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Specific volume

Liquid

Supercooled
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Shrinkage due
to freezing

Glassy state

A glass (or vitreous solid) is a solid formed by
rapid melt quenching.

A glass is an amorphous solid that exhibits a glass
transition phenomena at T

Viscosity
Relaxation T = 2
time -
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Shear Modulus

Glass properties depend on:
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obtanus pour les différantes vitesses de refroidissement :
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@ influence de la vitesse de refroidissement
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Chemical composition

Thermal history during elaboration process
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Nuclear Glass: SONG68

Oxide glass with around 30 oxides g:o'::i':': e :?;P:tzﬁ':;f::’m;:i v
Sodium alumino-borosilicate glass y — Comuosiion
spécifié pour moyenne des
L. Cormier, J.M. Delaye, D. Ghaleb, G. Calas, PRB 61 (2001) 14495 Findustriel verres industriels
(% massique) (% massique)
min max
Si0, 42 4 51,7 456
B,0,4 124 165 14,1
Al,0, 3,6 6.6 47
Na,O 8,1 11,0 9.9
CaO 3,9 48 4.0
Fe,04 <45 1,1
NiO <05 0,1
Cr,0, <06 0,1
P,05 <10 02
Li,O 1,6 24 20
ZnO 2,2 28 25
Ox Ti 185 17.0

(PF+Zr+ actinides) +
Suspension de fines

Si N Oxydes d’actinides 0.6
2 I eB ©Na Si0,#B,04#Al,0;  >60 64.4
Fission product / Actinide
in an octahedric site Monographie DEN : Le conditionnement des déchets nucléaires
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Glass Long Term Behavior

Metallic Lithostatic Containers
containers stress

S < _.“
QVAV >
ae)
S (A) VQAD

Leaching
corrosion RN release

\EENER R SRR R R
A B BB EEEEP®
=l

Glass
Near-field materials Hundreds to Thousands to hundreds of
thousands years thousands years
A
Temperature —>
Dose rate
Activity —
Irradiation dose
dpa, He
—>
Water resaturation
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Outline

1- Context: radiation sources

2- Methodology to study alpha decays impact

3- Effects of a decays on the glass properties and structure
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Outline

1- Context: radiation sources
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Commercial glass

Glass LTB: What type of radiation?

Depositgd energy Number of atomic Number of event per Number of atomic
Irradiation source path (Gy) displacements per ram of glass after 10* displacements
9 9 6
2 o event years after 10° years
After 10" years After 10° years
o decay
~20 ym 9 10 ~200 20
~ 3x10 ~10 ~
He (4 to 6 Mev) x 2018 ex10
Recoil Nuclei (0.1Mev) || ~30 nm ~6x107 ~ 3x108 ~ 2000 ~ 6x1021
| B decay | 1mm | ~ 3x10° | ~ 4x10° I ~1 I 7x1019 I 7x1019
| y transition | aasem || ~ 2x10° | ~ 2x10° I <<1 I 2x1019 I <<2x1019
(o, n) reactions m ~ 2x102 ~ 9x103 200 & 2000 3x1012 6x101% 2 6x101°
) 5 16 5 41017
. Ffs : 10um 10 107 a10
Spontaneous Fissions
P e ~ 2x10* ~ 4x10 101 4 1012
neutron: 1m 200 & 2000 2x1013 a4 1019
Alpha decay

Minor actinides:
- Main source of atomic displacements in the glass structure

- Main source of energy deposition over long term

100 keV

What is the effect of alpha self-irradiation on the glass long term behavior?
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dose ? Commercial HLW

1.0E+20 [
o
S
jg 1.0E+19
S - R7T7 - 300AQ60 since 2008
o i
c%\ B
o R7T7 - 300AQ16 since 1980's
©
o 1.0E+18 |
5 - Depend on :
< ) Fuel burn-up
- Cooling time before reprocessing
1OE+17 N IR L1110 L

10 100 1000 10000 100000
Time (years)
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1- Level of alpha decay dose ? Commercial HLW

1.0E+20 |

1.0E+19 |

1.0E+18 |

Alpha decay dose (%/g)

