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Abstract 

The Nuclear Waste Consortium project was co-sponsored by the National Cooperative for the 
Disposal of Radioactive Waste (Nagra, Switzerland), the Nuclear Waste Management Organi-
zation (NWMO, Canada) and the National Agency for Radioactive Waste and Enriched Fissile 
Material (ONDRAF/NIRAS, Belgium). Research was performed at CanmetMATERIALS 
(Hamilton, Canada). 

The objective of the research was to better understand the corrosion and hydrogen generation (or 
oxygen consumption) behaviours of several metallic materials under simulated deep geological 
repository environments (both for high-level and low-/intermediate-level waste). The two primary 
materials of interest were copper and carbon steel, although cements have also been studied and 
a number of other metallic materials were introduced toward the end of the project for which only 
preliminary results are presented. Whilst this report documents the findings of the concluded study, 
the research remains in progress. 

The method for monitoring material degradation was primarily to accumulate hydrogen, an end 
product of the corrosion reaction, in the test cell. Hydrogen was measured by either changes in 
system pressure, which were directly monitored using a transducer, or by purging the hydrogen 
from the test cell, measuring it with a solid-state sensor. This latter approach has excellent 
sensitivity, permitting monitoring of corrosion rates as low as 0.01 nm/year – a fraction of a 
monolayer per year. However, both techniques are limited to calculating averaged and uniform 
corrosion rates. For the majority of materials, in particular copper, this assumption is visually 
justified but will be confirmed upon decommissioning of the test cells through microscopic exami-
nation of the test specimens. 

Copper, a proposed protective cladding for used fuel containers, was studied in pH-neutral 
environments representative of anticipated deep geological repository conditions as well as under 
more extreme conditions (i.e. mildly acidic environments) to stimulate a measurable response. 
Under conditions of near-neutral pH and at 75 °C, the uniform corrosion rate of copper wire was 
always found to be significantly less than 1 nm/year, often declining to below the limit of detection 
(0.01 nm/year) over the course of several years. Both chloride and low concentrations of hydrogen 
sulphide, a chemical species of microbial origin that may be introduced to the repository, were 
found to stimulate corrosion on the previously-inert surface, but in a short-lived manner and with 
a peak corrosion rate of only 0.4 nm/year. This was speculated to be due to a surface ripening 
effect, with the adsorbed anionic species enabling relaxation of copper atoms from the surface 
facilitating both oxidation (resulting in the monitored hydrogen) and surface diffusion. This latter 
process ultimately resulted in a more thermodynamically stable surface that did not yield 
measurable corrosion upon further addition of chloride or sulphide. This process is two-
dimensional, suggesting that bulk corrosion cannot occur under similar conditions, as anticipated 
by classical thermodynamic calculations. 

Several carbon steels were studied, primarily under conditions dominated by cement chemistry, 
representative of various periods in the anticipated life of a deep geological repository. 
Experiments were performed under unsaturated and water-saturated conditions. Temperatures 
ranged from 50 °C to 80 °C, and electrolyte pH (for simulated cement pore waters) ranged from 
13.5 for young cement water, to 12.5, for portlandite-saturated water in degraded cement. In many 
cases, steels were embedded within cements directly. Tests were predominantly anoxic, but a 
limited number of initially-aerated tests were also conducted. 

Cement alone was found to not only generate significant hydrogen over the course of several years 
(and in specific cases, in quantities directly comparable to the steel), but also to rapidly consume 
oxygen if initially present. 
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Where overlap between experimental conditions permitted comparison, it was generally observed 
that the annealed wire corroded significantly faster than steel rod, itself corroding faster than the 
SA516 grade 70 steel plate, the material closest in composition and microstructure to the overpack 
of the Belgian “supercontainer”. Whether this trend is due to composition and/or microstructure 
is not known. 

Steels in 100% relative humidity at 50 °C corroded at 10 nm/year (wire) or less than 0.5 nm/year 
(rod) and, after several years, did not have a full surface coverage of corrosion product. Steel wire 
in young cement water was found to corrode steadily at a rate equivalent to 400 nm/year, regardless 
of the presence of a pre-formed corrosion product, but at 80 °C, following an initial period of 
corrosion of the order µm/year, the rate rapidly transitioned to a continuous 10 nm/year. Pre-
corroded steel plate, also in young cement water at 80 °C, corroded at a uniform rate of 0.3 nm/year, 
significantly less than the wire. In portlandite-saturated water at 50 °C, steel wire corroded at a 
declining rate of between 1 and 10 nm/year with steel rod under comparable circumstances, at 
0.1 nm/year. For steel rods embedded within cement at 50 °C, uniform corrosion rates of less than 
0.5 nm/year were calculated in 100% relative humidity, decreasing further to 0.1 nm/year when 
immersed in saturated portlandite. 

Overall, it was observed that in many cases, the corrosion behaviour of steel was not at steady 
state after five years, and with the exceptions of wire in young cement water, all steel in alkaline 
environments were trending toward a sub-1 nm/year uniform corrosion rate. 
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Zusammenfassung 

Das Projekt «Nuclear Waste Consortium» (Konsortium für radioaktive Abfälle) wurde von der 
Nationalen Genossenschaft für die Lagerung radioaktiver Abfälle (Nagra, Schweiz), der Organi-
sation für die Entsorgung nuklearer Abfälle (Nuclear Waste Management Organization, NWMO, 
Kanada) und der Nationalen Einrichtung für radioaktiven Abfall und angereicherte Spaltprodukte 
(Organisme national des déchets radioactifs et des matières fissiles enrichies, ONDRAF/NIRAS, 
Belgien) gemeinsam unterstützt. Forschungsstandort war CanmetMATERIALS (Hamilton, 
Kanada). 

Ziel der Untersuchungen war es, das Verhalten verschiedener metallischer Werkstoffe bezüglich 
Korrosion und Wasserstoffbildung (bzw. Sauerstoffverbrauch) unter simulierten Tiefenlager-
verhältnissen (sowohl für hochaktive als auch für schwach- und mittelaktive Abfälle) besser zu 
verstehen. Im Vordergrund der Untersuchungen standen Kupfer und Karbonstahl, aber es wurden 
auch verschiedene Zementsorten erforscht. Gegen Ende des Projekts wurde eine Reihe weiterer 
metallischer Werkstoffe eingeführt, für die hier jedoch nur vorläufige Ergebnisse vorgelegt 
werden. Dieser Bericht dokumentiert die Ergebnisse der abgeschlossenen Studie, die Forschung 
wird jedoch weitergeführt. 

Die Methode zur Überwachung der Materialschädigung bestand in erster Linie darin, Wasser-
stoff, das als Endprodukt der Korrosionsreaktion entsteht, in der Prüfzelle zu akkumulieren. Zu 
diesem Zweck wurden entweder Änderungen des Systemdrucks direkt mithilfe eines Druck-
wandlers überwacht, oder Wasserstoff wurde aus der Testzelle gespült und mit einem Festkörper-
sensor gemessen. Die letztere Methode ist hochsensibel und kann Korrosionsraten von nur 
0,01 nm/Jahr registrieren, was einem Bruchteil einer Monolage pro Jahr entspricht. Diese zwei 
Techniken beschränken sich allerdings auf die Berechnung gemittelter, einheitlicher Korrosions-
raten. Bei den meisten Materialien, insbesondere bei Kupfer, lässt sich diese Annahme visuell 
begründen, sie kann aber erst nach der Ausserbetriebnahme der Prüfzellen durch mikroskopische 
Untersuchungen an den Prüfkörpern bestätigt werden. 

