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Preface

The current report is published as an ONDRAF/NIRAS report with reference NIROND 2004-
02. It contains the complete and final version of the report written by a team of corrosion
experts which was asked by ONDRAF/NIRAS to review and formulate recommendations with
respect to the current design options and engineered barrier systems around heat producing
High Level Radioactive Waste within the framework of the Belgian disposal program.

The following external experts were selected with approval by ONDRAF/NIRAS (a biography
of each expert is added in paragraph 1.5 of this document) :

=  Walter Bogaerts (Katholieke Universiteit Leuven — Belgium)
= Digby Macdonald (Pennsylvania State University — USA)

=  Peter Scott (Framatome ANP — France)

= Timo Saario (VTT Industrial Systems — Finland)

= Jim Stott (CAPCIS Ltd — United Kingdom)

= Liane Smith (Intetech Ltd - United kingdom)

ONDRAF/NIRAS supports the conclusions of this report and considers the Contained
Environment Concept (CEC), developed by the experts, as a good basis for its new reference
design for High Level Vitrified Waste.

This report makes a valuable contribution to the further development of disposal designs and
to a better understanding of the most important challenges. Furthermore, it will help
ONDRAF/NIRAS in the orientation of future research efforts in the field of corrosion.

In conclusion, ONDRAF/NIRAS wants to thank everyone who contributed to the information
exchange sessions, discussions and redaction of this report in particular the experts panel,
experts from the Belgian Ceramic Research Centre, from SCK-CEN and ESV Euridice in Mol
(Belgium).






EXECUTIVE SUMMARY

A panel of external and internal experts has reviewed the design options proposed by
NIRAS/ONDRAF for disposal of highly active nuclear waste and spent nuclear fuel elements
with the aim of establishing a basis for optimising the corrosion resistance of the structural
materials of the waste packages. The objective is to prevent leakage and release of
radionuclides from the engineered barrier system (EBS) over a period of ~2000 years, known
as the 'thermal phase’, during which the temperature is significantly higher than ambient.

The reference design for the study was the Supercontainer concept that comprises three
successive engineered barriers between the waste canisters (of vitrified nuclear waste or
spent fuel) fabricated from Type 309 stainless steel, and the underground environment. These
barriers are an overpack cylinder, containing the waste canisters, a surrounding high-density
and low-porosity buffer, that is contained in a liner cylinder. In each case, the options for
material choices were examined, their advantages and disadvantages compared, potential
degradation mechanisms identified and quantified where possible and outstanding knowledge
gaps, requiring further research and development, identified. The preferred material choices
for the Supercontainer were also examined in relation to other possible design options of
waste packaging.

A probable location of the Belgian waste repository is in the Boom Clay stratum. Its chemical
and physical properties provide the ultimate barrier to prevent radionuclides escaping into the
wider environment, notably aquifers both above and below the Boom Clay stratum. The Boom
Clay, and specifically its pore water, determine the working conditions for the engineered
barrier system. These conditions will be modified for a significant period by tunnelling
operations and exposure to air before ultimate closure of the repository galleries and a return
to an oxygen-free environment. No allowance was made for any role played by the tunnel
liner, probably formed by concrete blocks, in retarding access of the Boom Clay pore water to
the external surfaces of the Supercontainers as it is considered that there would inevitably be
leak paths. Similarly, any backfill material between the liner and tunnel lining was not
considered to influence corrosion of the Supercontainer.

The Contained Environment Concept (CEC) was proposed. This fits comfortably with the
Supercontainer design but is adaptable to the other EBS designs. The key aspect is that the
immediate environment of the overpack, the buffer, should be well defined by containing it
within an outer liner. The buffer would be a material which would provide a crack-free, low
hydraulic permeability environment preventing rapid passage of any electrolyte to the
overpack surface. Furthermore the buffer would provide an inert or redox-controlled
environment, preventing any significant corrosion of the overpack.

Initially, only the outer liner would be exposed to the more aggressive environment of the
Boom Clay pore water. To prevent very rapid access of that water to the buffer, the liner
should logically be a material with good general corrosion resistance. However, the liner is not
required to be fully resistant to pitting corrosion or stress corrosion cracking, as small pits and
tight cracks are considered to be quite restrictive in impeding the ingress of water to the buffer.



This is significant, because the liner need only be a material with good corrosion properties,
but not total pitting resistance. It may anyway have a small hole present from start up for ease
of fabrication and release of any gases generated inside. Attaining total pitting resistance
would be both costly and elusive given the expected aggressiveness of the Boom Clay pore
water. It is considered that crevice corrosion can be avoided by careful engineering design.

By comparison, the overpack should be a material with excellent localised corrosion
resistance, to prevent the rapid development of a leak path through to the vitrified waste or
spent fuel. A gradual wastage, by general corrosion, of the overpack, in the event that the
electrolyte reaches the overpack surface following perforation of the liner and diffusion through
the buffer, would not lead to rapid failure of the overpack and the rate of corrosion should be
predictable with some confidence.

The chemistry of the Boom Clay pore water and its modification by mining operations and
exposure to air presents significant challenges to the corrosion integrity of the waste disposal
packages. The chloride and sulfur-containing ion concentrations of the pore water as well as
oxygen during the air exposure phase were the main focus of attention from this perspective.
Oxidation of pyrite in the Boom Clay by exposure to air as well as possible activation of sulfate
reducing bacteria during all phases of human intervention and beyond can generate sulfur-
containing anions of intermediate oxidation state, which, in combination with chloride ions, can
cause pitting of most, if not all, conceivable structural materials (carbon and low alloy steels,
stainless steels and nickel-base alloys). Stress corrosion cracking of stainless steels and
nickel-base alloys in zones with significant local stresses, such as the residual stresses of
welds, could also be a significant mode of failure. However, choosing the most resistant
grades of stainless steel to minimise these threats and possible control of the redox potential
significantly below the pitting or cracking potentials was considered to be technically feasible.
Reduced sulfur ion induced corrosion and pitting of carbon steels cannot be eliminated by
redox potential control. The CrMo steels such as 2%Cr1Mo are considered to be more
resistant to this form of degradation.

From the above considerations of the chemistry of the near field Boom Clay environment, it
was concluded that the outer liner of the Supercontainer should be fabricated from a pitting
resistant grade of stainless steel but that the occurrence of localised perforation could not be
economically excluded, and indeed, such pitting was acceptable within the established design
concept. However, it is considered that there is a need to prevent early stress corrosion failure
occurring near closure welds as this could lead to the more rapid and extensive saturation of
the buffer by the external electrolyte, and thus earlier exposure of the overpack surface to a
corrosive condition. Consequently, it is recommended that the stress corrosion limits, in terms
of chloride and sulfur species anions, of candidate stainless steels be determined to ensure
that they are well in excess of the values in the local environment.

To optimise the longevity and integrity of the first barrier layer outside the waste canisters, the
overpack cylinder, it was concluded that it was essential to fix the chemistry of the buffer (the
CEC) between it and the outer liner. This buffer should have well known and characterized
chemical properties, adequate mechanical strength and a permeability as close as possible to,
or lower than, that of the Boom Clay itself, thus delaying, as long as possible, access by the
Boom Clay pore water to the overpack surface. Portland cement-based concrete was



considered the best candidate for this function being simple to fabricate according to well
established and long standing quality assurance criteria. Historical data for longevity of steels
in concretes based on calcium alumino-silicate gels also gave confidence in its suitability over
the applicable time scale and operating conditions for the Supercontainers. The high pH of the
pore water in Portland cement based concrete ensures passivity of any carbon or stainless
steel embedded in it. Additionally, its low permeability provides a physical barrier to slow
diffusion in the case of eventual ingress of the aggressive anions in Boom Clay pore water.

The high pH of Portland cement for the buffer of the Supercontainer is, however, known to
cause leaching of vitrified waste if — ultimately - the Type 309 canister should fail and it may
also create an alkaline plume in the Boom Clay that reduces its capacity to resist permeation
by radionuclides. Both arguments against Portland cement were considered specious in view
of the likely presence of a concrete tunnel liner on the one hand and the likelihood that
alternatives to Portland cement could make failure of the Type 309 canister more likely on the
other. Nevertheless, alternative cements for the buffer, with a more neutral pH, were
examined and although none had the lengthy history or favourable track record of Portland
cement, phosphate based cements were considered to be a possible alternative. This is
based on the known corrosion inhibition properties of phosphates and archaeological
evidence of their involvement in the preservation of iron artefacts. This option for fabricating
the buffer, nevertheless, requires considerable research and development to ensure adequate
quality control of strength and porosity. Moreover, the aggregate presently favoured by
NIRAS/ONDRAF, magnetite, raises serious questions as to whether it will enhance corrosion
rates of embedded metals because it is a very efficient cathode. The resistance to radiolysis of
phosphate based cement is also unknown, unlike Portland cement-based concretes.

Bentonite is not considered to be suitable as a buffer in the Supercontainer design, because of
the risk of the swelling causing splitting of the liner. Moreover, the composition cannot be
guaranteed and may itself contain sulfur species or traces of chloride ions.

A satisfactory anaerobic general corrosion rate of the inner overpack container can be justified
based on known rates for carbon steel (or stainless steel) reinforcement in Portland cement
and also based on archaeological evidence from surviving iron-age artefacts and laboratory
measurements in ground waters. On this basis, a wall thickness of 20mm of 2%4Cr 1Mo, or
possibly carbon steel, has been estimated to give sufficient corrosion allowance for the
thermal period. This includes a safety factor of two after allowing for a 50 year period with
corrosion enhanced by air access and a subsequent 30 year period after closure of the
repository storage gallery when corrosion rates decay to typical anaerobic values.

Cast iron was also considered for the complete Supercontainer but potential fabrication
difficulties argued against this otherwise attractive and cost-effective possibility.

In the event that the outer barriers eventually allow the Boom Clay pore water to arrive at the
overpack surface, the reduced sulfur species in it could cause serious corrosion and pitting of
carbon steel under anaerobic conditions. Thus, it was considered prudent to use a 2¥4Cr 1Mo
steel instead of carbon steel for the overpack although a laboratory comparison of corrosion
rates under simulated Boom Clay conditions is recommended. In this case, consideration



would have to be given to the need for stress relief heat treatment to avoid the hardness of
closure welds exceeding 350HV and the consequent risk of hydrogen embrittlement cracking.

The CEC concept for the materials selected for the Supercontainer design of EBS is
considered sound and the proposed shortlisted materials are standard engineering materials.
Some additional laboratory testing work and other studies are proposed which are considered
necessary to finalise the materials selection. The results of this work will also be valuable to
assist with the materials choice for the alternative EBS designs, should they be selected.