Simulation of mixed

UOX - MOX(20%) glass

R7T7 - 300AQ60 since 2008

R7T7 - 300AQ16 since 1980's

1.0E+17
10

CEA/DEN/MAR/DTCD/SECM

100

S. Peuget

1000 10000 100000
Time (years)
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1- Level of alpha decay dose ? Commercial HLW

1.0E+20 |

Simulation of pure MOX glass

1.0E+19 |
- R7T7 - 300AQ60 since 2008

R7T7 - 300AQ16 since 1980's
1.0E+18 |

Alpha decay dose (%/g)

Simulation of mixed
UOX - MOX(20%)

1.0E+17

10000

Time (years)
Level to study : around 10"° a/g

CEA/DEN/MAR/DTCD/SECM
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1- Level of alpha decay dose ? Pu immobilization

1.0E+20 - .
C Glass + 10% of
i ) 239Pu02
- Glass + 10% of PuO, -
o * ,
S .
o 1OE+19 - '¢'
- o)
) - . 2
@) B i
U [ *
> i I
@® L’
D -, R7T7 - 300AQ16 since 1980's
© L’
© 1.0E+18 .
Qo n
< i
1_OE+17 N I B Lo Lo N

10 100 1000 10000 100000

Time (years)
Level to study : 1020 a/g
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1- Main studies on alpha decays effects

Main laboratory studies of alpha decay impact

USA (NLs) 70's-90" s <3 x 108 a/g
UK (AERE) 70’s-80"s <3 x 10" a/g Macrosocpic behavior
but very few data on
: : the glass structure !
France (CEA) 70's-80"s <3 x 10"® a/g
EU (ITU) 70°s-90" s <5x 10" a/g
JAPAN (JAERI) |90’s <10 a/g

Need to improve the understanding of alpha decays effects
To predict long term behavior
To explore nuclear glass limits

To optimize the future glass composition

Focus on the results of the research program started in 2001 at CEA
CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 12



Outline

2- Methodology to study alpha decays impact
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2- Interaction of radiation with matter

Solid
M,, Z, . Implanted 1on
- / hy electronic V=0
& g capture °
I ::. c c . PO e =
on e — o C \ C:\ o, _,o -
Mla Zl — lonlzatlgﬂpf/fﬂ/ef_ﬂ‘»\\ ’\\ ’(0& o \
e *  of target lonization™~__ AN
Sputtered® ™ |~ atoms of incident
atom — ion Displacment
= cascade

Electronic (inelastic) collision : electronic excitation / ionization of both
partners of the collision event

Nuclear (elastic) collision : no modification of internal state of both partners of
the collision event

CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 14



dE/dx (kev/nm)

2- Alpha decay

——PudE/dx ,_——PudE/dx  ——HedE/dx __— HedE/dx
1
-
0.1
He Mainly nuclear collisions
4— L) yI
0.01 Ballistic damage
30-40nm Displacement cascade
1E-3
1E-4 _)
0.1 1 10 100 1000 10000

Mainly electroni llisions
Energy (KeV) y electronic collisio

N~

15
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2

3

4

2- Methodology to simulate alpha decays effects

Accelerate the time scale

Dissociate the effects of self-irradiation (electronic / nuclear) and helium generation
Evaluate the effects on the confinement properties

Evaluate the effects on the glass structure

Propose some models to explain the glass behavior under alpha self-irradiation

Atalante DHA, CEA

. Curium doped glasses

. In pile irradiation : 1°B(n,a)’Li

. Molecular dynamic modeling of ballistic effects

CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 16



2- Methodology: Cm doping

- SONG8 glasses doped with 0.04, 0.4, 1.2, 3.25wt% of 244CmO,
- Simplified glass (ISG) doped with 0.7wt% of 244CmO,