Das als Schutzbeschichtung für Behälter für abgebrannte Brennstoffe eventuell vorgesehene 
Kupfer wurde in pH-neutralen Umgebungen, die die voraussichtlichen Verhältnisse in geolo-
gischen Tiefenlagern simulieren, sowie unter extremeren Bedingungen (d. h. in leicht sauren 
Umgebungen) untersucht, um eine messbare Reaktion anzuregen. Bei nahezu neutralen pH-
Werten und Temperaturen von 75 °C wurde festgestellt, dass die einheitliche Korrosionsrate von 
Kupferdraht stets deutlich unter 1 nm/Jahr liegt und im Verlauf mehrerer Jahre oft unter die 
Nachweisgrenze von 0,01 nm/Jahr sinkt. Sowohl für Chlorid als auch für niedrige Konzentra-
tionen von Schwefelwasserstoff (eine chemische Spezies mikrobiellen Ursprungs, die potenziell 
im Tiefenlager produziert werden könnte) konnte nachgewiesen werden, dass sie die Korrosion 
an der zuvor inerten Oberfläche anregen, allerdings nur vorübergehend und mit einer Spitzen-
korrosionsrate von nur 0,4 nm/Jahr. Es wurde vermutet, dass dies auf einen Oberflächen-
reifungseffekt zurückzuführen ist, wobei die adsorbierten anionischen Spezies eine Entspannung 
der Kupferatome auf der Oberfläche ermöglichen, was sowohl die Oxidation (die zur Entstehung 
des hier überwachten Wasserstoffs führt) als auch die Oberflächendiffusion erleichtert. Der 
Diffusionsprozess führte schliesslich zu einer thermodynamisch stabileren Oberfläche, die bei 
weiterer Zugabe von Chlorid, bzw. Sulfid keine messbare Korrosion aufwies. Dieser Prozess ist 
zweidimensional und deutet darauf, dass unter ähnlichen Verhältnissen keine Massenkorrosion 
erfolgen kann, wie dies anhand klassischer thermodynamischer Berechnungen erwartet wurde. 

Untersucht wurden mehrere Sorten von Karbonstahl, die in erster Linie von der chemischen 
Entwicklung der Zementsorten beeinflusst wurden, wie sie verschiedenen Zeiträumen der 
voraussichtlichen Lebensdauer eines geologischen Tiefenlagers entsprechend simuliert wurden. 
Die Experimente wurden unter ungesättigten sowie wassergesättigten Verhältnissen durch-
geführt. Die Temperaturen reichten von 50 °C bis 80 °C, und der pH-Wert der Elektrolyten (zur 
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Simulation der Zementporenwässer) reichte von 13,5 für junges Zementwasser bis 12,5 für 
Portlandit-gesättigtes Wasser in degradiertem Zement. Die Stahlsorten wurden oft direkt in die 
Zementsorten eingebettet. Die Tests wurden überwiegend unter anoxischen Verhältnissen 
durchgeführt, aber eine geringe Anzahl von Tests wurde auch mit anfänglicher Belüftung durch-
geführt. 

Es konnte festgestellt werden, dass Zement allein nicht nur über mehrere Jahre hinweg erhebliche 
Mengen an Wasserstoff generiert (die in bestimmten Fällen mit den von Stahl produzierten Men-
gen an Wasserstoff vergleichbar sind), sondern auch schnell Sauerstoff verbraucht, wenn dieser 
zu Beginn vorhanden ist. 

Wo Überschneidungen zwischen den Versuchsbedingungen einen Vergleich zuliessen, wurde 
generell beobachtet, dass der getemperte Draht deutlich schneller korrodierte als der Stahlstab, 
der wiederum schneller korrodierte als die Stahlplatte SA516 Grade 70, die in ihrer Zusammen-
setzung und Mikrostruktur der Zusatzverpackung des belgischen «Supercontainers» am nächsten 
kommt. Es lässt sich nicht sagen, ob dieser Trend auf die jeweilige Zusammensetzung und/oder 
die Mikrostruktur zurückzuführen ist. 

Stahlsorten, die 100 % relativer Luftfeuchtigkeit und 50 °C ausgesetzt wurden, korrodierten mit 
einer Geschwindigkeit von 10 nm/Jahr (Draht) bzw. weniger als 0,5 nm/Jahr (Stab) und wiesen 
auch nach mehreren Jahren keine vollständige Bedeckung der Oberfläche durch Korrosions-
produkte auf. Es wurde festgestellt, dass Stahldraht in jungem Zementwasser unabhängig vom 
Vorhandensein eines vorgebildeten Korrosionsprodukts mit einer stetigen Rate von 400 nm/Jahr 
korrodiert. Bei 80 °C änderte sich die Korrosionsrate nach einem anfänglichen Korrosions-
zeitraum in der Grössenordnung von μm/Jahr schnell auf kontinuierliche 10 nm/Jahr. Vorkor-
rodiertes Stahlblech, das ebenfalls jungem, 80 °C warmem Zementwasser exponiert wurde, 
korrodierte mit einer einheitlichen Rate von 0,3 nm/Jahr, was deutlich unter der Korrosionsrate 
des Drahts liegt. In Portlandit-gesättigtem Wasser korrodierte der Stahldraht bei 50 °C verringerte 
sich die Korrosionsrate über einen längeren Zeitraum und lag zwischen 1 und 10 nm/Jahr. Zum 
Vergleich lag die Korrosionsrate des Stahlstabs unter ähnlichen Verhältnissen bei 0,1 nm/Jahr. 
Für Stahlstäbe, die bei 50 °C in Zement eingebettet waren, wurden bei 100 % relativer Luft-
feuchtigkeit einheitliche Korrosionsraten von weniger als 0,5 nm/Jahr berechnet. Diese Rate 
verringerte sich bei Einbetten in gesättigtes Portlandit weiter auf 0,1 nm/Jahr. 

Insgesamt wurde festgestellt, dass sich das Korrosionsverhalten von Stahl in vielen Fällen nach 
fünf Jahren noch nicht stabilisiert hatte und dass, mit Ausnahme von Draht, dass jungem 
Zementwasser ausgesetzt war, alle Stahlsorten in alkalischen Umgebungen zu einer einheitlichen 
Korrosionsrate von weniger als 1 nm/Jahr tendierten. 
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1 Introduction 

The Natural Resources Canada laboratory, CanmetMATERIALS, is conducting research to better 
understand and measure the rate of processes leading to materials corrosion and gas generation 
under simulated High- and Low-/Intermediate-Level Waste Repositories conditions. The project, 
called the Nuclear Waste Consortium (NWC), includes three co-sponsors: 

1. National Cooperative for the Disposal of Radioactive Waste (Nagra, Switzerland) 

2. Nuclear Waste Management Organization (NWMO, Canada) 

3. Belgian Agency for Radioactive Waste and Enriched Fissile Materials (ONDRAF/NIRAS, 
Belgium)  

The Swiss waste management program is primarily interested in research regarding low- and 
intermediate-level radioactive waste, which will be disposed of in a deep geological repository 
(DGR) constructed in Opalinus Clay. Gas generation is expected in the repository due to the 
decomposition of organic materials and the corrosion of ferrous and non-ferrous metals, with 
carbon steel being the primary source. The waste will be embedded in cement and repository 
tunnels will be backfilled with high-porosity grout (Mayer & Wittmann 1992). It is expected that 
the repository will first experience a water-unsaturated environment then transition to an anoxic 
water-saturated environment. Aged cement waters dominate the chemistry during the anoxic 
saturated stage and the long-term corrosion under such conditions is studied in this Consortium. 
Similar highly alkaline conditions are expected in the Belgian program, however the deep 
geological repository is for the disposal of intermediate and high level radioactive waste in a 
specially designed container. The Belgian container concept is a “Supercontainer” composed of a 
carbon steel overpack surrounded by a cementitious buffer material, which is ultimately encased 
in a stainless-steel envelope (Kursten et al. 2011). 

The Canadian programme proposes a copper-coated carbon steel container for the containment 
of spent nuclear fuel. This is also the main alternative canister option of the Swiss program. The 
copper corrosion barrier will be 3 mm thick and applied directly to the steel inner vessel (Scully 
et al. 2016). The container will be buried in a deep geologic repository and will experience an 
unsaturated to saturated transition, as described previously. In this case, the container will be 
encased in a highly compacted bentonite buffer box and the repository backfilled with granulated 
bentonite clay and the groundwater chemistry is dominated by chloride. Of particular concern is 
the potential for microbial generation of trace amounts of hydrogen sulphide that may eventually 
reach the repository and is a potential threat to the durability of the copper corrosion barrier. 

The NWC has the primary objective of generating data using a large set of long-term corrosion 
cells that represent simulated repository conditions relevant to the co-sponsors. A series of 
corrosion cells have been constructed based on conditions expected in sponsor repositories and 
placed in different temperature environments. Analysis is based on the accumulation of hydrogen, 
an anoxic corrosion by-product, in sealed glass test cells. This hydrogen is periodically removed 
from the cell and analysed using a solid-state hydrogen probe. With this method corrosion rates 
as low as 0.01 nm/year can be measured. 

