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Scientific context: nuclear waste storage
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ANDRA ‘ Centre industriel de

Agence nationale pour la gestion StOCkage g éologique

des déchets radioactifs

Est du bassin parisien, Bure, France

0
* Callovo-oxfordian : clayey medium
-420 m * Bure porewater : carbonated water
-550m
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Scientific context: nuclear waste storage
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Storage context

Saturation by Cox porewater
Corrosion in anoxic carbonated solution
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“ Long term corrosion study: general methodology

Monitoring
few hours to several months

Laboratory
Experiments

Modelization

Mechanism validation
Prediction
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The most representative

r\ several dozen of months to few years

Integral
Experiments

Materials
* Nuclear glass
* Carbon steel
Cementitious materials

\

Environments
* C(Clay

* Temperature
Water chemistry

Archaeological
analogues

U several hundreds of years
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u Long term corrosion of steel

Anoxic saturated medium

Anodic reaction Cathodic reaction

Fe - Fe*t +2e~ 2e” +2Ht > H,
lEnvironnement

Medium

metal
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u Long term corrosion of steel

Anoxic saturated medium

Anodic reaction Cathodic reaction

Fe - Fe*t +2e~ 2e” +2Ht > H,
lEnvironnement

Medium

Corrosion product ) Modification of iron/medium interaction
layer Physico-chemical properties of the CPL

metal
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State of the art: corrosion mechanisms at the first steps
Passive layer formation

> Short term laboratory experiments (few hours to days) jiggs

- In carbonate anoxic solution
= Siderite protective layer
= Protectiveness varies with T, P, P,

Review: Barker et al 2018

- In carbonate anoxic solution

= TEM-EDS and GIXRD ' o JEe P& —
‘*. " ¢
= FexOy ooy | f ! fE'E
R L/ WA VY Han et al, Ind. Eng. Chem. Res. 2010
ol FED; % 7 e
2000 - -

Position / nm

- Metal sheet corroded in a clayey anoxic environment
= Electrochemical Impedance Spectroscopy Bataillon et al J Phys IV, 2001
= Conductive and compact submicronic layer at the metal interface
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State of the art : Oxide interfacial layer

» Short term laboratory experiments (several months to years)

Laboratory Integral experiments
experiments Laboratory experiments URL experiments (Bure)
BAT-X80 ARCORR 2008 CORRIDA EST44834/MCOA139 EST4521/ MCO A143
[ 48 months 24 months 40 months 25 months 28 months
Parameters
* Time [lron |
+ Type of Argilite
substrate = Argilite -
* Type of Ferrite 0,0002%m.C Ferrite 0,0002%m.C Steel 0,12%m.C Steel 0,16%m. C Steel 0,16%m.C
environment | | Argilite MX 80 (3%) ||~ Argilite COx-Bure.sw ||- Argilite COx-Bure ||- cOx clay formation ||- COx clay formation
- Synt. Bure water - Synt. Bure porewater ||- Synt. Bure water - Bure pore water - Bure pore water
| [-90°C -90°C -90°C -85°C -85°C
Nanometric layer ) ] ; ; ; ;
with variable Magnetite-Maghemite Maghemite Maghemite Maghemite Maghemite
thickness 400- 1000 nm 100-400 nm z100nm ? =100 nm =50 nm

Leon. Andra report 2013
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State of the art : Oxide interfacial layer

» Modelisation: Corrosion modelling (adapted from the Point Defect Model)

{| =%=1 month A
[|=©—1 year e
4|/ —6—10 years P
| =-100 years L
{| —+—1000 years —5
H === steady state

* Oxide layer at the M/CPL interface that could impact the
corrosion rate

* Size and impact on the corrosion rate depend on pH and
time

Thickness (nm)
)

7 8 9 10 1 12

Bataillon et al. Journal of Computational 2012
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Methodology developped for
archaeological analogue studies

CEA/DRF/IRAMIS/NIMBE/LAPA Delphine Neff



Niveau d'eau

Piézomeétre

Niveau du sol

veau échantillons

_ Blast furnace, 16th c.