244 244 244 244
W 0.04wt% Cmg @ 0.4wt% Cmg A 1.2wt% Cmg & 3.25wt% Cmq

10%
-~ 10000 to 100000 years of storage Y
5 10" | A
ES_, E /,f‘* A AT A
o F e GeE Ao
7] = B o
-8 18 : A ‘/> . ------ e T @
g 00w e
é - e
N m
© L . *« s
5 107 - P B "
< @ B
- P
10 [
-
2001 2003 2005 2008 2010 2012 2014 2017 2019
time
Mol% sio, | Nao 8,0, | A0, | cao | zo, oq:ler * Initial char.acterlzatllons of the glllasses
oxides (homogeneity, chemical composition)
ISG/CJ4 | 60.1 12.6 16.0 3.8 5.7 1.7 . o
* Periodical characterizations of the glass
R7T7 52.8 11.3 14.1 3.4 5.0 1.6 11.8

properties
CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 17



2- Methodology: lon beam irradiation experiment
Jannus Saclay,Orsay, Ganil

_ Mono beam

| Heavy ions

+ Heavy ion

»Double beam

Heavy ion +

Simultaneous

CEA/DEN/I\/IAR/DTCD/SECM
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: 19B(n, o) Li

D2 D3
E (MeV) He(1.47) + Li(0.84)
Fluence (neutron cm™) 59x10"® | 1.2x10" | 3.5x10" | 52x10" |1
Glass samples : polished disks Number of events (ion em™) | 3.5x10" | 7.0 x10" | 2.1x10% | 3.1x10* |
thickness 0.5 mm N dE/dx(He) <0.03 =
dE/dXpar (keV nm™) dE/dx(Li) <0.06 S
. -1 dE/dx(He) <0.33 <
Aluminum dE/ dXelec (keV nm ) dE /dX(Ll) <0.56 e S‘D)
sample holder =
i contact with Enuet (GGy) 0.06 0.13 0.39 7057 »
cooling water Eciec (GGY) 5.16 10.45 30.69 45.71 %_
Dpa 0.27 0.54 1.6 ©238 7 o
Neutron e o
detectors . . Other 8
Mol% | SiO, | Na,0 B,O; | ALO; | CaO | ZrO, | “.\° QO
CJ1 67.7 14.2 18.1
SON68 | 52.8 11.3 14.1 3.4 5.0 1.6 11.8
|
|

Thermal modeling and fuses
observations after irradiation:

T<70°C

innERnl
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- Simplified borosilicate glasses (CJ1, CJ7)

Qb(7b:)==

2- Methodology: Molecular dynamic modeling

y

9.9,

+ B, exp( —

7.

A
P

- Accumulation of displacement cascades caused by
uranium atoms of energies from 700ev to 70keV

- Characterization of the structural modifications

induced by displacement cascades

5000

300

Mol% | Si0, | Na,O | B0, | ALO, | Ca0 | zr0, | 2t
cht | 677 | 142 | 184
c7 | 638 | 134 | 170 | a4 1.8

sones | s28 | 13 | 141 54 | so0 | 16 | 118

CEA/DEN/MAR/DTCD/SECM

S. Peuget

x Initial Glass
Temperature (K)
(100ps)
AN NVT
510'2 K/s
________________________________ NPT NVE
| (20ps) | (5ps)
I Time
O >




Cmdopedglass 4 Au(1to7)MeV & Kr (400 KeV)

Alpha decay dose

104 = He(1.7MeV) e Osiris B(n,0)"Li . scale or time scale

g / ~ 100000 years of storage

E’ 107 of nuclear glass

= 5 to 10 years of storage of

o 244Cm glass

S 107 o

Q

c |

9 [

B .

=107

©

2

‘B

8 20

£ 107 4

& A

Molecular dynamic simulation
1019 4 l<I 4 LR | 4 L | ! LI | |
1018 1019 1020 1021 1022
Deposited nuclear energy (KeV.cm®) Simulation of
100000 years of
Heavy ions irradiations (Kr, Au) : mainly nuclear interactions disposal by various
Doped glasses and OSIRIS irradiation : electronic and nuclear methods !
interactions
Molecular Dynamics : only nuclear interactions
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Outline

3- Effects of a decays on the glass properties and structure
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Density variation (%)