As dictated by the co-sponsors programs, the Consortium focuses on the corrosion behaviour of 
copper, proposed for coating the used fuel containers, carbon steel, proposed to function as a fuel 
bundle containment vessel or existing as freely-degrading low-/intermediate-level waste, and 
stainless steel. With regards to the low-/intermediate-level waste, a series of non-ferrous metals 
are also being studied in order to better understand total repository gas generation. Additionally, 
the behaviour of cementitious materials are being examined, in terms of their ability to consume 
oxygen, produce hydrogen and influence the corrosion behaviour of embedded metals. 
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2 Experimental 

The Nuclear Waste Consortium project inherited a number of cells from other projects that are 
described in detail elsewhere (Newman et al. 2014, Senior, 2017, 2018). This section describes 
in detail only the new cells constructed on behalf of the Consortium project itself, although 
fundamental information regarding the inherited cells (such as materials composition and test 
environment) have been incorporated here.  

2.1 Materials 
The following materials were used in the study: 

2.1.1 Metallic materials 
An overview of the metallic materials used in the study is provided in Tab. 2-1, with more specific 
details provided in the text. 

 

Tab. 2-1: Overview of materials used in the current study 
Other materials may have been used for prototyping and do not feature in this report leaving 
discontinuities in the numbering. 

Code Material Form Purity Supplier Manf. Code 

Copper 

Cu1 Copper Wire (250 µm ∅) 99.9% Goodfellow CU005270/14 

Cu2 Copper Electroplate (3 mm thick)  Integran  

Cu3 Copper Cold spray (3 mm thick)  NRC  

Cu4 Copper Junction (3 mm thick)  NRC  

Ferrous metals 

S1 Iron Rods (3.2 mm ∅) 98% Goodfellow FE007920/17 

S2 Iron Wire (1 mm ∅) 99.5% Goodfellow FE005172/1 

S4 Steel SA516 gr. 70 1.5" slab  Dillinger  

S5 Stainless steel 316L Wire (1 mm ∅)  Advent FE633404 

Other metals 

Al Aluminium Wire (2 mm ∅) 99.99% Advent AL502515 

Pb Lead Wire (2 mm ∅) 99.99% Advent PB528615 

Mg Magnesium Rod (3.2 mm ∅) 99.9% Goodfellow MG007915 

Zn Zinc Wire (2 mm ∅) 99.99% Advent ZN564415 

Zr Zirconium Wire (1 mm ∅) 99.2% Goodfellow ZR005143 
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2.1.1.1 Copper 
Copper wire – Cu1 Annealed copper wire, 250 µm in diameter, 99.9% supplied by Goodfellow. 

The nominal composition (in ppm) is stated as follows: Ag 500, Bi < 10, Pb < 50, O 400, 
other metals < 300 

Electrodeposited copper slab – Cu2 Integran 

Cold spray copper – Cu3 NRC production code 1808012CSB-3 (HT 350 °C, 1 hr, argon) 

Junction material – Cu4 NRC “Type B – Transition zone annealed”, comprising the junction 
between electrodeposited and cold spray coppers. National Research Council production 
codes C0870-NSC-545 and 1512031csB HT 

2.1.1.2 Steels 
Four materials were studied: steel rods (also used in earlier research (Newman et al. 2015)), steel 
wire for comparability with earlier research (Smart et al. 2004), SA516 grade 70 carbon steel 
(P355 QL2 grade) the anticipated steel that will be used for the Belgian Supercontainer overpack, 
and conventional 316L stainless steel. Nominal compositions are provided in Tab. 2-2. 

Steel rods – S1 Steel rods were provided with an as-drawn temper. 

Steel wire – S2 Low alloy steel wire (1 mm diameter) was purchased from Goodfellow (United 
Kingdom, product code FE005172). It was supplied annealed with a thick black surface 
oxide, which was manually degreased with ethanol then hand-polished to 180 grit finish. 
Eight wires were cut into 1 m lengths, coiled into spring form and ultrasonically cleaned in 
acetone. The nominal surface area was 251 cm2. For comparison, the 1017 grade steel wire 
used by previous researchers is reproduced in Tab. 2-2. 

Steel plate – S4 SA516 grade 70 (P355 QL2 grade carbon steel). The SA516 grade 70 plate was 
purchased in 4 cm thick normalised slab (Dillinger, Germany). It was cut on a band saw into 
4 mm thick slabs and then water-jet cut into specimens measuring 80 × 4 × 4 mm. These 
were subsequently hand-polished to a 120 grit finish, and ultrasonically cleaned in acetone. 
Specimens were used from throughout the block so that the microstructure is anticipated to 
vary from specimen to specimen. A total of 16 blocks were used, with a nominal surface 
area of 210 cm2. 

Stainless steel wire – S5 Hard-temper 316 stainless steel wire, purchased from Advent Research 
Materials, duplicating the material used by earlier researchers Smart et al. (2004). 

 

2.1.1.3 Other metallic materials  
Supply and composition details for non-cuprous and non-ferrous materials are presented in 
Tab. 2-3. Compositions are reported in ppm. All material was hand-abraded to a 240 grit finish 
in an oxygen-free glove bag immediately prior to encapsulation within the test cell. 
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Tab. 2-2: Reported nominal compositions of steels in addition to the 1017 grade steel wire 
used by previous researchers Smart et al. (2014) 
Steel S3 was used on a single prototype cell and is not included in this report. All values in 
ppm (by weight) unless stated otherwise. Abbreviations: NR – not reported 

Element S1 (rod) S2 (wire) S4 (SA516) S5 (316L) 1017 

C 0.20 wt.% < 800 0.17 wt.% 70 0.17 wt.% 

Mn 0.94 wt.% 0.40 wt.% 1.15 wt.% 1.17 wt.% 0.81 wt.% 

Si 0.31 wt.%  0.34 wt.% 0.30 wt.% 0.06 wt.% 

Cr 300 100 360 17.38 wt.% 0.04 wt.% 

Ni 200 200 280 12.59 wt.% NR 

Mo 200  140 2.29 wt.%  

Cu 1'000 100 300   

Al 100 30    

Co 50 100    

Sn 50 50    

V 30     

Ti 3     

Ge 10     

Mg < 1     

Cd < 1     

Ag < 1     

Ca  30    

P  < 600 80 240 0.01 wt.% 

S  < 600 7 10 0.03 wt.% 

Fe Balance Balance Balance Balance Balance 

 



NAGRA NTB 22-07 6  

Tab. 2-3: Material details for other metallic materials 
Element impurities reported in ppm. 

Material Aluminium Lead Magnesium Zinc Zirconium 

Abbreviation Al Pb Mg Zn Zr 

Supplier Advent Advent Goodfellow Advent Goodfellow 

Product code AL502515 PB528615 MG007915 ZN564415 ZR005143 

Batch code Gi537 Gi4636 300850986 B/1 300876116 

Purity 99.99% 99.99% 99.9% 99.99% 99.2% 

Form Wire 
(2 mm ∅) 

Wire 
(2 mm ∅) 

Rod 
(3.2 mm ∅) 

Wire 
(2 mm ∅) 

Wire 
(1 mm ∅) 

Composition Nominal Measured Nominal Nominal Nominal 

Element      

H     10 

C     250 

N     100 

O     1'000 

Mg 2  Balance   

Al Balance  70   

Si 40  50   

S  2    

Cr  < 2   200 

Mn 5 < 1 170   

Fe 40 < 2 280 15 200 

Co  < 2    

Ni  < 1 < 10   

Cu 30 3 20 < 40  

Zn 10 < 1 < 20 Balance  

As  < 1    

Se  2    

Zr     Balance 

Ag  19    

Cd  < 1  15  

Sn  < 1    

Sb  < 1    

Te  1    

Hf     2'500 
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Tab. 2-3: Cont. 
 

Material Aluminium Lead Magnesium Zinc Zirconium 

Pt  < 1    

Pb  Balance  < 30  

Bi  < 20    

 

2.1.2 Cementitious materials 
Attritor-milled Portland cement – C1 Conventional Portland cement was supplied as clinker by 

Holcim Canada. It was attritor-milled to form powder and had gypsum manually added. 
This cement was used in both backfill grout and filling cement (Tab. 2-4). 