1 INTRODUCTION
1.1 Background

It was established in 2002 that the material selection and design of the metallic overpack used
in the Engineered Barrier System (EBS) for the Belgian High Level Waste (HLW) Disposal
Programme needed further study:

The metallic overpack plays a key role in the long-term safety of the Belgian design.
Specifically it ensures the containment of waste during the thermal phase. It is essential
that it prevents any contact between water, which may infilirate from the clay surrounding, and
the waste matrix. It is not considered that the EBS is immersed, or even heavily wetted by
water [the water saturation of the EBS will occur on a time scale which has yet to be
assessed, probably a few hundred years] since the clay is characterized by a very low
hydraulic conductivity. However, drips of water would form in the proposed repository and this
report assumes that these would contact the EBS and potentially give rise to corrosion
damage. The aim of this report is to select a combination of materials for the EBS that would
maintain the integrity of the overpack for the required service life. Establishing a sound basis
for claiming the integrity of the material selected for the overpack is key to the credibility of the
whole EBS system.

Based on former studies (SAFIR 2 Report), AISI 316L Mo stainless steel had been selected
as the reference candidate overpack material. However, it was felt that this selection needed
to be reconsidered taking into account new data on the environment geochemistry and
bearing in mind all possible forms of corrosion damage including stress corrosion cracking and
microbiologically-influenced corrosion.

1.2 Objectives

This white paper provides a basis for the decisions required regarding the choice of material
for the overpack and other parts of the EBS. It includes an assessment of corrosion risks and
proposals for future work. Periodic review of the subject is recommended as new data is found
and design modifications are made.

The document includes the following elements:

- Evaluation of the corrosivity of the local environment and consideration of how this
can be controlled

- An overview of the engineered barrier concept with respect to the corrosion
implications

- Identification of candidate materials for exposure to the local environment

- A description of relevant material properties and identification of any unknown
aspects

- Outline of research work and other studies required to confirm the suitability of the
selected materials.

The Appendices incorporate more detailed background data on associated topics.



1.3 Mode of working

A group of experts was convened for 4 joint meetings, the first one being an introduction to the
various aspects of the design and materials selection issues, and the last one being the final
review of the draft ‘white paper’ document. In between the meetings the different experts were
assigned individual tasks of which the results and outcomes are summarised in this report.

14 Personnel

The Task Coordinator (Walter Bogaerts, Katholieke Universiteit Leuven, Belgium)
reviewed literature and international information sources, prepared the different individual
meetings and reviewed the final report.

The Technical Secretary (Liane Smith, Intetech Ltd, UK) documented the different
discussion sessions, summarised each meeting, produced meeting minutes and prepared
the final report.

The O/N contact (Johan Bel, ONDRAF/NIRAS) provided the overall framework of the
panel work and ensured the smooth integration of its results within the overall Belgian
EBS (Engineered Barrier System) project.

The Panel Experts Digby Macdonald, (The Pennsylvania State University, USA), Peter
Scott (Framatome ANP, France), Timo Saario (VTT Industrial Systems, Finland) took part
in the 4 plenary meetings and drafted parts of the report text and appendices. Jim Stott
(CAPCIS Ltd, UK)) attended one meeting and prepared Appendix 2.

The Local Experts contributed to the discussions at the meetings and to parts of the
report:

Peter De Preter, Robert Gens, Chris De Bock, Ann Dierckx, ONDRAF/NIRAS, Belgium
Pierre Van Iseghem, Bruno Kursten, Pierre De Canniére, SCK-CEN, Belgium

Pascal Pilate, Jacques Tirlocq, Belgian Ceramic Research Centre, Belgium

1.5 Biographies

Walter Bogaerts: Walter Bogaerts is currently is professor of Corrosion and Materials
Engineering at the University of Leuven (Belgium). He holds an M.Sc. and Ph.D. in chemical
engineering from the same university, and has been working as a research fellow at the
University of Cambridge (UK) and SRI International (USA). He is a former recipient of a
Fulbright/Hays fellowship and in 2001 he received the NACE International ‘T.J. Hull Award’ for
his “pioneering role in the application of advanced information technologies in the field of
corrosion and materials engineering”.

He combines many years of practical research experience with extensive project management
practice and over twenty years of consulting work in the chemical, nuclear, and materials
industry. He published over 150 peer-reviewed papers and 2 books in the areas of advanced
information processing and materials technology, and is the main author and editor of the
‘Active Library on Corrosion’, still the largest electronic publication in the corrosion engineering
field. Since 2003 he became member of the editorial board of the journal “Corrosion
Engineering Science and Technology” (formerly: British Corrosion Journal).



Digby Macdonald: Digby D. Macdonald is Distinguished Professor of Materials Science and
Engineering at the Pennsylvania State University in University Park, Pennsylvania, USA. Part
of his research program is concerned with the isolation of High Level Nuclear Waste, and in
particular with the corrosion of engineered barrier materials and the prediction of corrosion
induced damage over the corrosion evolutionary path for the system. For this purpose, he has
developed Damage Function Analysis, which combines his previously developed Point Defect
Model for passivity breakdown, with the Mixed Potential Model for estimating corrosion
potential and the various Coupled Environment Models for estimating pit or crack cavity
growth. Dr Macdonald has published more than 600 papers in peer-reviewed journals and
conference proceedings.

Timo Saario: Timo Saario is currently a Research Group Manager at VTT Industrial Systems,
Finland. He got his MSc (Tech) in Physical metallurgy (1981) and Dr (Tech) in Corrosion and
Material Chemistry (1995), both at HelsinkiTechnical University. His areas of specialisation
include corrosion control, electrochemistry, fracture mechanics and materials science. He has
worked in the area of high activity level nuclear waste disposal since 1995. He has authored
over 200 publications.

Peter Scott: Peter Scott received his B.Sc. in chemistry from the University of Sheffield in
England in 1965 and then his Ph.D. in physical chemistry from the same university in 1968.
He spent two years as a Post Doctoral Fellow in the Department of Applied Chemistry of the
National Research Council of Canada before starting his career in the nuclear industry in the
Materials Development Division at the Harwell Laboratory of the UKAEA. He entered the
Framatome Group in 1989 and was named 'Expert Principal' in 1993. He is also a member of
the editorial board of the NACE Corrosion Journal. He received the 2000 F. N. Speller Award
from the NACE for outstanding contributions to the practice of corrosion engineering. He is the
author or co-author of over 80 scientific publications.

Liane Smith: Liane Smith is a consultant corrosion engineer and metallurgist. She studied
Materials Science at Cambridge University (1981) and took a PhD in Laser Welding at
Sheffield University (1984). Areas of specialisation include materials selection, particularly of
corrosion resistant alloys, modelling of CO, corrosion and solving practical corrosion problems
in the field. The author of 60 papers and author or contributor to 5 books, her broad
background incorporates experience in water handling, oil and gas industry, utilities and the
chemical and process industries.

Jim Stott: Jim Stott has worked internationally in the field of microbially induced corrosion
(MIC) since 1979. He is a member of the Institute of Petroleum Microbiology Committee and
was jointly responsible for updating and readapting API RP 38 (Biological Analysis of

Oilfield Waters), which has been adapted as NACE Standard TMO0-194-94.

He is a co-author of ASTM, STP 970 on evaluation of materials for resistance to MIC and a
contributing author to "Handbook of Case Histories in Failure Analysis". He has recently
authored a chapter on the subject of monitoring MIC for the new edition of the AMS Corrosion
Handbook, (Published October 2003).



1.6 Glossary of Terms

AISI — American Iron and Steel Institute

ASTM — American Society for Testing and Materials

BS — British Standard

Buffer — The environment around the overpack

CEC - Contained environment concept

CERBERUS - Control Experiment with Radiation of the Belgian Repository for Underground
Storage

DIN — Deutsche Institut fir Normung

EBS — Engineered barrier system

EP — Exclusion Principal

HLNW - High-level nuclear waste

Liner — The outer container for the buffer

MIC — Microbially/microbiologically influenced corrosion

NIROND — NIRAS/ONDRAF — Belgian Agency for Radioactive Waste and Enriched Fissile
Materials

OPHELIE - On surface Preliminary Heating simulation Experimenting Later Instruments and
Equipment

Overpack — Metallic container for waste canisters

PWHT — Post welding heat treatment

R&D — Research and development

SAFIR — Safety and feasibility interim report

SCC — Stress corrosion cracking

SRB — Sulfate reducing bacteria

ZRA — Zero resistance ammeter



2 BOOM CLAY ENVIRONMENT

The chemistry of the near-field environment has important implications for the choice of
overpack and liner materials for service in Belgium’s Boom Clay repository for the isolation of

conditioned, high-level nuclear waste (HLNW).

The following tables are taken from a publication by Kursten et al, 2003, and serve to
summarise the mineralogical composition of Boom Clay (Table 1) and the composition of its

interstitial pore water (Table 2).

Table 1

Weight% dry matter

Remarks

Clay minerals

Tilite

Smectite

Chlorite

Kaolimite

llite/smectite mixed lavers
Chlorite/smectite mixed layers

Quartz
Feldspars-K
Carbonates

Calcite
Siderite
Dolomite
Ankernte

60
20-30
10-20
5-20
20-30
5-10
5-10
20
5-10
1-5
present
present
present
present

Pyrite

Organic matter

1-5

1—

h

(% of clay minerals)

Others: glauconite, calcrum phosphate, rutile, anatase, 1lmenite. zircon, monazite, Xenotime.

Table 2

Constituent EG/BS Boom clay Bentonite

[mgL"'] porewater porewater™

Anions
Cl 27.0 68.0
F 36 1.56
Br 0.49 nd
S0, 02 1633.0
NOy - =2.50
HCO; 828.0 84.0
HPO.” 38 <0.25
$,057 17.0% <2.50

Cations
Ca 4.0 583.0
Mg 29 375
Na 408.0 183.0
K 11.0 840
Fe 09 <0.10
Al 0.08 045
Mn n.d 0.145
B 7.5 n.d.
S1 5.0 n.d.

ToCc™ 41.3-144.0 106.0

TIC® nd 6.82

(44

/' data of the deionised water/bentonite mixture after the first squeezing.

@ Total Organic Carbon content [mg L™ C].

& Total Inorganic Carbon content [mg L™ C]

® §,0;%-concentration measured in a y-radiation field (in the frame of the
CERBERUS-experiment).

nd. : not determined.




Table 3 summarises the main physico-chemical and thermo- hydro — mechanical properties of
the Boom Clay and FoCo Clay (Bentonite).