3- Effect on the macroscopic properties? Density

Slight decrease of the glass density (0.5%)
No effect of the dose rate

Stabilization of the evolution at around 4x10'® a/g
Evolution according to an exponential law (direct impact model)
v'Variations correclty simulated by external irradiations and MD simulation
v'Swelling level is lower under a decays irradiation (0,5% compared to 1,2% Au irradiation)

0.1
1o A = 0.04CmSON68 ® (0.4CmSONG8 A 1.2CmSONG68
0.0 4o ¢ 3.25CmSON68  ------ exponential law
Te
0.1 4}
1%
-0.2 0 ;\;
LA <
- - [ [ ]
2] &
g 5 ‘ -
-0.4 A @ g
. 2 >
-0.5 * -9 A,,,u,,,,! ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 2
L 4 [0
| ° N 2 o)
-06 1 *
-0.7 .
-0.8

Alpha decay dose (o/g)

S. Peuget et al. J. Nucl. Mat. 354 (2006) 1

CEA/DEN/MAR/DTCD/SECM S. Peuget

Alpha decay dose (c.g™)

exponential law

10" o -
0 e 'l |
77777 ’00‘00 TS *
\\Q ’ 7“””"“””’77” 7777777 ’7; 7777777 .,7”’
-1 * o’ |
. . M
[ ] N ’
(@]
(@]
-2 . |
. (@]
oe’ °
o o ©
A " ° -
e AuCJ1 )
o MD CJ1 0"
& AuSON68 o
4] & 3.25CmSONG68 ’

T T T T T T T T T T T T T T T T T T T
0.0 2.0x10"™ 4.0x10™ 6.0x10"® 8.0x10™ 1.0x10" 1.2x10"™ 1.4x10" 1.6x10" 1.8x10" 2.0x10"° 10"

T T
1020

' 1021

Deposited nuclear energy dose (kev.cm™)

S. Peuget et al. J. Nucl. Mat. 354 (2014) 1

Atelier Verres irradiés - Nice 2015
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3- Effect on the macroscopic properties?

Mechanical properties: example of hardness

Decrease of hardness on curium doped glasses and ions irradiated glasses
He induced lower changes

® 0.4SON68 A 1.2SON68 # 3.25SON68 0 KrSON68 © AuSON68 + HeSON68
% 1.7*'CmO,ITU A 3.0CmO,JAERI ® AuCJ1 « AuCJ3 = AuCJ7 @ OSIRIS SON68

0+ o +o t %
[ ]
u 0 +
< .
< 104 . Effect of electronic or
g 1 % + + nuclear interactions?
= *
g 20 - A oh
g : A °
” < X PR N No agree_ment versus
4] # A Electronic dose
C [ ] () ¢
-e '30 = ‘ [ %} A’D A o O
© [ ] o
o "o *
I < : A O’
-40 - * ° :
HR | R R L R R
1 019 1 020 1 021 1 022 1 023 1 024
Deposited electronic energy dose (keV.cm™) T
~ 60 GGy
S. Peuget et al, NIMB 246 (2006) 379 S. Peuget et al. JNM 354 (2014) 1 Mir et al. . JNM, accepted
CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 24



3- Effect on the macroscopic properties?

Mechanical properties: example of hardness

Decrease of hardness on curium doped glasses and heavy ions irradiated glasses
He induced lower changes

® 04SON68 A 12SON68 # 3.25SON68 © KrSON68 © AuSON68 + HeSON68
% 1.7°¥CmO,ITU A 3.0CmO,JAERI ® AuCJ1 <4 AuCJ3 ®= AuCJ7 @ OSIRIS SON68

0- Effect of electronic or
nuclear interactions?
< -10-
5 Quite good agreement
© between doped glasses
= 20 4 i h .
g and heavy ions irradiated
§ glasses
C
P l
©
I -
Effect induced by nuclear
CJ " .
-40 - % e interactions
! orrrrr ! R | ! L | ! R ! R
1017 1018 1019 1020 1021 1022
Deposited nuclear energy dose (keV.cm'S) t He case is different
0.6 GGy
S. Peuget et al, NIMB 246 (2006) 379 S. Peuget et al. JNM 354 (2014) 1 Mir et al. . JNM, accepted

CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 25



3- Effect on the glass microstructure

244Cm SON 68 glass : SEM (CEA Marcoule), alpha decay dose 2x10"%a/g

(Around 100000
years of storage)

S. Peuget et al. JNM 44 (2014)

244Cm SON 68 glass : TEM (ITU Karlsruhe), alpha decay dose 8x10'8a/g

Homogeneous microstructure,
without bubbles, phase
separation or crystallization

ACTNER
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Alteration

3- Effects of a radiation on the leaching behavior?