High sulphate-resistant cement (T-50) – C2 Originally used in the 2009 Nagra study 
(Newman & Wang 2010), performed by the University of Toronto, comprises T-50 high 
sulphate-resistant cement (Holcim Canada). This cement was formulated as backfill grout. 

Portland-Limestone cement – C3 Produced by CRH (who had earlier purchased the Canadian 
operation of Holcim), contains up to 15% limestone. This cement was formulated as backfill 
grout. 

HTS cement – C4 High sulphate-resistant cement, supplied pre-formulated by Nagra. See 
composition in Tab. 2-5. 

CEM I – C5 The full technical specification of the Ondraf-Niras cement is ULTIMAT – CEM I 
52,5 N SR0 CE PM-CP2 NF 2 NF. The cement recipe is given in Tab. 2-6. The component 
quantities are given in mass of cement component per volume of cast cement. 

The spring water, representative of Swiss tap water, used was brand-name bottled water from 
Puslinch, Ontario, Canada. The nominal composition is provided in Tab. 2-7. Water was deoxy-
genated through nitrogen sparging overnight.  

 

2.1.3 Electrolytes 
A number of electrolytes were used throughout the study, including saturated portlandite (calcium 
hydroxide, pH 12.5, environment P), young cement waters (YCW and the more complex variant 
cYCW) and ground waters representative of the Canadian (CGW) and Swiss (SGW) 
environments. The compositions of these electrolytes are presented in Tab. 2-8. Additionally, a 
calcium hydroxide-saturated Swiss ground water (P-SGW) was prepared, representing the 
intrusion of ground water into aged cement. In this specific case, Swiss ground water was prepared 
without bicarbonate, and then saturated with calcium hydroxide (pH 12.5). The supernatant was 
used for the test cells. All chemicals used in the study were ACS (American Chemical Society, 
equivalent to the European AnalaR) grade. Ground waters were prepared with deionised water 
(18.2 MΩ cm); simulated cement waters used 1 MΩ cm deionised water. 

Finally, many steel cells contained 100% relative humidity (RH) by incorporating a reservoir of 
18.2 MΩ cm deionised water. Specimens were raised above the water by means of a glass tripod. 
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Tab. 2-4: Generic composition of backfill grount and filling cement 

Constituent Backfill grout Filling cement 

Cement (various) 1 1 

Spring Water 0.4 0.5 

Gravel 5.33  

Sand  3 

 

Tab. 2-5: Composition of Nagra HTS cement C4 
Solids were provided pre-mixed by Nagra. 

Component Relative Mass 

CEM I cement 52.5 1.00 

Silica fume 0.30 

Natural zeolith (0.5 – 1 mm) 0.15 

Quartz sand (0 – 2 mm) 1.56 

Spring Water 0.57 

Sika Viscocrete 4035 M (superplasticiser)   0.015 

 

Tab. 2-6: Composition of Ondraf/Niras CEM I cement C5 
Units in mass of cement component per volume of cast cement. 

Component Relative Mass 

CEM I (Vicat ULTIMAT) 1.00 

Calcitec 2001 MS (ground calcium carbonate) 0.60 

Water 0.47 

Glenium 27 (superplasticiser)   0.023 
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2.2 Methods 

2.2.1 Materials preparation 

2.2.1.1 Acid cleaning/pickling 
Copper-containing cells (#18 - 22) incorporated 2600 copper wires (with a nominal surface area 
of 1'024 cm2) and a single electrodeposited copper slab (8 cm2). Slabs were cut from 3 mm-thick 
plate using a water jet to avoid heating, and were manually polished to a 400 grit finish. Both wire 
and slab were acid-cleaned in 1 mol/dm3 nitric acid for 2 minutes with ultrasonication, before 
being repeatedly rinsed with deionised water (18.2 MΩ cm) and dried with ethanol. After a week 
of storage in a desiccator, the wires were noticed to have discoloured prompting a second cleaning 
using 10 mmol/dm3 nitric acid. This removed any visible oxides and resulted in an orange/salmon 
pink finish that was consistent with subsequent colouration when immersed in chloride-rich 
electrolytes (i.e. in the absence of surface oxides). For cells constructed within the NWC project 
(#27 - 34), cleaning in 10 mmol/dm3 nitric acid and subsequent rinsing was conducted in an 
oxygen-free glove bag immediately prior to drying of the specimens and encapsulation within the 
test cell, either in the glove bag or glove box.  

 

Tab. 2-7: Nominal composition of bottled spring water used to prepare cements 

Chemical species Concentration 
[ppm] 

HCO3
- 285 

Ca2+ 100 

Cl- 100 

SO4
2- 61 

Na+ 50 

Mg2+ 35 

K+ 2 

F- 0.4 

NO3
- 0 

As3+ / Pb2+ / Cu2+ / Zn2+ 0 
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Tab. 2-8: Chemical compositions, in mol/dm3, of young cement water (YCW), complex young 
cement water (cYCW), Swiss ground water (SGW) and Canadian ground waters 
(CGW), based on reference ground water SR-270-PW  

Chemical species YCW cYCW SGW CGW 

Sodium   0.14   0.14 0.27 2.18 

Potassium   0.37   0.37  1.6 × 10-3 0.32 

Magnesium    7.6 × 10-3 0.35 

Calcium   13.2 × 10-3 0.80 

Aluminium  0.06 × 10-3   

Silicate    0.3 × 10-3   

Bicarbonate    0.3 × 10-3  2.8 × 10-3 1.8 × 10-3 

Sulphate 2 × 10-3     2 × 10-3 61.6 × 10-3 4.6 × 10-3 

Fluoride   0.17 × 10-3  

Chloride   0.19 4.75 

pH 13.5 13.5 8.3 5.8 

 

Carbon steel wires were degreased via ultrasonic immersion in acetone (in air) for 10 minutes. The 
pickling process was copied directly from the report of Smart et al. (2014). Samples were 
transferred to an anoxic glove box and ultrasonicated in 10% (vol/vol) hydrochloric acid for 
5 minutes. They were then rinsed for 1 minute in deionised water, again in an ultrasonic bath. 
Sonication in deionised water for 1 minute was repeated three times in total. Wires were then 
immersed in ethanol to remove adsorbed water, and subsequently left to dry for a minimum of 
12 hours in the glove box before weighing and incorporation into the test cells. 

2.2.1.2 Pre-corrosion of steels 
pc1  Weighed and pickled wires were pre-corroded by immersion in YCW at 80 °C for 

1'500 hours (62.5 days) under a nitrogen (oxygen-free) atmosphere, following (Smart et al. 
2014). This was performed in a zirconia crucible contained in a glass jar that was sat in a 
water bath. The wires were transferred back into a glove box before weighing and either 
encasing in cement, or incorporation into test cells. A photograph of spare specimens is 
demonstrated in Fig. 2-1a. The oxide was highly adherent. 

pc2  Samples were immersed in 1 MΩ cm deionised water (fully aerated) at 75 °C for several 
weeks until uniformly coated. 

pc3  Freshly abraded samples were heated to 600 °C in air for 42 hours. The loose corrosion 
product was lightly wiped away leaving an adherent surface oxide. 
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(a) Pre-corroded in anoxic YCW at 80 °C for 1'500 hours (pc1) 

 

 
(b) Pre-corroded in aerated deionised water at 75 °C for 60+ days 

 

 
(c) Pre-corroded at 600 °C in air for 42 hours, after manual removal of non-adherent 
corrosion product 

Fig. 2-1: Photographs of oxides formed on SA516 grade 70 plate (S4) 
Each specimen was 4 mm wide. 
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2.2.2 Test cell design and validation 

2.2.2.1 Cell design  
The majority of test cells were constructed using thick borosilicate glass (a limited number of 
quartz glass cells are identified in Tab. 2-9), and incorporated 316L stainless steel fittings to 
connect to the glass and to seal the cell. Schematics of cell designs are presented in Fig. 2-2. Cells 
designs D to F were inherited by the project (designs A to C were also inherited but are not 
included within this report). Cells used 1⁄4" stainless steel unions, which were glued directly onto 
the ground glass tubing with mounting epoxy. This was achieved in two stages: the ferrule space 
was filled with epoxy and left to set, then a block of epoxy was cast over the union threads and a 
portion of the glass tubing to provide mechanical strength. All Swagelok fittings were 316L 
stainless steel with PTFE components. 
 