Table 3
Parameter Unit Boom clay FaCa clay
Particle size distribution %%
d=2pm (clmy) 30 -60 90
Jum = d < 60um ('silf) 40-45
60pm = d = 100um (‘sand") 3-8

Pliysico-chemical characteristics

Water content % dry wt. 19-24 10-12
Specific weight goom” 2.65 267
Porosity % 36—40 29 6%
Liguid Limit wy [%5] 55-80 112
Plastic limit wp [%] 23-29 30
CEC(“ _Lleq.g'l 22?[3: 7 10(4:
Exchangeahle cations
Ca™ neq.g’ - 731
Mg™ 108 65
Na 83 36
K 36 8

Thermo-hydro-mechanical characteristics

Thermal conductivity Wm'K? 1.68 0.95
Specific heat Tke' K 1400 1212®
Hydraulic conductivity m.s” 2.1-45%101® 5.10™"
Swelling pressure MPa 09 13

(5)

(6)

! CEC = Cation Exchange Capacity.
! calculated value for the bentonite mixture (60% FoCa clay + 35% sand + 3% graphite) at saturation (the

backfill matenial exerted a swelling pressure of approximately 2MPa upon complete saturation). Sowurce:

Ref[2].

! the global CEC determined as the sum of the major cations CEC.

AgTU-CEC = 300 peq.g” ; Ca-CEC = 240peq.g”! present in CaCO;.

' the CEC is measured by the sorption of cobaltihexammine and Cu-ethylenediamine. The global CEC is

lower than the sum of the major cations CEC due to the presence of secondary mineral phases like
calcite and gypsum. These phases are (partially) dissolved and measured with the exchangeable cations,
increasing the measured CEC value. Source: Ref [24].

data from in situ field testing: vert. 2.1x10™%, horiz. 4.5x107%.

specific heat at 25°C calculated from the polynomial C;" = 1.18794 + 8.58416.107*T + 4.79461.10°T~.

The following Table 4, taken from Appendix 3, summarises the estimated concentrations of
various sulfur containing species, and also the potential presence of bacteria, sulfate reducing
bacteria (SRB), thiosulfate reducing bacteria (TSRB), and methane forming bacteria. These
species are considered to be present in Boom Clay, in both the undisturbed and disturbed
condition, as well as in the partially disturbed and irradiated clay and in a generic “backfill”
clay.

10



Table 4. Estimated concentrations of sulfur containing species, and also the potential
presence of bacteria.

Disturbed (oxidised) Boom

Boom Clay in
surrounding of Cerberus

Generic clay based
backfill material

Species |Undisturbed Boom Clay . |in situ experiment .
Clay (worst case condition) . ) (Ophelie taken as
(partially disturbed — heat
- reference)
and radiation effects)
Not examined but very low
concentrations  might be
HS- <33 g/l (< 10°M)  |expected 165 ug/l (5.10° M) 16.5 mg/l (5.10™* M)
s* (below detection limit)
Not detected in
Archimede project; no
trace of any reduced
soluble sulfur species 3
720 mg/l (6.4 10°M)
detected after| ) )
. . . |(squeezing technique) - may
potentiometric  analysis .
5. ) be higher because a part of 4 “
S,0; by CEA (piezometer af . 16.8 mg/l (1.5107 M) 22.4 mg/l (2.10" M)
) _ |the thiosulfates are already
12,63 m from ring 48 in| .
. . |oxidised into sulfates (8700
Test Drift) - anion 2
. mg/l, 910°M)
chromatographic an-
alysis, performed for|
control, also proves the
absence of sulfate
Between 0.1 and 0.9 mg/I {1500 mg/L (1.6 10°
SO 0,2 mg/l (2 10°M) Up to 20 g/l (0.21 M) (10 - 10°M) M)
SRB . 150,000 B/ml
o should always be considered
TSRB Near detection limit 150,000 B/ml
in the near field
MFB 150,000 B/ml

Appendix 1 details the chemistry of the species found in the Boom Clay, highlighting their
corrosive potential in interacting with iron- and nickel-base alloys.

The principal implications from this study are as follows:

The presence of both SO,* and S,” (in the form of pyrite, FeS,) in the disturbed clay

simultaneously suggests that redox reactions could lead to the formation of a variety of
polysulfide and polythionates, along with elemental sulfur.

Reaction of iron and nickel with partially reduced (polysulfides) or partially oxidized

(polythionic acids and anions) sulfur species is predicted to produce iron and nickel

sulfides, respectively, thereby activating the metals.

Chromium is predicted to be

thermodynamically immune to sulfur attack under the expected repository conditions.
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3. The partially oxidized and reduced polysulfides and polythionates are known to be labile,
and hence it may be expected that the reactions among these species will effectively
transport elemental sulfur throughout any repository structure. Thus, all of the
components are present for the operation of a cyclic process in which iron and nickel are
corroded and the corrosive agents (polysulfides and polythionic acids and anions) are
continually reproduced via the chemical reduction of sulfate.

4. Even if the cyclic process described above was proven to be acceptably slow, parallel
reactions are affected by sulfate reducing bacteria, which are ubiquitous in ground water
systems. These reactions are known to occur within laboratory observation times under
conditions that are prototypical of the Boom Clay repository.

5. Under the conditions that are expected to exist in the repository, metal phosphides are not
expected to form and hence are not expected to activate iron, nickel, or chromium.

6. Volt equivalent diagrams are convenient and effective tools for summarizing the redox
chemistry of the sulfur/water system, as it pertains to the repository environment.

7. Tri calcium phosphate appears to be suitable for pH buffering of the environment over the
expected ranges of conditions.

8. lron or iron-base alloys appear to be suitable for controlling the redox potential of the
environment through the slow generation of hydrogen.

9. There is a well-recognized aggressiveness of partially reduced and partially oxidized
sulfur species (including elemental sulfur) toward iron, nickel, and sensitized stainless
steels and nickel alloys (e.g., Alloy 600). This aggressiveness often results in autocatalytic
general corrosion (carbon steel), pitting corrosion, and stress corrosion cracking,
considerable care must be exercised in selecting the materials for the Boom Clay
repository service.

The species identified to be present in the Boom Clay in various conditions, combined with the
chemistry of the systems as described in Appendix 1, form the basis of the definition of the
environment for which materials have to be selected.

The environment may be “constrained” in the extent of corrosion damage it may support, at
least during the aerobic phase, because there would be a closed system with a limited total
oxygen supply. In the anaerobic phase there may be other constraints which would be limiting
to the extent of corrosion damage or rate of corrosion depending upon the influence of the
environment or bacteria on the rate of the cyclic processes described in points 3 and 4 above.
Thus, Appendix 1 addresses the mechanisms of corrosion damage which may take place in
the repository, but does not define the exact rate of such corrosion reactions.

The selection of material then depends upon the general design and function they have to
perform as outlined in the Engineered Barrier System, Section 3.
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3 THE ENGINEERED BARRIER SYSTEM
3.1 Engineered Barrier System Design Options

Two types of high level radioactive wastes are considered for geological disposal; spent
fuel and vitrified waste. These waste products are contained in canisters. Vitrified waste is
contained in AISI 309 steel (high temperature grade) because the molten glass is poured
into the container at 1100°C. Spent fuel may be contained in stainless steel canisters or
directly in the overpack.

Vitrified waste or spent fuel will be stored inside an overpack. In the case of vitrified waste,
the dimensions of the overpack are approximately 2.8m in length and 0.5m in diameter.
Depending on the considered scenario with respect to reprocessing the number of vitrified
canisters will vary between 420 and 3915. In the case of full reprocessing there will be
3915 canisters to dispose of and no significant amounts of spent fuel. If reprocessing is not
further considered, then there will be 420 canisters of vitrified waste (already produced)
and 4860 tHM of spent fuel (9715 assemblies) to dispose of.

It is intended that the overpacks will be stored in the Boom Clay repository, either directly
or, depending upon the design, surrounded by an intermediate filler material (the backfill
and/or buffer).

Optional designs for placing of the overpacks into the Boom Clay have been studied
separately (NIROND report 2003-01). Each option would imply different challenges to

materials performance, depending upon:
stress (applied/residual)
crevices
stagnation of liquids (vertical vs horizontal)
immediate environment
period of air exposure and availability of oxidising agents

Key features of the proposed designs are highlighted below:

The Supercontainer design Figures 1 and 2 has a key benefit in that it is assembled on
the surface and has adequate radiation shielding to be manipulated subsequently
without the need of shielded handling equipment. The Supercontainer requires a “buffer”
provides some thermal
insulation, provides strength and which does not affect the ability of the Boom Clay to
retain radionucleides. The buffer can be contained in a “liner” material, which would be in
contact with the Boom Clay or any filler material used to line or backfill the excavated

which prevents overpack degradation, shields workers,

tunnels.
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Figure 1. Longitudinal section of the Supercontainer showing the two canisters contained in
the overpack, surrounded by the buffer and enclosed within the liner. Dimensions

approximate.

Linlng : concrete
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Cementitious buffer
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Figure 2. Cross section of the Supercontainer showing the canisters contained in the
overpack, surrounded by the buffer, enclosed within the liner. This Supercontainer is located
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in the excavated Boom Clay, which is supported by the tunnel lining composed of concrete
blocks.

In the Sleeve design, Figure 3, the buffer (the sleeve) would be pre-placed in the gallery
and then the waste package in the overpack material is inserted into the sleeve. The
sleeve could be cementitious, or could be bentonite. The benefit of bentonite is that it
would swell naturally to fill the gap to the overpack. With a concrete sleeve there is a risk
of leaving a gap between the overpack and the buffer that would fill slowly with water.

Figure 3. General arrangement of the Sleeve design with pre-placed sleeves (shown in blue)
in the tunnel, into which the waste packages, in their overpack, are inserted.

In the Borehole design, Figure 4, the waste (in an overpack) is placed directly into
horizontal or vertical boreholes. This design has the minimum number of engineered
barriers, giving almost direct contact of the waste package with the Boom Clay or with
the structure (probably metallic) preventing collapse of the Boom Clay. A buffer material
may be used to fill the space between the overpack and the Boom Clay to avoid the
annulus filling with water.
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Figure 4. Example of vertical bore hole excavated from the main gallery, into which waste
packages, already in their overpack, may be placed.

This wide range of design options does not fix enough of the materials requirements to allow a
focussed corrosion study and, particularly, leaves the immediate environment of the overpack
material undetermined.

Consequently, the Supercontainer design has been taken to be the base case for this
corrosion study. This means that the corrosion study can define, at the same time, the
overpack materials and its environment (the buffer). This allows the electrolyte composition at
the overpack surface to be predicted with some accuracy and changes of the environment
with time to be estimated.

The selected combination of overpack and buffer materials recommended in this report for the
Supercontainer may be used as the basis for alternative engineered designs if they are
ultimately selected. This is discussed further in Section 6.

3.2 The Changing Environment

The overpack is seen as a key element in the Engineered Barrier System (EBS) that is
designed to contain the waste throughout the thermal phase (maximum 500 years for vitrified
waste and 2000 years for spent fuel). The material should therefore be resistant to corrosion
processes (general and localized corrosion, including pitting, stress corrosion cracking....) or
be thermodynamically stable when in contact with any electrolyte that may exist during this
period.