Initial rate r;

—

(Possible resumption

of alteration)

thng rate nt)
|

Hydrolysis
and/or precipitation of phases
and/or gel evolution

Gel formation

Hydrolysis

Precipitation of
secondary phases

Interdiffusion

Two parameters to study:
1. Dose rate

2. Dose

Experiments on alpha doped glasses

and externally irradiated glasses

CEA/DEN/MAR/DTCD/SECM

Time

Alpha specific activity (Bq.g '1)

S. Peuget

Two main steps to study:
1. Impactonr,

2. Impact on residual rate

- - - Alpha activity — Alpha decay dose

108

107

10000

1017

100083

Alpha decay dose (g”)



3- Effects of a radiation on the leaching behavior : r,

Initial alteration rate, R,: hydrolysis step, chemical reactivity with water

Soxhlet test with chemical analysis of the leachates

51 ¢ B'Np glass ¢ 24Cm glasses
- ¢ 28py glass ¢ 21Am glass a)
41
~3] range of a activity under disposal >
G
221 + +
R non radicactive glasses
i t
n T T T T T T 1
104 10° 106 107 108 10° 1010 101
alpha activity of the glass (Bqg1)

No significant effect of alpha dose rate on R,

4,5 -
4 -
3,5 1

~~

4 0.04wt% 2Cm0O,
+ 0.4wt% 2Cm0O,
® 1.2wt% 2Cm0O,

m3.25wt% 24CmO,

oA irradiation b)

?

1 +——

1

10" 10" 10" 102

alpha cumulative dose (a/g)

015 1016

No significant effect of alpha decay dose or Au irradiation on R,

S. Peuget et al. J. Nucl. Mat. 362 (2007) 374

CEA/DEN/MAR/DTCD/SECM S. Peuget
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3- Effects of a radiation on the leaching behavior : r,
Residual rate, R.2*°Pu glass dose rate ~ 1000 years of disposal

Static leaching test S/V=20cm-!

140 ,| Reference experiment »pPu-doped glass “Tc-doped glass
AB ALl ANa B > < Na mb au O Na
1,20 {
A
é 1,00
O T
S = 080
Sa) Phyllosilicates Z é é % t
= - - 2
te— 0.60 r > 5 q
150 nm § i é é é } - 1
o a - ¢ @ @ 9 ﬂ é
- 0,20 & 3
= éo
e
0,00
2 % 0 200 400 600 800 1000 1200 1400
E ! Time (davs)

ACTINETs
Similar alteration phenomenology with same Rr as for non-radioactive glass

Similar alteration products (PRI: phylosilicates, porous gel, dense area, pristine glass)

S. Rolland et al. Int. J. Appl. Glass Science 4 (2013) 295 No Significa nt effect of alpha dose rate Rr
CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 29



3- Summary on the macroscopic behavior: SON68 glass

- Slight decrease of the glass density (0.5%)

" - Slight improvement of the mechanical properties (decrease of
- £ hardness and young modulus, increase of fracture toughness)

| - Glass is still homogeneous (SEM and TEM scale)

| - No effect on initial alteration rate

0.1

| 4 = 0.04CmSONG8 e 0.4CmSONG8 A 1.2CmSONG68
0.0 _.; ¢ 3.25CmSON68  ------ exponential law
-0.1 —..
{om
Modifications observed in the first 4x10'8a/g £ ot
= = . '§ -0.3 1 ' ®
Effects induced by nuclear interactions B T eeaa .
(recoil nuclei) % 041 .‘A Y
g 054 o ’A:’ 77777777777
No effect of the dose rate . A
-0.8

T T T T T T T T T T T T T T T T T T T
0.0  2.0x10" 4.0x10" 6.0x10™ 8.0x10"® 1.0x10" 1.2x10" 1.4x10" 1.6x10" 1.8x10" 2.0x10"
Alpha decay dose (o/g)

What are the structural origins of these modifications ?