  

(a) Cell D: copper (inherited)     (b) Cell E: steel (inherited) 

Fig. 2-2: Schematic of cell designs used in the Nuclear Waste Consortium (NWC) project 
Cells F to H were inherited from preceding projects. Figure is continued on the next page. 

 



 13 NAGRA NTB 22-07 

 
(c) Cell F: steel (inherited) 
 

 

 
(d) Cell G: copper, NWC (e) Cell H: steel and non-ferrous in 
  cementitious environments, NWC 
 

 

 
Fig. 2-2: Cont. 
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2.2.2.2 Cell gas volume measurements 
After construction, or during the annual cell health check, the gas volumes of single specimen cells 
were measured by connecting a digital pressure gauge, a plastic syringe and three-way valve via 
flexible plastic tubing to the cell. The tubing was purged with high purity nitrogen before sealing 
against the cell at one end, and the three-way valve at the other. Opening the cell valve permitted 
gas to be extracted by the syringe. As the system was closed, the pressure decreased, as recorded 
by the digital gauge. Plotting of the change in volume of the system (via the syringe) with the 
pressure change permits the volume of the cell (and tubing) to be calculated. This cell volume is 
essential when calculating gas recovery during purging, and the molar quantity of hydrogen (or 
oxygen) via changing partial pressure for experiments monitored by transducer. If the cell was 
already operational beforehand, the volume measurement was performed immediately after a 
hydrogen analysis, to ensure no hydrogen was lost. 

2.2.2.3 Helium leak testing 
During the cell health check, all cells were pressurised to 200 kPa (gauge) with helium (with in-line 
oxygen scavenger). This pressure is above the maximum water vapour pressure at 80 °C (47 kPa) 
and permits leak-testing with a helium probe. All joints and valves were tested within 20 minutes 
of pressurising the cells. The cells were then left overnight and tested again the following day, in 
case time was required for helium to diffuse through cell components. 

 

2.2.3 Test conditions 

2.2.3.1 Water baths 
Three temperatures were studied throughout this project: 

• 50 °C is indicative of the upper limit of long-term repository temperature. 

• 75 °C was used to permit readily detectable corrosion, and is comparable to previous work 
(Newman et al. 2014). It was not intended to simulate the anticipated repository temperature 
when sulphide might reach the used fuel containers. 

• 80 °C is used for comparison with the maximum temperature studied within the Belgian 
research program Kursten et al. (2011). 
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2.2.4 List of operational cells 
A list of test cells and their basic parameters is presented in Tab. 2-9. 

 

Tab. 2-9: Table of cells 

# Grout Metal Environment T. °C Cell Notes 

2 Backfill, C1/1  100% RH 50 E Inherited 

3  C. steel rods, S1 100% RH 50 E " 

4 Backfill, C1/1 C. steel rods, S1 100% RH 50 E " 

5 Backfill, C1/1 C. steel rods, S1 100% RH 50 E " 

6 Backfill, C1/1  SGW 50 E " 

7  C. steel rods, S1a SGW 50 E " 

8 Backfill, C1/1 C. steel rods, S1 SGW 50 E " 

9 Backfill, C1/1  P-SGW 50 E " 

10  C. steel rods, S1 P-SGW 50 E " 

11 Backfill, C1/1 C. steel rods, S1 P-SGW 50 E " 

12  C. steel rods, S1 P 50 E " 

13  C. steel wire, S2 100% RH 50 E " 

14 Backfill, C1/1 C. steel rods, S1 100% RH 50 F " 

15 Filling, C1/2 C. steel rods, S1 100% RH 50 F " 

16 Backfill, C2/1  100% RH 50 F " 

17 Backfill, C3/1  100% RH 50 F " 

18  Cu wire, Cu1; 
slab, Cu2 

5m NaCl; H2S 75 D " DS-428 #2) 

19  Cu wire, Cu1; 
slab, Cu2 

DI; H2S 75 D " (DS-428 #3) 

20  Cu wire, Cu1; 
slab, Cu2 

DI; H2S 75 D " (DS-428 #4) 

21  Cu wire, Cu1; 
slab, Cu2 

5 mM citric, [X] 
Cl– 

75 D " (DS-428 #5) 

22  Cu wire, Cu1; 
slab, Cu2 

pH X, no buffer, 
5 m NaCl 

75 D " (DS-428 #6) 

27  Cu electrodep., 
Cu2 

SGW 75 G Quartz cell 

28  Cu electrodep., 
Cu2 

CGW 75 G Quartz cell 

29  Cu cold spray, 
Cu3 

SGW 75 G Quartz cell 

30  Cu cold spray, 
Cu3 

CGW 75 G Quartz cell 

31  Cu junction, Cu4 SGW 75 G Quartz cell 

32  Cu junction, Cu4 CGW 75 G Quartz cell 
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Tab. 2-9: Cont. 

# Grout Metal Environment T. °C Cell Notes 

33  Cu electrodep., 
Cu2 

CGW + H2S 75 G Quartz cell 

34  Cu electrodep., 
Cu2 

CGW + H2S 75 G Quartz cell 

35  Steel wire, S2 YCW 50 H Pickled; ZC. 

36  Steel wire, S2 YCW 50 H Pickled + pre-corroded 
pc1; ZC. 

37  Steel plate, S4 Oxic/anoxic, 
YCW 

80 H Pickled + pre-corroded 
pc1; ZC.; PT 

38 CEM I, C5 Steel plate, S4a Oxic/anoxic, 
100%RH 

80 H Pickled + pre-corroded 
pc1; PT 

39  Steel plate, S4 YCW + 
100 mg/L Cl– 

80 H Pickled + pre-corroded 
pc1; ZC. 

40  Steel wire, S2 YCW 80 H Pickled; ZC.; repeat  
(Smart et al. 2014) 

41  Steel wire, S2 P 50 H ZC.; repeat  
(Smart et al. 2004) 

42  Steel wire, S2 P 50 H Pickled; ZC. 

44 CEM I, C5 316L rod (S5) 100% RH 50 H As-received 

45 CEM I, C5 316L rod (S5) YCW 50 H As-received 

46 HTS, C4  100% RH 50 H  

47 CEM I, C5  100% RH 50 H  

48   P 50 H Blank cell test;  
no crucible 

49   5m NaCl, pH 2 75 G Blank cell test;  
no crucible 

53  Wire, Pb YCW 50 H ZC. 

54  Wire, Pb P 50 H ZC. 

55  Wire, Cu1 YCW 50 H ZC. 

56  Wire, Cu1 P 50 H ZC. 

57  Wire, Zn YCW 50 H ZC. 

58  Wire, Zn P 50 H ZC. 

59  Rod, Mg YCW 50 H ZC. 

60  Rod, Mg P 50 H ZC. 

61  Wire, Al YCW 50 H ZC. 

62  Wire, Al P 50 H ZC. 

63  Wire, Zr YCW 50 H ZC. 

64  Wire, Zr P 50 H ZC. 

65  Steel plate, S4 YCW 50 H ZC.; air-formed oxide pc2 
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Tab. 2-9: Cont. 