Consideration should also be given to the corrosion performance under the range of
conditions that may develop with time (T, pH, oxidants, H,O, due to radiolysis, reducing
agents, reduced sulfur compounds, changing concentration of chlorides, other species....).

In the short term there may be microbial activity in the surrounding clay to consider, with
possible formation of reduced sulfur compounds or even elemental sulfur or, potentially,
sulfuric acid. Similar concerns are relevant to the period of exposure of the Boom Clay to air
oxidation when a variety of sulfur-containing species may co-exist and support a range of
chemical reactions (as discussed in Appendix 1).

In the medium term there is the changing temperature at the overpack surface induced by the
radioactivity of the vitrified waste or spent fuel (Figure 5). This temperature profile may, itself,
induce changes in electrolyte chemical composition (e.g. chromatographic effect possibly
raising the chloride concentration) and will alter the amount of water at the overpack surface.
The maximum temperature at the external surface of the liner is expected to be 60-80°C.
However, the precise temperatures depends upon the number of canisters and requires
determination in the later stages of the design.
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Figure 5. Overpack temperature evolution for a single canister in the SAFIR 2 concept -
vitrified waste (Temperatures would be higher for a longer time with several groups of
canisters).

In the medium and longer term there is the possibility of change in the environment caused by
radiolysis (formation of hydrogen peroxide). The radiation at the outer liner surface of the
Supercontainer will be low enough to permit human presence in close proximity (as this is the
design basis). Thus, the risk of formation of H,O, (by radiolysis of water) is zero at this
surface, so this will not be a factor in the liner material selection.

On the other hand, there will be a significant radiation field at the surface of the overpack that
might significantly affect any electrolyte that reached the overpack/buffer interface and this
has to be considered in the overpack materials selection. As explained in Appendix 5, there
would not be a problem of H,O, formation in concrete itself as the water is chemically tied.
The CERBERUS experiment found no evidence of redox potential change due to radiolysis of
the Boom Clay pore water; i.e. there was no accumulation of oxidising species other than
water itself. The conditions of this experiment should be carefully examined in order to assess
its relevancy for the Supercontainer design.
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Environment

Concept (CEC):
The environment of
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contained inside a
“liner”.

3.3 The Contained Environment Concept

A characteristic feature of the high level waste repository is that there are changing conditions
at varying rates over a period of many years. There are many degrees of freedom that need to
be considered in characterizing the system (aerobic to anaerobic conditions, wide range of
temperature, dry to wet transitions, risk of microbial activity etc.). This makes the selection of
a primary metallic barrier material (the overpack) very difficult, especially if the buffer material
is not a strong buffering agent in the chemical sense.

In order to manage this issue, the “Contained Environment Concept” (CEC) was developed.
The idea is to ‘fixX’ the environment around the overpack, so that it would be exposed to
essentially unchanged conditions for a long time, at least for the duration of the thermal
phase. The CEC is fully compatible with the EBS concept, particularly in the context of the
Supercontainer design, and is arguably adaptable to the borehole and sleeve designs. The
contained environment is the buffer material around the overpack. The buffer is held in place
by the liner. Failure of the liner, which is now the primary barrier, is not critical, because it
does not lead to immediate waste leakage. Indeed, the liner may require a pressure relief
function (to allow escape of radiolysis gas). Once the liner is penetrated there will be the
potential for infiltration of Boom Clay pore water and possibly for a change in the buffer
environment. However, this will be a gradual process, depending upon permeability and
diffusion, thus maintaining conditions unchanged at the overpack surface for a long time. The
overpack becomes the secondary barrier in this concept.

The time for penetration of an aqueous phase from the liner to the overpack will depend upon
the integrity of the buffer as well as the minimising of the leak rate through the liner. The risks
of cracking of the buffer, e.g. by thermal stress or gas production, requires study as this might
increase the rate of transport of any incoming electrolyte. Portland cement is not expected to
suffer from such cracking to any greater degree than other candidate cementitious materials,
and applications of cementitious materials for furnace linings etc. do indicate that the
resistance to thermal stress may be very high, particularly at these relatively low
temperatures.

This CEC requires certain corrosion properties of the materials, but not necessarily ‘total
resistance to corrosion’.
It is acceptable to have a liner material that is susceptible to pitting as long as the general
corrosion resistance is good. The existence of pits will allow limited entry of the external
environment electrolyte into the buffer. The liner may even have a hole drilled in it to
allow the escape of gas which may form internally but this can be designed to minimise
water ingress (e.g. it can have a loose cover or be plugged). The good general corrosion
resistance will maintain the liner intact, thereby preventing the entry of large volumes of
electrolyte into the buffer.
The buffer material should have a low permeability and a high level of chemical stability
when in contact with the incoming electrolyte.
The overpack should be essentially inert in the buffer environment. It is important that it
does not suffer localised corrosion, which could result in leakage of the waste. However,
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it is acceptable for the overpack to corrode generally at a slow rate once an external
electrolyte finally reaches the overpack surface.

These demands are expected to be achieved with normal engineering materials, without
having to resort to very exotic options.

There are a number of material combinations that are considered in this report, and certain
materials are rejected for failure to satisfy the demands outlined above. The CEC and

preliminary material options are outlined in Figure 6.

Figure 6. Overview of CEC and preliminary material options
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3.4 Materials Selection Methodology

Whilst no specific economic constraints were placed on the choice of materials, there was

a preference for selection of normal, readily available engineering materials.

The concept of the “Exclusion Principle” was established in this corrosion
study: All materials will fail by some mechanism (general corrosion, pitting,
stress corrosion cracking, etc) under particular conditions of pH and potential.
The aim, therefore, is to select materials that, in the anticipated pH and
potential conditions prevailing, will behave in a predictable and acceptable
way. Thus, the material for the overpack, combined with an appropriate buffer,
must be outside the danger window for localised corrosion and SCC. Similarly,
the liner material has to be selected to be resistant to general corrosion in
contact with the buffer environment internally and with the less well-defined
external environment.

A possible approach would be to select a material that is non-reactive (an
oxidized dielectric) in the immediate environment. Examination of
archaeological remains was considered an important resource in identifying
combinations of ancient metals and their protective environments. Whilst
these introduce a somewhat less-than-conservative approach, in that museum
artefacts tend to be only those that have been well preserved, they do clearly
show that by selection of the environment it is possible to minimise the
corrosion rate.

Exclusion Principle
(EP): The selection
of materials that, at
the anticipated pH
and potential, will
behave in a
predictable and
acceptable way.
This requires
control of the pH
and potential to
specifically exclude
known failure
mechanisms.

More generally, the study of the thermodynamics of the possible species that may be
present in the environment, possibly as contaminants, was critical to the material selection
process. This is particularly important for making predictions of the long-term stability of the

environment as well as of the overpack material.

The impact of microbiological species on the environment composition and thus upon the
thermodynamic stability of the environment in the short and longer term was also

considered.

Consideration of the chemistry and microbiological activity of potential backfill/buffer
materials identified key processes that would have an impact on the materials stability in
such environments. Having thus established the possible environmental challenges to

materials, candidate overpack materials could then be logically identified.

Further design issues of candidate materials and methods of confirming performance

through appropriate research activities were then identified.
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4 RELEVANT DATA ON CANDIDATE MATERIALS
4.1 Overpack

The overpack should have good resistance to localised corrosion and an acceptable
general corrosion rate. This implies that there would be no premature penetration of the
overpack due to pitting but that, over an extended period of time, there may be gradual
loss of wall thickness. Materials that are considered for the overpack include carbon steel,
as this material is easy to weld in reasonable thicknesses, or possibly some low alloy
steels, if they offer slightly better corrosion resistance. In a correctly selected buffer in
combination with an appropriate liner, it is considered reasonable to expect that carbon
steel would corrode in a generalised way and would not suffer from any stress corrosion
cracking mechanism or from other forms of localised corrosion. Whilst carbon steel is
prone to pitting in environments containing reduced sulfur species, the buffer should be
selected such that it would chemically modify any electrolyte entering from outside the
liner, which would prevent such pitting. This is discussed further overleaf.

Corrosion rate estimation methods may be used to indicate how thick the wall of the
overpack should be. As a conservative basis, the general corrosion rate may be
calculated presuming exposure of the overpack to groundwater, using typical corrosion
rates known for carbon steel in various waters.

The corrosion rate would be expected to vary with time. Initially, there is an aerobic phase
(whilst the repository first remains open, potentially for 50 years, and then in the period
whilst the trapped oxygen is consumed, possibly over a further 1-30 years). During this
period, in an unrealistic “very worst case” scenario, the corrosion rate may initially be at the
typical value for carbon steels exposed to water (e.g. seawater) of approximately 0.5-
1mm/y. This rate is relevant to systems with good mass transfer and infinite oxygen
supply, such as flowing water, which is clearly very conservative when compared to the
repository conditions. In the case of the repository, there would be an exponential
decrease in the general corrosion rate with time, since it is mass transfer limited, to a value
of as low as 50 um/y (the maximum corrosion rate found in anaerobic conditions, see
Appendix 6) at the end of the aerobic period (80 years). The sum of the material loss over
this aerobic period, considering the exponential reduction in corrosion rate, is therefore
estimated to be 9mm.

Data presented in Appendix 6 indicates that the corrosion rate in anaerobic conditions
quickly drops by about 95% over a 2 month period (the corrosion process is anodically
controlled and is limited by the formation of a magnetite-like corrosion product film). The
most reliable data for 2 months exposure shows mean corrosion rates generally below 1
pm/y. (By comparison, the corrosion rate estimates based on archaeological artefacts,
Appendix 5, indicate corrosion rates of between 1-10 um/y, for articles which are not in
strictly controlled anaerobic conditions and were not selected for their corrosion
resistance). Similar corrosion rates, between 1.8 and 8.6 um/y, have been measured in
Boom Clay under uncontrolled conditions with respect to aeration/deaeration (Kursten et
al). Thus, the long term corrosion rate over the remainder of the 2000 years is estimated to
be 1 um/y, requiring a further corrosion allowance of 2 mm.
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The total corrosion allowance is therefore estimated to be approximately 11mm. A
corrosion allowance of 20mm would therefore be more than enough for the planned life.

The rate of corrosion may be controlled or reduced during the aerobic phase by applying a
form of cathodic protection using a sacrificial material joined to the overpack. The option of
using galvanised steel is not considered to offer long-term corrosion benefit in the context
of a life of a few hundred years, so a more substantial sacrificial element would be required
if cathodic protection were to be used. However, this is not considered worthwhile, bearing
in mind the limited space in the buffer, the limited long term effectiveness and also the
greater benefit from having the buffer uninterrupted by anodes which may provide a fast
diffusion path for electrolyte in an otherwise low hydraulic permeability medium. That is,
the aim is that the buffer will begin service without any fast diffusion paths or cracks.