Study of complex and simplified glasses ....

CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 30



3- Effect on glass structure : SRO around B

244Cm ISG glass BO,

o
X° agrnm©

RMN at ITU

— CJ, Cm (04/13) 4x10"8a/g
— CJ, Cm annealed (04/13)

Increase of BO; (+7%)

118 MQMAS

30 25 20 15 10 5 0 -5 -10 -15
"B NMR frequency (ppm)
T. Charpentier et al. in preparation

CJ1 irradiated in OSIRIS reactor

S. Peuget et al, NIMB 327 (2014) 22-28
— ¢y,
— OSIRISD,

| L |

1 1
20 10 0 -10 -20 -30
"B chemical shift (ppm)

Xanes B K edge: R7TY irradiated with Au

. \ Increase of BO, units
6o, Conclusion : | _
| —— R7T7_sain
— cu . . < o8 |l — R7T7_Au
S Partial conversion 3 |
. ke)
ISG irradiated with Au et Xe BO, into BO, 2
BO, Complex and g
o)/ . oge 3
Increase of BO, (+16A>’__, simplified glasses :
o
1 BO, increase is lower
s % % % s v s = under a decays , , , , , ,
B chemical shift (spm) . .« s 192 195 198 201 204 207
irradiation Eneray (€V)
C. Mendoza et al. NIMB 325 (2014) 54-65 " G. Bureau, thesis, (2008)
CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 31



29Sj NMR ISG glasses irradiated

Au, Xe

— CJ4
— CJ4 Au
CJ4 SHI

3
8
>
‘®
8
IS
-60 I =70 ‘ -80 I -90 ‘ -100 l -110 ‘\-ﬁ:\lo?;l)
i chemical shift (ppm)
C. Mendoza et al. NIMB 325 (2014) 54-65
7 -
6 - ° ) ° o9 .. . °
5 -
ohl MD - CJ1 glass
M ;.
N _an
Xy
1
0 T T T 1
0 4E+20 8E+20 1.2E+21  1.6E+21
Deposited nuclear energy (keV.cm™)
J.-M. Delaye et al, J. Non-Cryst. Solids 357 (2011) 2763

CEA/DEN/MAR/DTCD/SECM

4.0 H
3.5

3.0 4

254"

204

1.5 1

054"

0.0 4

T
200

T
400

T
600

T
800

Raman shift (cm™)

T T
1000

T T
1200

14

-1

Raman shift (cm™)

[$)]

o

<3
1

[$)]

o

=
1

o
[=}
]

o

=}

=)
1

1E19 1E20 1E21
Nuclear energy deposited (keV/cms)

J. deBonfils et al. J. Non-Cryst. Solids 356 (2010)

- Slight depolymerisation of the glassy network of

simplified glasses

 Shift of the vibration band around 500cm-?

b Decrease of the mean angle between silica tetrahedral

«Stabilization of the silicon local environment after around
1021 keV/cm? (~ 4x10'8 a/g)

S. Peuget
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Intensity

Effect on glass structure : SRO around Si and MRO

Raman spectroscopy on Cm doped ISG and SON68 glass (Atalante, DHA)

T T T T T T T
30710" alg 605 30000 4 ——0.04CmSON68 1.8x10"a.g” _
3,75 10" olg | —— 0.4CmSON68 1.9x10"a.g"
——2,0510" o/g s —— 1.2CmSON68 59x10"°0.g”
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Raman shift (cm™)
C. Mendoza et al. Proc. Chem. 7 (2012) 581 S. Peuget et al. JNM 444 (2014)

b * Increase of Q3 contribution in ISG glass : more NBO
« Slight shift of the vibration band around 500cm-
Decrease of the mean angle between silica tetrahedra
* New D2 band on ISG Cm doped glass: 3 members silica rings