# Grout Metal Environment T. °C Cell Notes 

66  Steel plate, S4 YCW 50 H ZC.; millscale pc3 

67  C. steel wire, S2 YCW 50 H ZC.; added silicates 

77  Wire, Al YCW 50 H Pre-passivated at RT in 
DI water 

Abbreviations: 
ZC. Zirconia crucible 
cYCW Complex young cement water 
DI Deionised water 
SGW Swiss ground water 
CGW Canadian ground water 
P Portlandite 
PT Pressure transducer 
RH Relative humidity 
X Variable 
YCW Young cement water 

 

The abbreviations and materials codes used throughout this study are as follows: 

Metals 
Al Aluminium wire 
Cu1 99.9% Copper wire 
Cu2 Electrodeposited copper  
Mg  Magnesium rod 
Pb Lead wire  
S1 Steel rod  
S2 Steel wire 
S4 SA516 gr. 70 plate 
S5 316 stainless steel wire 
Zn Zinc wire 
Zr Zirconium wire 

Aggregate 
Cx/1 Fine gravel (backfill grout) 
Cx/2 Fine sand (filling cement) 

Cement 
C1 Attritor milled Portland 
C2 Portland-Limestone 
C3 High sulphate-resistant 

Portland (UofT) 
C4 HTS (Nagra) 
C5 CEM I (Ondraf-Niras) 

Electrolyte 
CGW Canadian ground water, 

SR-270 
cYCW Complex young cement water 

(includes silicates) 
P Saturated Portlandite 
P-SGW Portlandite-saturated Swiss 

ground water 
SGW Swiss ground water 
YCW Young cement water 
100% RH Relative humidity (18.2 MΩ cm 

water) 

Cell designs 
D Glass one-piece, glass stopper 

(DS-428) 
E Glass two-piece, Nagra 
F 5 litre bottle, Nagra 
G NWC one-piece, glass stopper 
H NWC two-piece 
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2.3 Monitoring corrosion via hydrogen production 

2.3.1 Direct hydrogen analysis 
Direct hydrogen analysis was conducted using a solid-state hydrogen sensor (Hydrosteel 6000, 
Ion Science Ltd., United Kingdom). The proprietary sensor is understood to incorporate a proton- 
conducting ceramic and is clad on either side with electrodes, likely palladium, across which a 
voltage is applied. Hydrogen molecules adsorb on the anode, dissociate and the atoms are 
absorbed. At the metal/ceramic interface, they are oxidised and transferred to the ceramic. At the 
cathode the reverse process occurs simultaneously. The hydrogen flux, which is directly propor-
tional to the hydrogen concentration within the limits of the sensor, is measured by the current 
flowing between the electrodes. An example of the linear response with concentration is provided 
in Fig. 2-3 for hydrogen concentrations up to 100 ppm (mole/mole). These mixtures were prepared 
by diluting certified 105 ppm hydrogen in nitrogen with additional nitrogen using disposable 
60 mL syringes. The gas mixture was contained in a tedlar gas chromatography bag; the probe 
response is the steady-state reading. Based on theoretical considerations, linearity should continue 
until the sensor reaches its upper limit, but in practical terms, with corrosion rates below 1 nm/year, 
test cell analyses typically remain within this 100 ppm hydrogen range. 

 
Fig. 2-3: Linear response of the hydrogen sensor up to 100 ppm (mole/mole) 

 

The hydrogen sensor can record concentrations up to 1'000 ppm (mole) in increments of approx.-
imately 0.3 ppm (instrument resolution). The sensor reading reaches 90% of the full response 
within 90 seconds. 
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2.3.1.1 Experimental procedure 
At its simplest, a cell analysis consists of several stages: 

1. If the cell design incorporates a bridge tube between valves, the hydrogen probe is used to 
draw through laboratory air via its internal pump, analysing the accumulated gas directly from 
the bridge.  

2. The probe undergoes a yearly manufacturer calibration, but because of sensor drift it is best 
practice to determine performance against a certified calibration gas prior to each analysis. 
This permits calculation of a scaling factor and means that the technique is entirely dependent 
upon the accuracy of the certified hydrogen (see Section 3.1.1 for results). The hydrogen sensor 
analyses a certified calibration gas that had been transferred to a tedlar bag (the probe pump 
must draw gas at a known rate for the recorded values to be meaningful so drawing directly 
from a cylinder is problematic). The probe is left sufficient time to stabilise; a minimum of 
5 minutes, before the inlet is switched back to laboratory air and the probe sensor returns to 
zero. The maximum stable recorded hydrogen value is used to calculate a scaling factor 
correlating the probe output with a known gas concentration.  

3. Accumulated cell gas is transferred from the cell to a second tedlar bag for analysis. There are 
three methods in use, depending upon the cell type and the concentration of hydrogen. This is 
described in greater detail below. 

4. Once stabilised against laboratory air, the hydrogen sensor is used to test cell gas that has been 
transferred into the sample tedlar bag, as described above. The contents of the tedlar bag are 
analysed fully because the dilution of the cell gas is unknown. Once the bag is empty, the gas 
inlet valve is switched back to laboratory air and the probe response returns to zero. 

 

There are three methods for collecting accumulated cell hydrogen for analysis: 

Direct cell purge Single-specimen cells (internal volume of < 300 cm3) are removed from the 
water bath and transferred to the analysis workstation. If the cell incorporates a bridge, it is 
analysed first. The bridge and/or valves are then purged for several minutes with 99.9999% 
purity nitrogen (with in-line oxygen scavenger) before the flow path is sealed and the cell 
interior connected to the nitrogen source. The cell is then pressurised to approximately 20 kPa 
before the gas-space is discharged into a gas chromatography bag (tedlar multi-layer plastic) 
which is inflated but not pressurised. The philosophy is always to prevent oxygen ingress into 
the cell by pressurising the cell first and then discharging to atmospheric pressure. The cell is 
depressurised, sealed, and returned to the water bath. This analysis, if the recovery fraction is 
high, directly yields the total hydrogen generated over the accumulation period. 

Aliquot extraction Multiple-specimen cells – 5 litre bottles – are tested in-situ due to their size 
and weight. The gas space is too large to purge the bottle so instead an aliquot is extracted via 
syringe and transferred directly into a gas chromatography bag. The fraction of gas removed 
(typically 10%) is calculated by determining the change in cell pressure due to aliquot 
extraction and using the ideal gas law. The cell pressure is then returned to near-atmospheric 
(~ 0.9 bar absolute) by the injection of high purity nitrogen. This partial vacuum keeps the 
bottle seal under compression and permits long-term monitoring for leaking into the bottle via 
the pressure transducers. This method does not yield the total generated hydrogen but instead 
yields a fraction of the existing cell hydrogen. Cumulative hydrogen curves can then be 
produced considering hydrogen that exists in the cell and the sum of the hydrogen that had 
been removed for analysis. 
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Aliquot dilution For single-specimen cells that produce copious amounts of hydrogen, the direct 
cell purge can overwhelm the hydrogen sensor. It is necessary to remove all cell hydrogen 
using a method identical to the direct cell purge, to prevent it accumulating; the hydrogen is 
collected in a tedlar bag. An aliquot is removed, transferred to a second tedlar bag, and diluted 
with high purity nitrogen. The volume of the purged gas is measured manually with a syringe, 
accounting for any gas removed for purging tubing or for the actual analysis. The volume ratio 
between analysed cell gas and that purged from the cell is used to scale the molar quantity of 
hydrogen determined with the hydrogen sensor. As with the direct cell purge, this method 
yields the total hydrogen generated over the accumulation period. 

2.3.1.2 Data analysis script 
As described above, a single hydrogen analysis requires testing of both certified calibration gas 
as well as analyte extracted from a test cell. Due to the quantity of data being produced and the 
time required to process the raw data, a script was written in Python (programming language) to 
automate this work. The script works in two stages: The first is to take the data as provided by the 
probe manufacturer, which consists of a single comma-delimited text file containing all the 
analyses stored in memory, and identify the portions of the data that belong to different test cells 
(manually identified by selecting a “zone” number on the probe before analysis). Additionally, the 
script will identify, for each cell analysis, hydrogen observed within a cell bridge (the stainless 
steel tube linking the valves), the calibration gas and the analyte. These data are copied into 
separate files for archival and processing purposes. The second stage is to process the data, report 
the processed data in a summary file and produce a graphical overview of the analysis for data 
verification purposes. An example of this graphical output is presented in Fig. 2-4. 

Specifically, the script has the following capabilities: 

1. Hydrogen found in the bridge linking the cell valves is integrated. This value is semi-quanti-
tative as the total quantity of hydrogen is small and it is not possible to demonstrate that it is 
analysed in its entirety. The end-point of the integration is identified as “Bridge end” in the 
figure. 

2. The stabilised certified calibration gas value is identified (“Calibration point”). The script takes 
into account transient rises in probe response due to manual reconfiguration of the gas flow 
system. 

3. The script then identifies the start of the analyte integration by looking for the lowest probe 
response before the rise in detected hydrogen (“Integration start”). 

4. Drift and offset in the probe response is accounted for by assuming a linear trend between the 
first and last integration data. For instance, in Fig. 2-4, the probe was reading 1 pL/cm2/s at 
both the start and end of the analysis. The script has corrected this offset by lowering the 
probe response accordingly before integrating. 

