient, D*, varied linearly
with the fissiof rate, F
according to the relation

*=AF with A=1.2x102° cm?®
and F in fissions/sec cm3.

Kr-release, %
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100
©® O 40 keV ambient uo
A DO 80keVambient 2
O 80keV, 500 °C
80

60 |

40 B —— 80keV
— 40keV

IS

N

20

Kr distribution, x 10° ions/A

o

o
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Range, A
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iodine fluence, x 10™ ions/cm?
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Fundamental data
thermodynamic solubility, diffusion coefficients

Influence of: grain boudaries, bubble formation,
radioactive decay, fission, temperature, gas re-
solution, impurities, microstructure, ..

On: gas mobility, release, material property changes
(mechanical, integrity, thermo-physical)

Concerns: Spent fuel, operating fuels, waste
conditioning matrices, IM.




The ionicity criterion
Cubic structure are underlined

Crystallization temperature criterio

H.M. Naguib and R. Kelly
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Matériaux qui

s’amorphisent Ta,05
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Lattice defects from radiation damage

* o
T
*

defect clusters in ion-irradiated
UO,

Dislocation loops in 100 nm
UO, irradiated at 800 K -—>

Dislocations in UO, irradiated at 1300 K
) O ¥ - -

i




e B(l', '[; i g : electron-phonons coupling constant (W.cm-
Ce——=VI(KeVTe)-g Te-T)+—— KT
a ( ) g( ) Ce C, : electron specific heat (J.cm-3.K-1).
ar C : material specific heat (J.g-1.K-1).
T : lattice temperature (K).
pC(T)E = V(K(T)VT)_" g(Te _T) T, : electronic temperature (K).

The equations describe the heating and cooling of the electronic system and
the atomic system respectively.

The term B(r,t)/C, is the energy deposited to the material (UO,) by one ion
from the ion-beam.

The equation system is not solved analytically but a numerical solution can be
calculated with only one free parameter, i.e. the mean diffusion length of the
energy on the electrons. For the case of UO, based on the TEM observations of
tracks a value of 6 nm is found.

Tracks of 3 nm diameter could be expected for a heavy fission fragment (full

energy).

No direct observation of tracks in fuel but athermal diffusion and creep
and gas bubble re-solution. :
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Analysis of the heat effects o

The reaction-rate formalism can be used to calculate the
interstitial and vacancy concentrations :

: 2 d
K'—D,ck,” —agic, -
dt
Simple model for defect annealing : each kind of defects is a single- d
. ; - C 2
energy activated process and the reaction (recombination or —=—-kec
precipitation) is supposed to obey a reaction-rate equation of type: dt

c is the spatial concentration of the involved defects or defect/antidefect pairs, and k is a
characteristic time related to the mobility of the faster defect, and expressed as: H
k=KDye R

4 parameters for each process:

C, (initial concentration): deduced from the previous experiments

H (diffusion enthalpy)

K D, (reaction constant)

E (recovered energy during annealing): deduced from the observed heat effect &
literature
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sample Original composition Age, y Damage, He, Bubbles Bubble Swelling, %
dpa at.g? pressure,
Average Conc., lattice From
MPa
radius, m-3 bubbles
nm
u0233 (U5 =T O 5 0.00001 3.8x104 0.09
uoo1 (USRI ©5 9 0.028 7.6x106 0.5
MOX40 (YRR ©5 12 0.12 4.7x10% 0.7
uo10 (Ug o%%8Puy )0, 9 2.8 7.6x10%8 1.2 1.5%x1022 1.3 0.01
P3B (?*®Pug o, Pugy )0, 30 100 3.6x102° 2.5 5x1023 180 2.2 3
RTG 238py0, 36 110 5.5x102°
T4 (Uo.33:Tho 6702,y 550x10° 170 7.2x10%° 8 8x1023 320 1.5 9
u2 (Yo.02:Thg 08) 02y 220 x108 130 5.8x10%° 1.5

Nb: the van der Waals equation of statWt been used to calculate Py,