- Stabilization of the silicon local environment after around 2 x 108 a/g
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3- Effects on the glass structure? Summary

Modification of the Short Range Order
Increase of trigonal boron, increase of NBO

“ Rl rrc ks

- S '

i-"l

e, 1

Modification of the Medium Range Order
Ring statistic modification, increase of glass disorder and Si/B mixing

Effects similar to those induced by thermal quenching of a molten gla%

T +
BO, T > BOs NBO 1B NMR on quenched and annealed glass
Decrease of the glass density NABS7

BO,
BO,

Wu and Stebbins JNCS 356 (2010)

1 )
W) o oA
- N '
4 \
vy ! 4 \
e’ H A '
A [y '
W et ,’ '
e ! \
. i 3 1 \
> &k g b
| s H g \
1 ; v A)
| S < A
Te T, T T 2 VS S
93 ez ot batmbed .
T T T T T T T
Vit + Yz + Voug inicusnt 1as volumas molsires mepactifs des verres 50 40 30 20 10 0 -10
DS poul les ATSrsnes vitesses de refroidissement :
V> vpo v, Relative Frequency

CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 34




3- Effects on the glass structure? Fictive temperature

E Maugeri et al, J. Am. Ceram. Soc. 95 (2012) 2869

DSC on ?*4Cm doped SONG8 glass (ITU, actinet-i3 project)

— 840
{1 & Fictive Temperature
054 ©o Density Variation o - * ACTINE[ 3
: 4 830 o
1 (]
o N
R . o
é - 820 g
= 3
o £
% 1810 °
g g
a i
L
- 800
| i |

.1'016 l o .1'017 l l o l‘].OI18 ' S l1019

Cumulative Dose, a-decays g'1

Increase of the glass fictive temperature with alpha decay dose

I" Formation a new structure similar to a fast quenched glass

New metastable phase induced by irradiation
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3- Ballistic damage : why the glass evolve?

What happen in the displacement cascade induced by a recoil nuclei?

JM Delaye, PRB 61 (2000) 14481

1. Balistic phase

2. Thermal phase

10000 . L . 1 . 1 . 1 \ 1 ) 10"
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o
2 10°
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[<}] \
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2 4000{
E | 10™
3 \\\\\\\ /
=1 2000 - .
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4— - ]
0 T T T T T T T T M 1012
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Time (ps)
= Si Very high quenching rate
=B of the disorder state
Blue = Na induced by the
Red =0 displacement cascade
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3- Understanding of glass behavior under alpha decays
E Maugeri et al. J. Am. Ceram. Soc. 95 (2012) 2869

1. Balistic step : disordered state
: : , se0{ ATf %
2. Relaxation phase : very important quenching rate F =Tfs.,. |1 —exp(=V. D)
1 /o
Irradiated zone has a higher fictive temperature O 550-
e — - GLJ—
E
Q 540
£
K3
<))
= 530
2
[T
0%
?~e\a~l~">‘\° 520 -
SR _ e e e

Cumulative Dose, o-decays g

Model of accumulation of ballistic disordering
fast quenching events: supervitrification

Enthalpy

: Stabilization of a new glass structure when all the
-------- volume has been damaged once time

Open questions:

Which step control the irradiated state?

15} Tf Energy deposition step, quenching step?

Why some property variations are lower in a doped glass
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Which step control the irradiated glassy state?

Recent results using double beam irradiations A.H. Mir et al, accepted in Eur. Phys. Lett.
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Conclusion on alpha decays effects

- Slight modification of density and mechanical properties
- Glass is still homogeneous (SEM and TEM scale)

- No effect on initial alteration rate

- Modification of glass Short Range Order (boron coordination, NBO ...) o] T3
- Modification of Medium Range Order (ring statistic, angle distribution) .
- No effect of accelerating the time scale

Modifications observed in the first 4x10'3a/g

according to a direct impact model

Saturation when all the glass has been damaged by

recoil nuclei events and alpha particles

Recoil nuclei : supervitrification of the glass (1&2)

Alpha particles : partial recovery of the damage (&4)

No limitation of alpha decays accumulation?