5. For cells producing copious quantities of hydrogen, the hydrogen probe may drift under-range 
when not analysing hydrogen (this can be caused by a prior cell analysis) and upon reaching a 
value of -5 pL/cm2/s it will rezero. This is identified by the script which counteracts this offset 
error. 

6. After corrections for drift and offset, all data following the integration start point are integrated 
using a trapezoidal method. 
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7. Finally, the last analyte datum before the drop in measured hydrogen is identified. This repre-
sents the last analysed point before the gas chromatography bag was empty and the probe gas 
inlet was switched to drawing laboratory air. The value is of use because, knowing the flow 
rate of the probe pump, the approximate initial volume of the gas chromatography bag can be 
calculated and the cell hydrogen recovery determined. 

 

Fig. 2-4: Example output of a single hydrogen analysis of cell #42 

 

2.3.1.3 Calculation of measured hydrogen 
As described above, a certified gas is used for single-point calibration to determine the scaling 
factor of the probe response to a known hydrogen concentration, nominally 100 ppm (mole/mole). 
Given the proportional relationship demonstrated in Fig. 2-3, the analyte concentration can be 
calculated ratiometrically, yielding a probe response in ppm H2/s. This ratio represents the moles 
of hydrogen in moles of gas (hydrogen, carrier gas, water vapour, etc.) passing through the sensor, 
which is accurately controlled by the sensor pump at a rate of 0.55 ml/s. The number of moles of 
analyte gas passing through the sensor per second is calculated using ideal gas law, thus permitting 
calculation of moles of hydrogen per second. Trapezoidal integration of the analyte curve yields 
total moles of hydrogen generated over the accumulation period. 
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2.3.2 Hydrogen analysis via system pressure 
For cells producing too much hydrogen for direct analysis, pressure transducers can be used to 
monitor the internal cell pressure and its changes with time. At its simplest, the cell pressure 
consists of three partial pressures: that of the inert nitrogen, the water vapour pressure, and the 
accumulating hydrogen from corrosion. For the cells undergoing oxic to anoxic transition, the 
initial gas phase was laboratory air primarily comprising nitrogen, oxygen (20.9%), argon (< 1%) 
and traces of other gases. In this circumstance, it is the reduction in system pressure due to the 
consumption of oxygen that is used to infer the uniform corrosion rate of the metallic materials. 

Cells are connected to the pressure transducers, which sit outside and beside the water baths, via 
a 1⁄16" stainless steel tube which is deoxygenated via the cell bridge, using nitrogen gas, before 
opening the cell. In terms of error, the greatest variation in recorded pressure is due to fluctuations 
in water bath temperature causing changes in water vapour pressure. There will be some degree of 
electronic noise and rudimentary testing suggests that this is minor when compared to the water 
bath temperature. This method is also susceptible to changes in the building temperature as the 
pressure transducer (and connecting piping) is located outside of the water bath enclosure and the 
building can undergo temperature swings of a few degrees between weekends and the working 
week. 

If a continuous stream of pressure data is recorded for a cell, regardless of repeated manual depress-
surisation, the cumulative hydrogen partial pressure curve can be reconstituted. However, in the 
case of several non-ferrous cells, sufficient hydrogen was accumulated for the pressure transducer 
to go over-range in a matter of hours and it was necessary to leave the test cell, for the majority 
of the time, freely venting hydrogen. Combining the pressure data under this circumstance would 
not be meaningful as the majority of generated hydrogen would have been calculated through 
extrapolation not direct measurement. Instead, the recorded pressure data was curve-fitted (see 
below) and the corrosion rate for the recorded time period was calculated. Under this circum-
stance, experimental figures demonstrated the recorded system pressure, not the hydrogen partial 
pressure. 

2.3.3 Curve fitting 
The objectives of fitting curves onto test data are: 

1. to reduce noise or variability within the data (i.e. pressure data) 

2. to enable scaling from one system to another (i.e. hydrogen originating from cement can be 
emulated for other cement-containing cells) 

3. to permit interpolation or extrapolation of experimental data 

4. Differentiation of the equation is straight-forward and can be used for subsequent calculations 
(i.e. cumulative hydrogen yields a hydrogen generation rate and thus the corrosion rate) 

2.3.3.1 Cumulative hydrogen 
The cumulative hydrogen from a test cell can take two forms: as an increase in system pressure, 
or the summation of individual hydrogen analyses with the hydrogen sensor. In both cases, the 
data involves a high initial rate of change which decreases with time as the system trends toward 
an asymptote. 

The equation used to fit onto the data takes the form of an exponential association, described in 
equation 2.1. 
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(2.1) 

 

where y is the system/hydrogen partial pressure or cumulative hydrogen concentration and t is the 
experimental time. 

The term “association” implies that the rate of change is directly proportional to the remaining 
reactant. In the present circumstances, this could refer to the remaining initial material surface. A1 
is a constant that describes the asymptotic value and t1 is the time constant. 

The differential of this equation is required to calculate the rate of change of hydrogen production 
or oxygen consumption: 
 

 
(2.2) 

 

Depending on the complexity of the data being fitted, several exponential association components 
can be used in series, although no more than two have been used in the current study. This might 
be appropriate where corrosion comprises processes with different time constants, such as rapid 
oxidation of the initial bare metal surface followed by sustained but inhibited corrosion underneath 
of corrosion product. As the formulae approach the asymptote, the calculated corrosion rate 
necessarily approaches zero. This may not be representative of the behaviour of all metallic 
materials in a repository environment prior to complete consumption. To incorporate a degree of 
conservatism, to define an upper corrosion rate limit for a specific cell environment, a linear 
hydrogen generation component can also be added, A3t.  
 

 
(2.3) 

 

2.3.3.2 Corrosion rate 
For data that demonstrates an exponential decay, such as corrosion rate or oxygen consumption, 
the equation is: 
 

 
(2.4) 

 

The differential is: 
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2.3.3.3 Fitting method and example 
Formulae are fitted onto data using an evolutionary spreadsheet solver to minimise the total differ-
ence between the fitted curve and the test data. Each datum has equal weighting. 

An example of the value of fitting is presented in Fig. 2-5, where zinc in young cement water at 
50 °C has been monitored with a pressure transducer. The gradual rise in cell pressure over 
120 days is self-evident, but calculation of the corrosion rate from adjacent data points yields 
considerable noise, of the order of tens of micrometres per year. Averaging the raw pressure data 
does not significantly improve the noise. With negative corrosion rates, the scatter cannot be 
plotted on a logarithmic axis, so the right-hand graph demonstrates the fitted corrosion rate only, 
decreasing from 6 µm/year at day 60, to 1.3 µm/year at day 180. By cancelling the noise in the 
pressure data by using the entire data set, the extent of the uniform averaged corrosion can be 
determined. 

 

Fig. 2-5: Demonstration of the corrosion rate calculated directly from pressure data (resam-
pled to every third hour for the figure) and that calculated from the fitted curve 
Data from cell #57 (see Fig. 6-5) 

 

2.3.4 Calculating corrosion rates 
In order to determine the corrosion rate of a metallic specimen, the following assumptions are 
made: 

1. Corrosion is uniform. This is a necessary assumption as it permits calculation of a corrosion 
rate, but does not necessarily portray corrosion processes accurately. For instance, steel spec-
imens may develop a mottled finish with localised growth of magnetite. For the purposes of 
understanding hydrogen generation, provided the surface area within a test cell is sufficiently 
large that many instances of localised corrosion occur, then the approximation is representative 
of a larger surface area and consequently also of nuclear waste. If the surface area is too small, 
the nucleation of corrosion sites might not occur, thus the reported corrosion rate would be an 
underestimate. However, for copper, it is well established that in an anoxic environment with 
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DGR-relevant conditions (i.e. saline and with low sulphide concentrations) the prerequisite for 
localised corrosion (i.e. development of a passive film) is not expected as copper oxide species 
convert to soluble copper chloride complexes. 

2. The corroding surface area is equal to the nominal surface area. 

3. The surface area of the tested material does not change. Based on the corrosion rates measured 
and the experimental durations, it is expected that any change of surface area lies within the 
uncertainty of the measurement of the initial surface area of the test materials. 