A\
4 A
'y \
Liee
Haut
N

10

Saheb et al, Applied geochemistry, 2014

Collaboration National Museum of Denmark
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Analytical strategy

Global Micro Nano

Transverse section Thin section

@ FIB 1 pm—100 nm

Chemical characterisation of the CPL

Micro  OM/SEM Morphology, thickness
EDS Elementary analyses
pu-Raman Structural analyses

Nano STEM Morphology
STXM/XANES

Structural analyses
TEM/SAED

Electrical contact Diamond tip

Corroded
sample
and/or

analogue

Characterisation of the
electronic transport M/CPL

Micro ToF-SIMS Permeability of the CPL global i/V

Nano nanoSIMS Precipitation of siderite nano C-AFM
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ﬂ Location of the reactive sites

[ § v
Fe — Fe?t +2e~ 2e” +—> H,
Experimental protocols
1. Deuterated synthetic anoxic D,0 iy
o Cu2* s D,0 RESIN
solution Cut
Water labelin -
g Cu2+ : ‘
2. CuCl, anoxic solution * D,0
Electron marking
Several weeks to several months
: : RESIN
3. Amperometric analyses in CPL

anoxic solution
Rate limiting step of the

cathodic reaction
METAL
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Results
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Corrosion scale characterisation: micrometric scale

4%O—Carb0nate 1083

phases Siderite FeCO;,

Archaeological site of Glinet (450 years)
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Raman spectroscopy HR
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- Influence of the CPL on
the corrosion processes?

CEA/DRF/IRAMIS/NIMBE/LAPA

Morphology and nature of the CPL: micrometric scale

Saoil, Si, Ca, S, P, O, Fe

Insulating

Conductive

N Transformed
Medium/ Soil

CaCo,

CPL 30 -500 pm

Iron carbonate
Siderite +—
Chukanovite

Iron oxide )
Magnetite

Metal

v

Saheb, 2011
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Rate limiting step of the cathodic reaction

» Archaeological analogues, 450 years, anoxic carbonated medium
- Chronoamperometry: Ohmic behaviour, Electron flux controlled by a compact layer

REF ELECTRODE
WORKING ELECTRODE r
COUNTER .
ELECTRODE 0.0 . 5.0x10° ’lzf(E), GL08-15 |
] 4.5x10° A
-2.0x10° -
. 607 mV 4.0x10°
W -4.0x10° -658 mV 3.5x10°
- =702 m
bEs . 3.0x10° A
< -6.0x10° -746 my <
= ] -788 mV ' 2.5x10° A
-5 i
8.0x10°1 A5 2.0x10° R = 0,99992
1 ox10* . L5x10° ] -1=-9,15.10°-1,93.10" x E
. n = .
OJ 4] - " 1.0x10°
'12)(10 T . T T T T 1
SYNTHETIC SITE ANOXIC : : : : -0.700  -0.650  -0.600  -0.550  -0.500
ELECTROLYTE 0 500 1000 1500 2000 2500 3000 E (VIAg-AgCl)
time (s)

VRS

Fe - Fe*t +2e~ 2e” +2HY-> H,
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cu2+

Location of the cathodic reaction

Anodic reaction

Fe — Fe?t +2e~

Cathodic reaction
2H* 4+ e~ - H,

A

Cu®t +2e~ - Cu

Location of the cathodic reaction thanks
to copper tracing experiment

- 2 weeks
- With or without E applied
- CuCl, 5.103 mol.L?

Cu°
In the CPL

CEA/DRF/IRAMIS/NIMBE/LAPA
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Electron consumption in the
whole thickness of the CPL

Electron transfer in the whole thickness of the CPL

Saheb et al. Corrosion Science 2011
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g Location of the cathodic reaction

Current CPL mapping by CAFM

Electrical contact—V

Diamond tip

Mercier-Bion et al. Corrosion science 2018

Optical image and current image associated to a magnetite strip

L". ~

[ 1’15.0 nA
| 120

10.0

8.0

6.0

Conductive area in the insulating CPL
====) electrical connection to the metal
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Nanometric investigation
TEM and electronic diffraction

’

- Indexation and comparison with references

Thin section

FIB 1 um—-100 nm

o - Comparison with JCPDS files
.2 um

GL10-1-P6 = ee—

Maghemite and magnetite difficult to distinguish by diffraction

STXM analyses to determine the crystalline structure of the nanolayer
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Nanometric investigation
Scanning X-ray Transmission Microscope (STXM)

Atmospheric P (anoxic, helium) CLS (Saskatoon)
SLS (Villigen)

