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Geological disposal of BR1 fuel

Disposal route: the direct emplacement of the
spent fuel capsules in a cementitious matrix

Concrete disposal waste container

220 £ container

Concrete lid Cement Al Uran]um AI Cement
paste paste

Concrete liner

The key problem: the corrosion of Al layer in the
highly alkaline cementitious matrix

z1— Cap

|| | Welded ciosure The addition of LiNO; or Li,CO; (Li-Al

[~ Uranium core | layered double hydroxide (LDH) film)

™ U(AI,Si), compound layer

\\ g
Al-Si bond layer . .
_____________ » Electrochemical techniques

| [~ Aluminum can | EIS (Electrochemical Impedance Spectroscopy) & Tafel Polarization
" / » GC (Gas Chromatography)

» SEM (Scanning Electron Microscopy)
> MIP (Mercury Intrusion Porosimetry) ISC:
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Materials & method
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Materials & methOd Cement paste

Al electrode AI electrode '?\

Sample setups: \
« Aluminium alloy 1100 \
 EC Al plate

* two identical electrodes

« an exposed area of 2.26 cm? EIS testing: L L —
 SEM & GC & MIP: * 1 MHz - 001 Hz

+ one 15x15x1 mm?3 Al plate * 10 mv EiS SEM & GC & MIP Pore solution extraction
* Pore solution extraction:

« one 40x40x40 mm3 bulk
Cement pastes: L, R, CPE 11
« 0.36 w/c OPC i (EAVAVA >
* 0.36 w/c OPC+3 wt.% LiNO; Reernt
* 0.50 w/c OPC+1.607 wt.% Li,CO, A A A
Paste blocks: Rews  Weans
+ 40x40x40 mm?3 S VA VA B

* 1d in molds

Curing conditions: Wire inductance Cement paste " Interface !
e Corrosion product film
Simulate the possible intrusion of underground water uncompensate " l

7 N\ resistance b2

> ] |

Ar atmosphere Aratmos here 9 Aratmosphere Connected pore | [ “Seeei 7 i
P \9 9 P path Al'f.Cement

Holder with holes : i paste

— ~—— Limewater — ‘ Limewater Disconnected | | ) i :
~ _— pore path ]
Water __ SRBO GRS SE PP / - / [
— ‘ | |
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Methods used to calculate the corrosion rate

EIS:

_ Iappl ( BabBec )_ B
Ba + Bc

Veorr (iInum/y) = 3.27 X

Icorr — 2.3A0

corr

p

X EW

_Rt\

/ After 8 days

GC:

3
Al+ OH™ +3H,0 - Al(OH);+=H, 1

_—

2

SEM:

Veorr (inpm/y) =

tz _tl

dy— i~
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After 28
d

After 15
days
ays

After 81
days

Corrosion
product

Cement
paste

Corrosion
product

Cement
paste
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Comparison of the corrosion rate obtained by EIS, SEM and GC

0.36 w/c samples 0.36 w/c OPC+3% LiNO; samples 0.50 w/c OPC+1.607% Li,CO; samples
1000 T ﬂ (IBC 1000 4 'i'ransfe;'red tolsatura‘ted | | | J wggj. 'I'Iransflerrec*ll to slatura;ted | | | I | J
[ LAlOUN calition r Ca(OH), solution E
1008 - ] T 4004 [
R WIS OPC samples suffer from g
g ¢ ' severe cracks EIS g
3 W -SEM 3 3 103
o (=]
g 1 3 FE
0.1 E 0.1+
'-'GC o
0.01 41— * GC possibly gives unreliable results s
0 20 40 60 80 100 120 140 _ _ _
Time/day « B8Al + 3N03 + 50H" + 18H20 — 8Al (0H)4 + 3NH3 T
——— * The reduction of to CO3 to form the aluminum oxalate »
1000 + F 3 3 3 TOUU 3, 3
SR 25a o , ] -
3 100-3‘ \\\‘ L oy %] oc /,'/ 3 g 100 5 e
E 1 e - \\' ElS 1 £ :
T 99 s SEM 3 3 103 L alged
- 1 ] £ 15 . 5 14 o < i
§ § § * "ff_ “ : t o ]
S ] - S < ] 3 A B
0.1+ . 014 » g . 0.1 -
] ] - TR T o 4% -GC
_ N
0.01 T T T T T T T T T T T T T T 0.01 T T T T T T T 0.01 T T T T T T T T T T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 160 180 200
Time/day Time/day Time/day
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Cement paste:

combination of EIS and
GEM
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Effective Medium Theory (EMT)

EIS model

CPE

ceml
= Solid phase path |-
Ve
Rcem1 » Connected pore | e
= Disconnected | |
RcemZ chmZ

Cement pores are full of pore solution.
The resistivity of solid gel is much
larger than that of pore solution.

SCl{ cen | scxcensserzosoo

Composite material:
Conductive powders in
an insulating matrix.