Enthalpy

Prospects :

Effects of alpha decay dose on long term alteration rate

Coupling alpha and beta decays and thermal history

Is helium generation a problem?

A
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al law
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Thank you for your
attention !!!

Special Thanks to
DHA - Atalante
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40 He iradiation
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Glass LTB: Leaching, coupling with irradiation

Simulation of alpha dose rate
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Effects on the glass structure: irradiation / quenching rate

- Modification of the local order
« Partial conversion of BO, in BO,

* Increase of NBO on silicon atoms

BO, ___, BO,+NBO

Irradiation

Temperature

Irradiation is similar to a very high quenching
rate effect

- Modification of the medium range order
Decrease of Si-O-Si angle
Increase of 3 member’s silica rings

Increase of the glass disorder

Specific to irradiation effect

CEA/DEN/MAR/DTCD/SECM S. Peuget

Raman intensity (a.u.)

Comparison of irradiation and quenching rate
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S. Peuget et al. JNCS 378(2013)
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Glass LTB: Effect of beta decay

Oxide glasses are sensitive to electronic excitation

Optical materials:
Increase of LASER power and decrease of pulse duration
Production of point defects (fibers, lens)
a-Si0,, Er-, Yb - doped glasses
Improving Glass properties with respect to ionisation phenomena
Sm — doped glasses, Ti — doped glasses, Yb — doped glasses

Approach for studiyng irradiation effects in the matrix of nuclear glass

« Simulation of beta decay by electron irradiation ' BT i

o

« External irradiation with electrons of nuclear glasses

» Study of structure after irradiation by NMR, EPR, Raman and Photoluminescence
Mechanisms occuring during electronic excitation in glasses

« Complexification with a perturbation approach
Mixed alkali effect (K/Na, Li/Na, ...)

Doping wih TM (Fe, Cr) and RE (Sm3*, Gd3*) doped borosilicate glasses

CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015
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Glass LTB: Effect of beta decay

Defects production in simplified oxide glasses (EPR)

lonization produces

Excitons
| Exp. + Sim. 1
| Oxy (=5i-0-0") [hole centers] >>
3 [electron centers]
2
2| | HC, (=Si-0° Na*)
3 A Accumulation of
A r - ponctual defects
BOHC (=B-0°) 1
Structural evolution of
J\[ E’(=SP) the glass
0.2 Ch et e Ty P 0-36 B Boizot et al. Nucl. Instr. and Meth. in Phys. Res. B 141 (1998) 580.
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Glass LTB: Effect of beta decay

Effect of incorporation of lanthanides

-
| 0.2 wt% Sm10° Gy =)
— : 1 wt% Sm10° Gy S 1t i
g 2 wt% Sm10® Gy -
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e | -
g ; 8
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o 3 Q
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@ ; o)
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£ 3 o
= 1 T
a 2
q,o,'l B 7]
a
| | \ | | 1 1 1 1
3300 3350 3400 3450 3500 3550 3600 0,0 0,2 0.4 0,6 . 0,8 1,0
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Strong influence of doping on the defects production
» Process consuming exciton production
» Trapping depends on the nature of doping ion

E. Malchukova et al, J. of Non_Cryst. Solids 353 (2007) 2397.

CEA/DEN/MAR/DTCD/SECM S. Peuget Atelier Verres irradiés - Nice 2015 51



Glass LTB: Effect of beta decay

Effect of incorporation of transition metals (Fe, Cr)

lonizing radiation These de F Olivier (Ecole Polytechnique) 2006
l N Ollier et al, JINCS 323 (2003) 200

Exciton creation (e/h°) but interaction with the transition elements

Equilibrium:
Fe¥*+es —— Fe®*

Fe>*+hc —— Fe¥

1

Decrease or vanishing of structural evolution

1 i I i L i i
240 320 400 480 560 840 720 8OO
Raman Shift icm™)

The glass complexity (transition metals, lanthanides, mixed alkalines ...) increases
the glass resistance to ionizing radiation

No significant evolution of SON68 glass properties after irradiation with electrons
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