Suggested grades of carbon and low alloy steels for consideration for the overpack would
be low-intermediate strength pressure vessel materials such as ASTM A285, BS 1501
(Steels for Pressure Purposes) or DIN 17100. Higher strength materials such as those
listed in BS 4360 (Structural Steels) may be considered. Much data exists for this material
in cementitious environments (see Appendix 5) In general, it would be advisable to select a
material with controlled carbon content (less than 0.25%) and with a carbon equivalent of
less than 0.38 to optimise the ease of welding and minimise the risk of martensite
formation and associated hardening around the weld zone. The maximum hardness in the
heat-affected zone should not exceed 350HV. These compositional constraints, in terms of
carbon equivalent, would limit the level of alloying that could be accepted and thus there is
a need to compromise the possible benefit of increased chromium and molybdenum
content from a corrosion point of view in order to maintain ease of fabrication and control of
weld zone hardness (and thus resistance to hydrogen cracking).

It is appreciated that carbon steels are susceptible to localised corrosion (pitting), and
accelerated general corrosion, when exposed to reduced sulfur compounds and there is
potential for the formation of such compounds in the Boom Clay environment (Appendix 1).
However, it is considered that the CEC forms a basis for presuming that such compounds
are impeded from contacting the overpack by the physical barrier of the liner and buffer
which would delay the attack of the overpack surface. Furthermore the buffer may
chemically alter the electrolyte, as would occur in the naturally high pH Portland cement-
based buffer, which would also lower the risk of pitting. However, if it is shown that the
potentially aggressive electrolyte may eventually penetrate unchanged directly to the
overpack surface, then the carbon steel may suffer pitting with penetration rates higher
than the values quoted in Appendix 5 and 6. It is considered that an alternative material to
carbon steel, namely 2"4Cr1Mo type steel, would show significantly greater resistance to
attack by reduced sulfur species. Thus, this may be a preferred grade for the overpack.
Comparative tests on the behaviour of this material and carbon steel in appropriate
corrosion conditions should be carried out.
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Various other materials have been considered and rejected for the overpack:

9% Ni steel has been suggested but it is not considered to offer increased corrosion
resistance in this environment over 2v4Cr 1Mo steel. It is also more difficult to fabricate and
is more expensive.

Cast iron was considered to be a potentially economic material and would provide
adequate radiation shielding during the human intervention phase and adequate corrosion
and buffering capacity. However, it was considered to be difficult to seal by welding,
particularly over the full cast iron section thickness.

Cu or Ti in pure or alloyed forms would probably be more inert in a suitably selected buffer
material than carbon steel, but only at considerably greater cost. Also, copper is highly
susceptible to partially reduced sulfur species, which cause depassivation of the surface
and hence greatly enhanced corrosion rate. Titanium and titanium alloys are immune to
partially reduced sulfur species.

Corrosion resistant alloys, such as the stainless steels, would have excellent general
corrosion resistance, but are considered to be more prone to pitting or crevice corrosion as
their principle failure mechanism. Pit initiation would not be expected during the period that
the liner remained intact, but may arise in the event that an electrolyte, containing
aggressive species, such as chloride ion or reduced sulfur compounds, should penetrate to
the overpack surface. Thus, stainless steels are not perceived to offer any specific
corrosion benefit, compared to carbon or low CrMo alloyed steels, and they may be
potentially worse, considering their high propensity for crevice corrosion.

Whilst the pit depth in nickel-base alloys might be shallower than in stainless steels, there
would still be a concern of pitting corrosion would arise if an aggressive electrolyte reached
the overpack surface. Additionally, nickel and nickel-base alloys are frequently highly
susceptible to corrosion by reduced sulfur species, because of depassivation of the nickel
component. Highly alloyed stainless steels or nickel alloys would also be much more
expensive than carbon steel, without giving the predictable kind of performance which that
offers.

4.2 Buffer

The buffer material should provide electrochemical control of the environment to minimise
the rate of corrosion of the overpack. For example it may have a high pH to reduce
corrosion to a minimum (Portland cement) or it may contain species that have a specific
inhibiting effect (e.g., phosphates or silicates). As an alternative, it may be a kinetically
stable, non-reactive environment, of which glass is a possible candidate. Note that by far
the most commonly found archaeological artefacts are ceramics and glasses.

The buffer also provides a physical barrier to the diffusion or migration of corrosive species

from the external environment once the liner has been breached and some external
electrolyte has entered the buffer. This physical barrier is important in delaying the onset of
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corrosion at the overpack surface. The integrity of the physical barrier depends upon
excellent quality control in fabrication, as achieved for example in the offshore construction
industry. The risk of cracking of the buffer in service, e.g. by thermal stress or gas
production, is thought to be small based upon the experience of cementitious materials in
other demanding applications (such as furnace linings), but the performance of the buffer
under the physical and mechanical service conditions does require study. The aim is to
use a material in its optimum condition to maintain its integrity as a physical barrier over
the thermal phase.

The buffer will also interact with any diffusing electrolyte, changing the chemical species
and concentrations, e.g. immobilising chloride ions. The possible effects are not readily
predictable and may be beneficial (rise in pH) or could be detrimental (rise in
concentration).

In the case for well-preserved archaeological artefacts, the corrosion rate is limited by the
low permeability of the environment and the absence of oxidising agents other than water.
Engineering such an environmental situation for the overpack would be the way to ensure
the overpack integrity for the duration of the thermal phase.

4.2.1 pH controlling buffers

A suitable buffer would be a good quality cementitious material, such as a top quality
Portland cement. Portland cement has a substantial track record of service, detailed in
Appendix 5, with proven ability to protect carbon steel from corrosion. Mechanisms of
failure are well understood and can be prevented from occurring in the EBS. There are
well-understood quality requirements for Portland cement and it should contain no fly ash,
slag, or sulfides and should have a low chloride ion content (Appendix 5 — Conclusions).
Such material has a typical pH of around 10-13 and has a large alkaline reserve that
provides protection to steel and helps to maintain a benign environment over a long period,
even with ingress of a corrosive electrolyte.

The high pH of Portland cement has been considered to have some disadvantages. There
is the possible impact of an alkaline plume on the surrounding Boom Clay, thereby
possibly affecting the ability of the Boom Clay to retain radionucleides by ion exchange.
This aspect is difficult to avoid, since the tunnel lining will probably be made of such
cements. There is also the potential problem of dissolution of the vitrified waste in contact
with high pH cement. This is not considered to be a significant issue, since the whole basis
of the CEC is to guarantee the integrity of the overpack throughout the thermal phase at
least. During this period, there will be no contact of the vitrified waste and the buffer.

Other cements have also been considered, such as aluminate cement or phosphate
cement. However, aluminium cements do not offer the inhibiting contribution of the
alternative cements. Phosphate is an effective inhibitor of the general corrosion of iron and
carbon steel and of pitting corrosion in stainless steels (Appendix 1).

Phosphate-based cements have a lower pH, typically 7-8, which is considered to offer
some benefits in the possible scenario where the overpack and canister container are
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breached exposing the vitrified waste. Apatite is apparently neutral to phosphate-based
cements (glasses) and this has been the basis for interest in the option of using a
cementitious material of neutral pH. However, it is considered that, on its own, this is not a
strong enough argument to justify selection of phosphate-based cements, since the aim of
the design is for a materials selection that will not expose the vitrified waste to contact with
the buffer for at least the duration of the thermal phase.

The mechanical and physical properties of phosphate cement have been found to be
strongly dependent upon the choice of aggregate, with optimum properties and physical
characteristics being obtained when using magnetite filler (personal communication,
Meeting 4). However, magnetite might provide a very efficient cathode that could drive
anodic corrosion of metals used for the overpack or liner. A further key problem with these
materials is that there is a lack of data on long term experience, radiolysis behaviour, and a
need for more evidence of long term stability and corrosion properties. Nevertheless, given
the potential interest in phosphate as a corrosion inhibitor it may be worthwhile to
investigate the corrosion issues in using magnetite filler further, for example by measuring
the current flowing between steel and the phosphate cement/magnetite material using a
zero resistance ammeter.

4.2.2 Redox controlling buffers

Redox control could arise naturally through the occurrence of initial corrosion of the
overpack generating a small amount of hydrogen, which could polarise the reaction and
pull the potential of the overpack into a safer, less corrosive range. However, experiments
at AEA Technology have indicated that hydrogen over pressures in the range of 100kPa to
10MPa had no discernable effect on the anaerobic corrosion rate (Kursten B. comment).

It is not considered likely to be necessary to add reactive metals such as Zn, Mg etc. to the
buffer. However, it would be possible effectively to increase the surface area of iron (by
additions of iron filings or FeO to the buffer, throughout the volume or localised under the
liner) if the area of the overpack is calculated to be insufficient to generate enough
hydrogen itself.

If calculations show that there is insufficient hydrogen produced then the buffer may need
additional redox control, although there is a preference to keep the system simple and
avoid specific additives if they are not required. Any “new” concrete formulation, based on
additives, would have to be evaluated to check that mechanical properties, radiolysis, and
manufacturing quality were not significantly altered.

4.2.3 Barrier Coatings

The concept of the barrier coating (to be applied to the overpack surface) is to introduce a
high dielectric constant barrier. Examples of systems that may be considered include
sprayed Zirconia. Glasses also will provide this function.

For glasses to be used as protective barriers (as opposed to immobilising radioactive
waste) they must be capable of being formed at near ambient temperatures. This rules out
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the molten glasses, such as traditional borosilicate and silicate glasses. However,
alternative methods for forming glasses at near ambient temperatures exist. These include
“water glass” (a silica polymer), which is used for instance as an egg preservative coating
by preventing oxygen penetration into the egg. Coating (e.g. by dipping) the overpack in
such a water glass to produce a non-reactive, oxygen-impervious layer over the carbon
steel may be considered.

Various types of glasses could be considered, including those based on the silica, borate,
and phosphate systems . It is possible to control the pH of these glasses and they are not
too expensive. Water is chemically bound into the glass network, and hence it is not free to
participate in the normal corrosion reactions. Also, the bonding of such glasses to metal
surfaces is very tenacious. Sodium silicate (water glass) reacts with carbon steel forming
an iron silicate layer. This significantly reduces the exchange current density for oxygen
reduction and metal dissolution, thereby reducing the corrosion rate. Borate glass is an
industrial product that can be produced in large quantities and phosphate glasses may also
be investigated.

However, the addition of a barrier coating was previously rejected on the grounds that this
might overcomplicate what is designed to be a simple system. There is also an issue of the
mechanical integrity of such coatings which would have to be investigated.