Detector
Sample

Zone Plate

Spatial resolution : 30 nm

Monochromatic Iight

Order Sorting Aperture (OSA)
Transmission microscopy

l\

Synchrotron
source

XANES spectroscopy

L

I wilinnnle
a 740 780

Photon energy (eV)
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Presence of a nanometric layer

Sp 1: carbonate

(@ 3 ' " —Experimental
---Curve Fit (X* =0.19)
25 J —chukanovite 41 nm

—siderite 10 nm

—maghemite 6 nm

)\

External Interface
rrosion layer Fe-rich
Fe''-rich

Linear absorbance (nm*)

. . 0 =4 B S
Sp 3: Iron OX|deS 700 702 704 706 708 710 712 E7]4 71?.\’7)18 720 722 724 726 728 730
2 H —Experimental 1 Leon et al. Corrosion science 2014

==-Curve Fit =0.77)
—Magnetite 15 nm
—Maghemite 27 nm

20-500 nm

Linear absorbance (nm™)

\5‘_""&._. pepaan _,_ﬁ-/\ﬂ."“x_

GL10-4-P6

15.0kX|5.261| 3 3 JOO TOZ TD4 TOE VOB TI0 TLX Y14 T16 TIB T20 TIZ TI4 7i6 7i8 T30
Energy (eV)

CEA/DRF/IRAMIS/NIMBE/LAPA Delphine Neff NAWG workshop 2023 _

FWD | Spot 0

23



2—4 months 20

CPL permeability

Anodic reaction Cathodic reaction

Fe — Fe?t + 2e~ 2H* +e~ - H,

nanoSIMS L

CEA/DRF/IRAMIS/NIMBE/LAPA

Metal

Archaeological analogues

At M/CPL interface

Leon et al. Corrosion science 2014
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Conclusion
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Refining the long term properties of long term corroded metals

» Chemical properties
- Heterogeneous distribution of the phases

» Physical
- Permeability

» Electrochemical
- Delocation of the cathodic reaction at the micro and nanometric scale

Towards Modeling of corrosion:
- Consolidation of the simulation obtained by the corrosion model
- Coupling of corrosion and geochemical models (transport of chemical species in the environment)

Analogue approach is adapted to study the properties of heterogenous samples at micro and nanoscales
e on laboratory samples (lab and Andra URL)

* on other analogues: glass, iron-glass, copper
Michelin et al 2012
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Perspectives
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ﬂ Scientific issues for long term copper corrosion

» Potential applications to copper corrosion issues

Collaboration with Fraser King

- Specific question #1: Reactivity of Cu/Cu,S surface
- Specific question #2: Competition between Cu and Fe for sulfide
- Specific question #3: Long-term stability of iron sulfide

- Specific question #4 : sulfur in grain boundaries Stress corrosion
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General analogue approach on copper based
artefacts

- First a general multiscale characterization of the corrosion
products must be performed

- Then properties (transport, conductivity,...) of the phases under
interest must be considered by specific techniques

Important to choose environments validated by the characterization
of the corrosion system (presence of sulfides)
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Nature of available samples

Autun02 © MetalPat project

li e W (Valentina Valbi)

1.  Artefacts already sampled but possibility to come back to the
archaeological site to sample solution

2. Already prepared cross-sections available for fine characterisation
(nanoscale, conductivity, porosity etc)

© MetalPat project (Leopold Remy, Christian Degrigny)
Master internship report, He-Arc Neuchatel 2022

‘70pm'

SnlLal ’ 70um ' OKat

3. Samples put in a monitored waterlogged site 22 years ago (collab
Nat Museum Denmark)

Nydam Moe, Denmark

CEA/DRF/IRAMIS/NIMBE/LAPA Delphine Neff NAWG workshop 2023 _



Collaboration F. Angeli, S. Gin
m GIaSS Samples CEA Marcoule

* Basaltic glass samples from Iceland and Sicily aged from a few 103 yr to
a few 10° yr in contact with fresh water (Iceland) and Ca-rich water
(Sicily). Samples are available at CEA Marcoule.

 The study will focus on alteration products (nature, composition,
thickness, porosity, transtion with fresh glass). Analytical tools : SEM,
HR-TEM

 Comparison with litteraure data (natural samples and samples aged in
laboratory under controlled conditions)
e Discussion on rate-limiting mechanisms
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