/Effective Medium Theory (EMT)
model tackles materials with a
completely random distribution of
all the components. It gives the
relationship between powder
content and conductivity of the

sttem. J

Two-phase models

Model

Structure schematic

Parallel model

Series model

-
----- A S

Maxwell model

Hamilton model

Reciprocity model




General Effective Medium (GEM)

= EMT +percolation theories

Oeff,

Conductivity of the composite

Q

(%]

v

sclkcen
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CD1 ch CD2
Powder content

’ +(1-¢) E(GS%_G%]C)
(%) 95 + Tef (;Tqb)

O the effective conductivity of the system;

o,: the conductivity of the pore solution;

o.. the conductivity of the solid phase;

®_: the percolation threshold of capillary pores;

t: a critical exponent characterizing the conductivity
of the conducting regions in the microstructure
(similar to a tortuosity parameter) ;

®: the porosity.
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General Effective Medium (GEM)

° O'p.

b =

[ESE

(2 +(

(58l

the conductivity of the capillary pore
iIs approximated by the

phase, which

conductivity of pore fluids in capillary pores.

18
16

14

Conductivity/S-m*

sclkcen

eff

transferred to the
~Ca(OH), solution
condition

i3 B AT, S — R —
10 o W SN
8 - ,,Dj:,,,,,,,-\,,ﬂ ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
E [k RN O -0
6 N
= OPCCl1
P o OPC C2
"""""""""""""""""""""" —®— OPC+LINO, C1
1 O OPC+LINO, C2
2 e OPC+Li,CO; C1
1 OPC+Li,CO, C2
0
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Time/day

T T T T T T T T T " T " T T "~ T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

@)

&)
e —1] Gy ()

o, the conductivity of the solid phase 1/400 of o, i.e. 0.0008

S/m is chosen.

t: a critical exponent characterizing the conductivity of the
conducting region in the microstructure. 2 for a 3-D system is

used.

®_ the critical porosity at which the pore network first
percolates. 0.104 is chosen.

. the effective conductivity of the system i.e. the overall
d

uctivity of cement paste.
K

G = —
eff Re
K: cell constant

®: cement paste porosity
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Determination of 0 ¢

* 0. the effective conductivity of the system i.e. the overall

conductivity of cement paste //K of the specific cell is fixed. The
K Lresistance of the cell in saturated Ca(OH),

Geff = . . . o e
R is the overall resistance of the cement Regy i‘c’sozug; 2 /'r‘; ?(r?/:Ir:i :ggu% gi fl:ggductlwty

paste in DC, i.e. when the input signal
frequency is 0 Hz.

CPE
> soltprsepsn .. | 2 ¥ty |
Ca(OH), solution
Reem1 Connectedpore | [~ ° “

_4/\/\/\ ) path

Disconnected
pore path

RcemZ chmz
Since the pore phase is much more
at a low frequency region | conductive, R = Reer
0
&g@%
Rcem1 o

N\ &
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O %

Porosity comparison

* o, the conductivity of the capillary pore
phase, which is approximated by the
- 0.36 wic OPC Condition 1 0.50 wic OPC + 1.607% Li,CO, Condition 1
45 18 transferred to the
40 16 4 Ca(O!—I.)2 solution
2 | 14_- condition u transferred tq _the Ca(OH); | |—=— EISNo.1
- transferred to the Ca(OH), 10 P solution condition —+—EISNo.2
30 | solution condition = FIS No.1 </E> 1o o © — ——&— EIS No.3
25 +—EIS No.2 o L A v MIP
20 ] \, 2 FIS No.3 g lo o
_ \ —»— MIP = B e o 4
15 Jh S 6d - 0
] \"\ \4 / O | —=— OPC C1
107 T igﬁgfl:jNO c1
: ] Z—"" 1 O OPC+LiNOZ Cc2
] ¥ ’ 2 e A OPC+Li,CO, C1
0 T T T T T T 1 0 ] i i i i i i i i i i .W;”. OPIC+Li2ICO3 ICZ T T T T T T 1
0 20 40 60 80 100 120 140 0 1I0 ZIO 3I0 4IO 5I0 6I0 7IO 8I0 9IO 1(I)0 12;.0 1&0 1II30 1;10 1%0 20 40 o - 100 o 140
Time/day Time/day Timelday
« OPC samples mrr s e
* The partly saturated pores lead to an underestimation of the total
porosity
* OPC+LINO; contain enough pore solution to fill all the capillary
pores, which is probably attributed to the addition of LiINO;
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Porosity comparison of specimens in condition 2

0.36 w/c OPC Condition 2 0.36 w/c OPC + 3% LiNO, Condition 2 . 0.50 w/c OPC + 1.607% Li,CO, Condition 2
50 50 4 7
45 ] " - - 45 1
40 4 40
] - = EISNod1|
_ —+ EISNo2
30 A -
030 —= FEIS No1 . E1S No.3
g 25 —s—EIS No2—
2 —a— FIS No.3
—»— MIP

10

0 T T T T T T T T T T T T 1 0 T T T T T T 1 0 T T T T T T 1
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 0 20 40 60 a0 100 120 140

Time/dav Time/day Timelday
« OPC samples suffer from severe cracks

« The porosity results obtained from EIS and MIP are in good
agreement.
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Conclusion
e

o

18
ISC:

SCK CEN/56770690

sclkcen



Conclusion
- Model, theory and
EIS study on the corrosion of Al-1100 equation

in ordinary Portland cement pastes ] Techniques to examine
| the validity of EIS

\ 4

\4

Corrosion Cement paste
R: the charge transfer Tafel plot y
resistance R.emi: the resistance of

connected capillary pores

w—

Corrosion rate

-

\4

The water level The cement paste
(unsaturated state) porosity (saturated
state)
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Thank you!
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Caveat:
The proposed approach and obtained results in
no way entail a decision of ONDRAF/NIRAS
whatsoever on this approach as a solution for the
long-term management of this waste.
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