4.2.4 Physical barrier buffers

Bentonite is a candidate material for the buffer (Appendix 4). It is useful because it tends to
swell and would therefore fill the container and leave no gaps. It has good mechanical
stability and is reasonably economic. However, it is not possible to guarantee the exact
composition and so it may contain sulfide species (although less than in Boom Clay) that
are aggressive in the context of initiating localised corrosion in particular. The swelling
properties may also be unpredictable, with a risk, if the buffer were made of bentonite, that
it could swell and split the liner if water did enter.

Mixtures of bentonite and Portland cement may be considered, but it is expected that these
will have poor mechanical properties. Interactions between the bentonite and the cement
(alkaline plume) will take place (dissolution/precipitation reactions, ion exchange
processes, formation of secondary phases...). These interactions will possibly also entail
significant modifications of the bentonite properties.

4.3 Liner

The liner material should have good general (uniform) corrosion resistance and resistance
to stress corrosion cracking so that it can be relied upon to remain mostly intact for a very
long time period. The localised corrosion resistance in terms of pitting, crevice corrosion
resistance should be reasonable, but it does not have to be immune to localised attack. It
is considered acceptable for the liner to be breached by such localised corrosion forming
small leak paths for electrolyte into the buffer over the life of the EBS.
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The selection of a material with good general corrosion resistance will minimise the
potential for the production of hydrogen by corrosion. This has sometimes been raised as
an aspect of concern, because of the perceived risk of fracturing the Boom Clay. The issue
of hydrogen production and how it is dissipated in the repository and surrounding Boom
Clay are outside the formal scope of this study and have not been considered further.

Prime candidate materials include the AISI 316 (UNS S31600) grade of stainless steel,
possible in the low carbon form (316L, UNS S31603; or 316LN, UNS 31653) or stabilised
with Ti (316Ti, UNS S31635) or Nb (316Cb, UNS S31640). For this class of materials also
a significant body of corrosion data from the Boom Clay environment has already been
gathered by SCKeCEN.

Variations with enhanced Mo content (maybe even 904L —UNS N08904-, Cronifer
1925hMo, or Type 317 —UNS S31700-, with its different combinations 317L, 317LN,
317LM or 317LMN) could be considered.

It should be noted that smaller alloying modifications to these kinds of stainless steels
could have a (significant) impact on their effective corrosion behaviour. The
German/European standard designations distinguish between many more variations (or
give more strict specifications), such as the stainless steel Type 316 grades, than do other
specification protocols. Some examples, with their chemical composition and some of their
principal properties, are given in Appendix 7 (consider e.g. Werkstoff 1.4401 1.4404,
1.4406, 1.4420, 1.4429, 1.4435, 1.4436, 1.4571, 1.4573, 1.4583).

Duplex stainless steels are worthy of consideration, as they offer superior SCC resistance
to austenitic grades of the 316 type. Similarly, more highly alloyed austenitic grades, such
as the 6%Mo-containing grades, also show good SCC resistance.

The non-molybdenum-bearing grades of austenitic stainless steels (i.e. Types 304, etc...)
are not recommended in view of their clearly inferior localised corrosion resistance and
relatively small cost advantage compared to the 316 Types. Also ferritic and martensitic
stainless steels are rejected, primarily because of expected inferior corrosion resistance
and important fabrication difficulties (i.e. welding).

The materials that would not be considered suitable as liner material include the nickel
alloys. Whilst these would offer some increased resistance to pitting compared to the 316-
type of stainless steel, they are unlikely to offer complete immunity considering the
presence of reduced sulfur species. Thus their performance is not likely to be better, over
the expected lifetime, despite being much more expensive.

Corrosion issues of primary concern are related to the sensitivity of carbon steel to the
presence of the sulfide species that are present in the Boom Clay. These may initiate a
form of pitting corrosion that may be very rapid. It is considered that the additional barrier
presented by the liner and the buffer make this form of attack much lower in probability at
the overpack surface.
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Lower alloyed steels, including carbon steels and cast irons, are not considered to have
sufficient resistance to corrosion in the presence of reduced sulfur species. However, a
steel such as the 214Cr 1Mo, or similar types of higher alloyed carbon steels, might be
studied to check if their corrosion properties may be good enough to meet the service
requirements without suffering any problems of pitting or cracking. If the anticipated
superior resistance to reduced sulfur species is proven, then these materials might prove
to be a very cost-effective liner material option.

Copper and its alloys are regarded as unsuitable for exposure to the high sulfur content of
the Boom Clay. Corrosion would be expected to be too rapid to meet the corrosion design
concept.

Ti or its alloys may be a candidate material for the high chloride content in Ypres Clay (if
this were the selected depository location), although this would be too costly to consider for
use in the less aggressive Boom Clay environment.
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5 SERVICE PERFORMANCE OF CANDIDATE MATERIALS
5.1 Overpack - buffer Interface

This Section considers the potential for corrosion to take place at the interface of the
overpack to the buffer in the Supercontainer. Different material combinations are
considered and likely consequences addressed in terms of corrosion behaviour.

5.1.1 Carbon steels - Portland cements

In cements with pore water pH between 10 and 13, carbon steel forms an insoluble
passive oxide film (ANDRA, tome 4, 2001 and Glass, 2003). The corrosion rate in these
circumstances is very low with an equivalent current density of <0.5mA/m? (note that
1mA/m? » 10g/m?yr » 1nm/yr). If the pH falls below 10 for any reason, the protective film on
carbon steel becomes unstable, at least at ambient temperatures. At higher temperatures,
for example during the thermal phase of nuclear waste storage, this lower pH limit shifts to
lower values (Figure 5.4 in Appendix 1).

The normal mechanism for the lowering of the pH in cement is carbonation. Given the
limited availability of CO, in the Supercontainer design (c.f. normal carbonation of rain
soaked concrete structures in air) it is not anticipated that the pH will be lowered by this
mechanism. Similarly, carbon steel is known to corrode faster in concretes containing
higher concentrations of chloride ion. Such chloride ions may diffuse into concrete
structures in marine environments or on road bridges subjected to de-icing salts —
circumstances the Supercontainer concept will evidently prevent.

Thus, the “normal” causes of carbon steel corrosion in concrete are considered to be
controlled and a low, predictable corrosion rate of 0. 5mA/m? (1nm/y) is considered to be a
safe design basis throughout the foreseeable thermal and longer-term phases.

Consideration may also be given to the possible rate of corrosion in the event that an
electrolyte enters the buffer and reaches the surface of the carbon steel overpack. The
reported anaerobic corrosion rates for carbon steel, iron, and cast iron in a range of
groundwater compositions vary over the range 0.2 - 50 um/y (Appendix 6). The data from
the most representative experiments (90°C granitic groundwater, Table 2, Appendix 6)
show mean corrosion rates generally below 1 pm/y.

The corrosion process is anodically controlled and is limited by the formation of a
magnetite-like corrosion product film. Thus the corrosion rate of carbon steel is expected to
decrease as a function of time to a very low value approaching 0.1 um/y.

5.1.2 Carbon steels - phosphate cements

The corrosion rate of carbon steel in phosphate-based cement is expected to be
comparable to that in Portland cement. However, consideration has to be given to the
impact of the selected aggregate. The use of magnetite has been highlighted in Section
4.2.1 as a possible corrosion risk that requires further investigation.
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5.1.3 Carbon steel - Redox controlled cement

In principle it is preferred not to incorporate any additive to the established cement /
concrete mixes unless there is significant perceived corrosion benefit. There are possible
negative impacts in such additives as they may alter the physical or mechanical properties
of the cement or affect the density and quality achievable.

If it is shown by calculation that the limited corrosion expected on the overpack is
insufficient to achieve a corrosion potential in a low enough range to provide confidence in
the long term protection, then an additive may be required to control the redox potential.
Such an additive may be FeO, but its impact upon the cement properties needs to be
checked and its positive impact upon the corrosion properties must be demonstrated.

5.2 Buffer

5.2.1 The Buffer Medium

The durability of cements has been established by many historical precedents dating back
over 2000 years (Appendix 5 Section 1.3.4).

Aspects contributing to longevity include:

- Optimisation of hydraulic permeability
- Maintenance of chloride levels below 0.2% by weight
- Avoidance of incorporation of fly ash and blast furnace slag in the mixture.

The preparation and quality control of Portland cement and concrete mixes is codified in
standards and it is likely that a very high standard of production could be demanded and
achieved, guaranteeing a crack-free starting condition. Such a high standard material
would present a very benign environment to the carbon steel overpack and stainless steel
liner, since there would be:

1. apH typically in the range 10-13
2. alow (safe level) of chloride ion
3. alarge “alkaline reserve”.

Furthermore, with a low hydraulic permeability, the diffusion of any less well specified
electrolyte from the external environment (by leakage through pits in the liner) would be
minimised.

If other types of concrete were used, such as those based on phosphate cements or with
specific redox additives incorporated into the concrete mix, it would be necessary to
establish the correct manufacturing requirements and tolerances to achieve repeatable
quality. There is also a need to check the radiolysis properties and relevant mechanical
properties, such as compressive strength.
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5.2.2 Barrier Coatings

The physical and thermal properties of possible dielectric barrier coatings, if these were to
be used, would require further investigation. There would be particular concern about the
risk of fracture of the glass under thermal stresses arising from the difference in thermal
expansion coefficient of the glass and metal. There are practical issues to consider too, in
terms of how the glass would be applied (by dipping or spraying or painting), considering if
this should be done before the canisters are introduced, or afterwards (in hot cell
conditions but with the benefit of full surface area coverage). An alternative coating which
might be considered would be sprayed zirconia.

In the Supercontainer concept it is necessary to fill the container between the overpack
and the liner (the radiation “limit”) and so a buffer would be needed that would have to be
compatible with the glass coating. This choice would have to be investigated, i.e. to
confirm the stability of the glass with the pH of the selected buffer, as some glasses have
been shown to corrode when in contact with cements in particular pH ranges. Thus, there
is a need to investigate these aspects further, if the use of glass as a thermodynamically
stable barrier to corrosion is to be considered in contact with particular types of buffers.
Again, it should be borne in mind that the addition of barrier coatings complicates a,
supposedly, simple system.

5.3 Liner - buffer interface

Considering the most likely liner:buffer material combination of stainless steel and Portland
cement, a considerable amount of field and laboratory research has been carried out on
the use of stainless steel as reinforcement for concrete structures which provides data on
the interaction of these materials.

Various international highways agencies recommend stainless steel for reinforcement of
bridge structures. Field tests of more than 20 years have indicated that austenitic stainless
steels (types 302, 315 and 316) were resistant to corrosion in CaCl, dosed concrete. Thus
it is assumed that the liner will not be corroded by contact (internally) with Portland cement

The history of use of stainless steels is nonetheless comparatively short and so it is not
possible to state categorically what the long-term corrosion performance will be. It is
considered that the liner/buffer interface would be less aggressive than the liner/external
environment interface. Since it is for that external surface for which the stainless steel is
primarily selected, it is only necessary to state that the corrosion performance externally
would be the life-determining factor.

The issue of corrosion of the liner in the buffer is therefore not critical to the overall
corrosion performance.

5.4 Liner - external environment

In the following discussion it is anticipated that the external environment of the lining will be
(recuperated) Boom Clay. This is not necessarily the case from the start of the disposal,
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since —initially— there can either be a gap between the metallic liner and the (concrete)
tunnel lining, or there can be direct contact with the concrete, or the gap could be filled with
any other backfill material. Backfill would be beneficial because it would displace air from
the disposal gallery, reduce the possibility of water-line attack and would provide an
additional possibility to control the initial redox and/or pH conditions at the outside of the
metallic liner (see also Section 5.3). This could delay the initial time to failure of the liner.
However, there may be practical difficulties in completely filling the annulus between the
Supercontainer and the tunnel lining.

With the passage of time, it is anticipated that, even with a backfill, the liner surface will
come into contact with an electrolyte that is strongly influenced by the chemistry of the
Boom Clay. Thus, the influence of any backfill material in retarding access of the Boom
Clay pore water with the liner was not considered.

The text highlights important general data and knowledge about the localized corrosion
behaviour of austenitic stainless steels (i.e. Type 316L, as well as other) in chloride
environments, with emphasis on their behaviour at the elevated temperatures typical of the
thermal phase.

5.4.1 Pitting and crevice corrosion risks in Boom Clay

SCKeCEN has conducted a series of experimental projects to study various aspects of the
pitting corrosion of stainless steels in Boom Clay related environments. Materials
investigated extensively include e.g. Type 316L (hMo), 316Ti and 309S stainless steel.
Other materials for which some data have been obtained are: plain carbon steel, alloys
UHB 904L and Cronifer 1925hMo, as well as Hastelloy C4 and Ti/0.2 Pd.

Although pitting data from literature sources predict fairly severe problems, this is only
partly confirmed by the SCKeCEN electrochemical test results. Some literature data on
pitting corrosion of stainless steels and higher alloyed materials at elevated temperatures
are illustrated in Appendix 7. Critical potentials for the initiation (not even repassivation)
can be as low as +200mV (SHE 25°C) for Type 316 stainless steel above ca. 125°C (0.1M
CI).

5.4.2 Critical pitting potentials

It could be debated as to what is the proper “critical pitting potential”, in view of the unseen
time perspective being considered for the current engineering challenge. Thus, pitting
potentials may be measured potentiodynamically or potentiostatically, which tend to give
different results, and, in any event, the pitting potential is a distributed quantity. Although
the theory of passivity breakdown and the evolution of pitting damage on a surface is well
developed, it has not been extensively applied to the materials of interest here. Other
workers regard the repassivation potential to be the relevant parameter, but this parameter
does not characterize passivity breakdown; rather, it reflects the conditions that must be
met for existing pits to repassivate. While the repassivation potential provides a
conservative measure of pitting susceptibility (its value is typically many tens or even
hundreds of millivolts more negative than the pitting potential, for many materials,

32



depending the charge passed in establishing the pit), it should not be used to describe the
conditions required for pit nucleation. There is also the question of crevice effects (“critical
crevice corrosion potentials”), which are not properly accounted for by the normal pitting
potential criteria.

However, with a measured corrosion potential virtually equal to the conventional
repassivation potential (i.e. +320 mV at 90°C), according to SCKeCEN data from synthetic
oxidised clay water, at 90°C, the pitting resistance of Type 316 stainless steel is at best
marginal once the chloride concentration exceeds 1000 ppm. At higher levels (e.g. 10,000
ppm), pitting could be expected to occur readily. Even at lower concentrations (e.g. 100
ppm), the long-term integrity is not guaranteed at such a temperature (typical metal
corrosion potential above some repassivation criteria). This also agrees with common
engineering knowledge. However, it is doubtful if any alloy could meet the criterion of
being immune to pitting if characterized upon the basis of the repassivation potential. This
issue may be resolved, given the present state of development of the theory of pitting in
terms of the Point Defect Model (PDM) and Damage Function Analysis (DFA).

At 140°C pitting could be initiated very rapidly. Only low ambient temperatures (i.e. 16°C)
seem to guarantee long-term integrity.

This temperature issue is extremely important in terms of localised corrosion resistance
and should not be overlooked when deciding on time scales for the disposal operation.

A further overview of important pitting corrosion data is given in Appendix 7.

5.4.3 Microbiologically induced corrosion in Boom Clay

Microbiologically induced or microbiologically influenced corrosion (MIC) in the Boom Clay
environment has not been firmly identified from studies to date, but the potential for
bacterial activity in the aerobic and or anaerobic phases of the project have been
established (Appendix 2). Estimates of the potential for bacterial activity have firmly
concluded that there is an expectation of SRB activity in the disturbed Boom Clay
(Appendix 3).

It will therefore be necessary to check the performance of candidate liner materials for
resistance to MIC through literature references or by experimental work. The most critical
microbiological agent relevant to the Boom Clay environment, is SRB, as identified in
Appendix 2.

5.4.4 Stress Corrosion Cracking (SCC) behaviour in Boom Clay

It should be noted that the Type 316 stainless steel may not be immune to stress corrosion
cracking in the Boom Clay environment. Both the chlorides and the reduced sulfur species
(i.e. the thiosulfates) are known to be potent SCC-causing agents for all grades of
austenitic stainless steels, particularly when sensitised and cold-worked.

Direct experimental SCC data from the Boom Clay environment are currently not available,
but preliminary experimental data obtained at K.U.Leuven point out the strong synergistic
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effects of CI" and S,03~. Whereas the individual species did not lead to cracking in some
accelerated tests on Type 316L stainless steel, their combination readily led to
intergranular SCC in environments with 1000 ppm chloride and 1000ppm sulphate at 95°C
once a critical potential (i.e. +40 mV vs. external Ag/AgCl, xx M KCI reference electrode)
was exceeded . This issue definitely needs further investigation as, whilst these particular
experimental conditions are considered to be much more aggressive than the Boom Clay
environment, they do indicate a possible problem.

5.4.5 Corrosion of stainless steel in contact with concrete

The corrosion performance of stainless steels in concrete has been discussed in Appendix
5. Initial indications are that there are many grades of stainless steel that have proven to
have good resistance to corrosion in Portland cements and it is unlikely that this
environment (the internal surface of the liner) will have limited impact upon the selection of
stainless steel grade.

5.5 Cast iron - external environment

Cast iron is considered as a possible option for a complete Supercontainer structure with a
relatively thick (several cm) cast iron overpack, but no buffer, and, therefore, no liner. This
relatively cheap material would potentially provide a simple design.

From a corrosion viewpoint, rates of corrosion are considered to be very manageable
(Appendix 6) and it is not expected that there would be any mechanism of corrosion
cracking that would affect the integrity. Localised corrosion would be limited by the sum
total of the oxygen that is available in the repository (during the aerobic period), as this
defines the total oxidant available on a mass balance basis to the beginning of the
anaerobic phase. In fact, the thickness of the cast iron is expected to be dictated by the
radiation shielding requirements, rather than the corrosion demands.

A more critical aspect affecting the selection of cast iron is the question of fabrication.
Welding is possible, using soft austenitic electrodes, but it introduces its own challenges,
particularly in the heavy sections that would be required. The impact of the heat input on
the local mechanical properties would require study, as there is a risk of forming high
carbon martensitic phases with associated sensitivity to hydrogen induced cracking. The
presence of welds in cast iron is a weakness in the Supercontainer design that is thought
to be sufficiently detrimental to outweigh the possible benefits of simplicity and relatively
low cost.

Other aspects that may make the choice of a solid metal Supercontainer structure less
appropriate are the fact that the temperature at the surface of the cast iron or other metal
may make the containers unacceptable for manipulation on the surface. This may be
overcome by providing an insulating layer of material. (Such insulation is considered to be
provided by the cementitious buffer in the Supercontainer design).

Outside the cast iron there would be a need for something to fill up to the tunnel lining. This
does not need to have redox control, because corrosion of the cast iron would serve this
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purpose. The backfill here could be re-cycled Boom Clay, although it would be oxidised. It
would not be possible to achieve 100% filling but it would swell with time. Bentonite is
another possibility that should be considered as backfill.
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6 VERSATILITY OF THE CEC - APPLICABILITY TO
OTHER EBS DESIGNS

As explained in Section 3.1, the Supercontainer was chosen as the focus of this study and
has been the basis of this report.

The proposed materials for final consideration as described in Section 4 are :

OVERPACK BUFFER LINER
Base case material | 24Cr1Mo steel Concrete based on Type 316L (hMo)
choice Portland cement
Optional materials Carbon or low alloy | Concrete based on 2%4Cr1Mo steel
for investigation steel Portland cement with Type 317LMN
redox controlling Type 904L
additive Type 6Mo
Type 22Cr duplex
Concrete based on Type 25Cr duplex
Phosphate cement
Barrier coating on the
overpack + concrete
buffer

The principles of the CEC may be applied to alternative concepts, by modifying the
currently proposed borehole and sleeve designs to incorporate a “contained environment”.
For the sleeve concept, however, this may be more difficult to achieve. Nevertheless, if the
currently proposed sleeve or borehole designs are used without application of the CEC
modification, the findings of this study, combined with the recommended further work, give
guidance on the materials selection.

In investigating the detailed properties of the Supercontainer material options and their
interaction with the adjacent environment (electrolytes derived from the Boom Clay), much
will be learnt that is readily applicable to alternative designs, if the overpack is in direct
contact with the tunnel lining or the Boom Clay.

The current sleeve design is not water-tight if concrete is used for the sleeves. This means
that there is direct contact of the Boom Clay pore water with the overpack surface. In this
case, it would be anticipated that a rather more highly alloyed stainless steel, showing
greater resistance to pitting as well as to general corrosion and SCC, would be needed to
maintain the required integrity. It would be expected that this material choice would
inevitably be a more costly material than the base case Type 316L stainless steel.

If bentonite is used for the sleeves there may initially be some electrolyte infiltrating to the
overpack surface, which raises the same corrosion concerns as in the concrete sleeve
case. With the passing of time, there would be swelling of the bentonite, which would close
up the gaps and may reduce the longer term corrosion. The timescale for these phases
has not been determined.
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The borehole design is more readily adaptable to the CEC concept. The borehole lining
would then assume the function of the Supercontainer liner. A buffer could be added.
Materials selection would then follow closely that proposed above.
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7 KNOWLEDGE GAPS

A number of aspects have been identified where further work, either literature research
activity or R&D, are required to reach final conclusions on parts of the material selection.

7.1 Laboratory test work

Some of the test work proposed is intended to provide initial engineering guidance on the
development of the EBS. However, recognising the extended periods of time over which
the repository system must perform and the limited time for laboratory experiments it is
uncertain that empiricism alone can provide a robust prediction methodolgy. On the other
hand, determinism, which relies upon the time and space invariance of natural laws, is
theoretically capable of providing the necessary robustness in prediction. Experiments
would then be focussed on verifying mechanistic models and would be fewer and of
shorter duration.

It is necessary to define the development of the environment (chemically and physically)
with time, including any effect of H,O, production by radiolysis. This is essential to identify
the worst-case conditions and to make any predictions of accumulated corrosion damage.
In addition, selected experiments can be used to verify corrosion performance and rates.
These data can then be integrated to predict the long-term performance.

The following recommended laboratory test activities are listed in order of priority.

The SCC, pitting and crevice corrosion properties of candidate steels for the liner
have to be investigated in the likely service conditions. Available data are of limited
value, particularly in view of the short-term nature of most tests. Whilst there is data
on the influence of some of the components of the Boom Clay environment this does
not fully represent the complete environmental spectrum. Full advantage must be
taken of the high level of development of the theory of localized corrosion (as is how
being done in the Yucca Mountain project in the US), as the theories and models
(e.g., DFA) provide the means of extrapolating the results of short-term, accelerated
tests to long-term service conditions.

The aim of these studies should be to generate a database of model parameter
values that can be used in the deterministic prediction of corrosion damage over the
long-term. The data need to obtained under Quality Assurance protocols, so as to
ensure reproducibility and reliability.

The basic approach advocated is to establish a fitness-for-purpose style of testing.
This should aim to incorporate realistic maximum stress levels (derived from the
results of finite element analysis studies), maximum concentrations of aggressive
ions (chloride, thiosulfate etc) and a range of service temperatures (not just the
maximum). The use of slow strain rate testing should ideally be restricted to any
comparative, parametric studies, whilst actual proof of serviceability should be judged
from test results at realistic stress levels.
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Candidate alloys to be tested could include at least:

24Cr1Mo

Type 316L(hMo)

Type 317LMN

Type 904L

Type 6Mo (e.g. 1925hMo or 254SMo)
Type 22Cr duplex

Type 25Cr duplex

The pitting performance of the same candidate steels needs to be established
through appropriate experiments that will generate data useful for deterministic
modelling. There is already a lot of work and data established by SCKeCEN in this
area, but additional data may be needed and it is not clear whether the data are in
the most appropriate form for deterministic modelling.

The mechanical and physical properties of concretes based on phosphate cement
have been found to be strongly dependent upon the choice of aggregate, with
optimum properties and physical characteristics when using magnetite filler. However
magnetite could provide a very efficient cathode that might drive the anodic corrosion
of the alloys used for the overpack or liner. Before considering extensive further
studies into this material it would be valuable to investigate the compatibility between
structural alloys and the magnetite filler. This may be very simply investigated, for
example by measuring the current flowing between steel and the phosphate
cement/magnetite material in an appropriate environment at temperature using a zero
resistance ammeter.

If the decision is made that concretes based on phosphate cement may be used for
the buffer, then the corrosion performance of the candidate alloys in contact with it
needs to be verified. The radiolysis of these concretes also requires investigation.

The corrosion properties of the 2v4Cr1Mo steels need to be established in the
overpack and also liner environments. If there is adequate resistance to general and
also localised corrosion in the disturbed Boom Clay environment, under both aerobic
and anaerobic conditions at service temperatures, then this may be a very cost-
effective material choice (particularly for the liner). Comparison of the performance of
24Cr1Mo steels with carbon or low alloy steel, and also with the candidate stainless
steels, should be made in environments incorporating the anticipated chloride levels
combined with sulfur species, possibly incorporating a transition of conditions from
oxidising (SO,%) to reducing (S,%). The transient corrosion rate may be monitored
through the changing conditions for example by the use of a resistance-wire probe.

It is recommended to investigate the behaviour of sodium silicate glass (waterglass),
and also sprayed zirconia, as a non-reactive barrier to corrosion of the carbon steel
overpack in contact with particular types of buffers (potential influence of pH on the
glass). This work is considered in the context of establishing the viability of the use of
a dielectric barrier around the overpack.



7.2 Further studies

The following studies are proposed (without prioritisation).

Candidate overpack materials include CrMo steels and many carbon and low alloy
steels which may be purchased to pressure vessel or to structural steel standards.
Some investigation is required into how these steels are treated in the codes
applicable for this construction as this may impact on the precise composition allowed
(e.g. maximum carbon equivalent) and thickness limits with respect to PWHT.
Guideline data on welding requirements for different types of carbon and alloy steels
should be checked.

Continued study is required to characterise properly the transient and changing
environmental conditions (corrosion evolutionary path, CEP) with respect to e.g.
reduced sulfur species, SRBs etc. to establish the corrosive environment
development with time. It should be informed by the likely scenarios for timescales for
construction, filling and closure of the repository. As such data accumulates the
materials selections indicated in this report should be revisited to check their
continued relevance and viability.

A step-by step analysis of the design, assembly and fabrication of the Engineered
Barrier System and the impact this will have on the corrosion risks (e.g. the
avoidance of crevice corrosion) has to be made. This should include metal fabrication
and cement quality control issues.

Finite element stress analysis of the Supercontainer (and potentially other EBS
designs) is required, particularly of welded regions, to establish the likely local
stresses (in the context of defining a threshold stress for stress corrosion cracking).
Thermal stress analysis, to ascertain the integrity of all elements of the EBS,
including the buffer, will be required considering the variation in thermal conductivity
of the various metallic and cementitious parts and also the stress that may eventually
be applied by the Boom Clay expansion itself.

The ability of the exposed overpack surface to “self-control” the redox potential
through hydrogen production requires checking. If there is insufficient area then a
design basis has to be established for the amount of iron, or other metals, or FeO
which has to be added to the buffer. Relevant physical and mechanical and quality
aspects of buffer materials containing any redox additions have to be investigated if
such additions are proven to be required.

Issues concerning the practicability of applying sodium silicate glasses
(waterglasses) to the large overpack surface, the influence of the overpack
temperature, and coating mechanical properties have to be reviewed to establish if
the use of a dielectric barrier on the overpack is feasible and then to judge the
additional benefit that this may provide.
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After completion of studies on the changing environment, fabrication optimisation and
stress analysis, it would be advisable to carry out a formal HAZID (hazard
identification) study to check the safety of the EBS design.

The practicability of using cast iron or another solid metal as a single combined
overpack/buffer/liner has to be addressed, particularly in terms of the impact of any
welding process.

It is recommended to continue to monitor the development of predictive models for
assessing the accumulation of corrosion damage during the thermal period to
evaluate their possible value to the specific design of the Belgian EBS.

A specific task to transfer technology, where applicable, from other high level
radioactive waste disposal programmes worldwide should be allocated, particularly
with regard to predictive modelling and materials properties.



8 CONCLUSIONS AND RECOMMENDATIONS

The Contained Environment Concept is proposed and fits comfortably with the
Supercontainer design, but is adaptable to the other Engineered Barrier Systems designs
as well. The key aspect is that the immediate environment of the overpack, the buffer,
should be well defined by containing it within an outer liner. Only the outer liner would be
exposed to the more aggressive environment of the Boom Clay pore water in the early
stage. To prevent very rapid access of that water into the buffer, the liner should logically
be a material with good general corrosion resistance. However, the liner is not required to
be fully resistant to pitting corrosion or stress corrosion cracking, as small pits and tight
cracks (or even a small pressure relief hole) are considered to be quite restrictive in
impeding the ingress of water to the buffer. This is significant, because the liner must then
be a material with good corrosion properties, but not totally pitting resistant — a goal that
would be both costly and elusive given the expected aggressiveness of the Boom Clay
pore water. It is considered that crevice corrosion can be avoided by careful engineering
design.

The buffer would be a material which would provide a crack-free, low hydraulic
permeability environment preventing rapid passage of any electrolyte to the overpack
surface. Furthermore the buffer would provide an inert or redox-controlled environment,
preventing any significant corrosion of the overpack.

By comparison to the liner, the overpack should be a material with excellent localised
corrosion resistance, to prevent the rapid development of a leak path through to the
vitrified waste, but its general corrosion resistance need not be high. A gradual wastage of
the overpack, in the event that the electrolyte reaches the overpack surface following
perforation of the liner and diffusion through the buffer, would not lead to rapid failure of the
overpack and the rate of corrosion should be predictable with some confidence.

The materials to be considered for the Supercontainer are:

OVERPACK BUFFER LINER
Base case material | 2'4Cr 1Mo steel Concrete based on Type 316L (hMo)
choice Portland cement
Optional materials Carbon or low alloy | Concrete based on 24Cr 1Mo steel
for investigation steel Portland cement with Type 317LMN
redox controlling Type 904L
additive Type 6Mo
Type 22Cr duplex
Concrete based on Type 25Cr duplex
Phosphate cement
Barrier coating on the
overpack + concrete
buffer
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The chemistry of the Boom Clay pore water and its modification by mining operations and
exposure to air presents significant challenges to the corrosion integrity of the waste
disposal packages. The chloride and sulfur-containing ion concentrations of the pore
water, as well as oxygen during the air exposure phase, were the main focus of attention
from this perspective. Oxidation of pyrite in the Boom Clay by exposure to air as well as
possible activation of sulfate reducing bacteria during all phases of human intervention and
beyond can generate sulfur-containing anions of intermediate oxidation state, which, in
combination with chloride ion, can cause pitting of most, if not all, conceivable structural
materials (carbon and low alloy steels, stainless steels and nickel-base alloys). Stress
corrosion cracking of stainless steels and nickel-base alloys in zones with significant local
stresses, such as the residual stresses of welds, could also be a significant mode of
failure. However, choosing the most resistant grades of stainless steel to minimise these
threats and possible control of the redox potential significantly below the pitting or cracking
potentials was considered to be technically feasible. Reduced sulfur-ion induced corrosion
and pitting of carbon steels cannot be eliminated by redox potential control. The CrMo
steels such as 2'4Cr 1Mo, are considered to be more resistant to this form of degradation.

The CEC concept for the materials selected for the Supercontainer design of EBS is
considered sound and the proposed shortlisted materials are standard engineering
materials. Some additional laboratory testing work and other studies are proposed and are
considered to be necessary to finalise the materials selection. The results of this work will
also be valuable to assist with the materials choice for the alternative Engineered Barrier
System designs, should they be selected.
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