4. The reaction stoichiometry is fixed, which further assumes that impurities in both the elec-
trolyte and test specimens (including alloying elements) are negligible in impact. For instance, 
for steel, the total reaction is described by: 

 

3 Fe + 4 H2O → Fe3O4 + 4 H2 (C.1) 
 

This is a culmination of two concurrent reactions that have different kinetics, but for the 
purpose of this work, given the long experimental time-scales involved, are assumed to reach 
completion (Webb & Bohnsack 1989): 

 

Fe + 2 H2O → Fe(OH) 2 + H2 (C.2) 
 

3 Fe(OH)2 → Fe3O4 + 2 H2O + H2 (C.3) 
 

The latter reaction is the Schikorr reaction, which generates hydrogen without additional corro-
sion, and is anticipated to occur relatively slowly compared to reaction C.2 at temperatures below 
100 °C. This assumption can be fine-tuned upon conclusion of the experiment via characterisation 
of the corrosion product and adjustment of the reaction stoichiometry. 

For cells where hydrogen is the end-product that is monitored, the following assumptions are also 
made: 

5. All hydrogen is generated by the corrosion process being studied (from the cement/aggregate/ 
metal), not through discharging of hydrogen previously absorbed by the test material or 
hydrogen released from other processes within the cell. 

6. Generated hydrogen is partitioned exclusively in the cell gas space, not dissolved in the elec-
trolyte nor trapped within cement or absorbed by test or cell materials. This assumption is 
often justified when test materials are near the steady state, which is the objective of long-term 
corrosion rate measurements. For instance, the hydrogen generation rate within a low 
permeability cement must eventually match the effusion rate from the cement. Absorbed 
hydrogen may be initially present in the material and can also be measured after the experi-
ment to both challenge the assumption and contribute toward a complete mass balance of the 
corrosion reaction. 

7. Cells are sterile; hydrogen is readily used for microbial dissimilation resulting in an under-
reporting of corrosion rate. For the majority of cells simulating DGR environments, the as-
sumption of sterility is nearly assured as Canadian reference ground waters are inhospitable 
highly saline brines, and simulated cement waters have pH values of in excess of 11 for a 
heavily degraded conventional cement (Kursten et al. 2011). There are additional assurances, 
such as the antimicrobial properties of copper, acid-cleaning of test specimens and glass cells 
as well as the experimental temperature of 75 °C for copper cells being significantly above the 
range over which mesophilic microbes can function. 
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8. Sensor response is entirely due to hydrogen; sensors can be cross-sensitive to volatile organic 
species resulting in false readings. Possible sources may include super-plasticisers and 
retarders in cement. 

9. No hydrogen is lost from cells during the hydrogen accumulation period. Similarly, no hydro-
gen is lost during transfer to the tedlar bag, nor during analysis. Cells are checked yearly for 
leaks using a helium probe at pressures greater than test pressure. 

10. The removal of accumulated hydrogen has no influence on subsequent corrosion behaviour. 
This assumption may not be valid for metals on the cusp of immunity (such as copper) where 
hydrogen may be an equilibrium component. It can be investigated, in principle, by system-
atically increasing the hydrogen accumulation period and monitoring for reduction in corro-
sion rate, but this phenomenon has not been observed in any studied systems to date. 

11. H2 is not oxidised to H+ via chemical or microbiological reactions (cf. assumption #7). 

The corrosion rate is directly proportional to the rate of hydrogen generation, δnH2 /δt, or oxygen 
consumption,  ̶  δnO2 /δt. This can be determined from the data on either a per-accumulation period 
basis, or through differentiation of a trend-line fitted to cumulative hydrogen data described above. 

The uniform corrosion rate (CR), in nm/year is given by: 
 

 

(2.6) 

 

z is stoichiometric ratio between the measured gas (oxygen, hydrogen) and the corroding material, 
to convert from moles of gas to moles of substrate; Vm is the molar volume of the metal in cm3; 
SA is the surface area of the test specimens in cm2 and b is a constant to scale from δt to per year. 

The following stoichiometries were used to determine corrosion rates based on the production of 
hydrogen (or consumption of oxygen if explicitly stated): 
 

Aluminium YCW, P 

2 Al + 3 H2O → Al2O3 +  3 H2 (C.4) 

z = 2/3, Vm = 10.0 cm3/mol 
 

Copper Deionised water 

2 Cu + H2O→ Cu2O + H2 (C.5) 

z = 2, Vm = 7.1 cm3/mol 
 

Copper Brines 

Cu + H2O + xCl– → CuClx
(x−1) + OH– + ½H2 (C.6) 

z = 2, Vm = 7.1 cm3/mol 
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Lead YCW,P 

Pb + 2 H2O → HPbO2
–
 +  H2 +  H+ (C.7) 

z = 1, Vm = 18.3 cm3/mol 
 

Magnesium YCW,P 

Mg + H2O → MgO +  H2 (C.8) 

z = 1, Vm = 14.0 cm3/mol 
 

Steel (iron) Oxygen consumption 

2 Fe + O2 + 2 H2O → 2 Fe(OH) 2 (C.9) 

z = 2, Vm = 7.1 cm3/mol 
 

Steel (iron) YCW,P 

3 Fe + 4H2O → Fe3O4 + 4 H2 (C.10) 

z = 3/4, Vm = 7.1 cm3/mol 
 

Zinc YCW, P 

Zn + H2O → ZnO + H2 (C.11) 

z = 1, Vm = 9.2 cm3/mol 
 

Zirconium YCW, P 

Zr + 3 H2O → HZrO3
– + 2 H2 + H+ (C.12) 

z = 1/2, Vm = 14.0 cm3/mol 
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3 Method validation 

3.1 Hydrosteel analysis 

3.1.1 Testing of certified calibration gas 
Cylinders of 100 ppm hydrogen (nominal) in nitrogen were purchased from three suppliers. The 
mixtures were tested in triplicate, in series, using the hydrogen sensor calibrated against the 
average of the certified hydrogen concentrations (Fig. 3-1). The repeatability standard deviation 
of the readings was 0.3 ppm and the accuracy (difference between the certified value and that 
measured) standard deviation was 2.1 ppm. 

 

Fig. 3-1: Hydrogen concentration, as measured with the probe (■) calibrated against the average 
of the manufacturer-certified composition (∗) 

 

3.1.2 Recovery of accumulated hydrogen from the cell 
The recovery efficiency of the hydrogen expelled from the cell head-space gas is dependent upon 
the volume of carrier gas passed through the cell, and the volume of the cell gas volume itself. The 
latter can be conveniently measured by extracting or injecting gas with a syringe and measuring 
the change in pressure. Assuming ideal mixing, the dilution equation (3.1) describes the gas 
concentration within the cell at time (ct

c) as a function of the initial concentration (c0
c) and the 

volumes of the cell and purged gas (Vc and Vp). 
 

 
(3.1) 

 

The recovery efficiency, R (in %) is given by equation 3.2. 
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Similarly, the concentration of the purged analyte, ct
p is given by equation 3.3. 

 

 

(3.3) 

 

These equations are graphically presented in Fig. 3-2, which demonstrates the trade-off inherent 
with the purge and analyse technique; higher accumulated hydrogen recovery dilutes the purged 
hydrogen, potentially to concentrations below the limit of sensitivity of the analytical device. For 
many cells containing materials under simulated nuclear waste repository conditions, the corrosion 
rates are sufficiently low that the purge gas volume can range from 1 to 3 cell gas volumes, with 
recovery rates ranging from 63 to 95%. This can be countered at the cost of time resolution by 
increasing the hydrogen accumulation period. The consequences are described in greater detail 
below. 

 

Fig. 3-2: Theoretical accumulated hydrogen gas recovery efficiency and dilution as a function 
of carrier gas to cell volume ratio, assuming ideal mixing 

 

To demonstrate the validity of the dilution equation, the hydrogen probe can be used to draw gas 
directly out of a test cell (the gas being replenished with nitrogen to maintain atmospheric 
pressure). This is demonstrated in Fig. 3-3, where an empty glass cell was filled with a calibration 
gas mixture. Under normal operation, the hydrogen sensor requires time to respond to the analyte 
which would otherwise result in loss of the initial data; that was avoided here by stabilising the 
probe against the calibration gas before switching to cell analysis. It is evident that the dilution 
equation does describe elution of cell gas, albeit for empty cells where gas mixing is unimpeded, 
and at low flow rates. For actual cell analysis, the flow rate when purging gas into the chromato-
graphy bag may be two orders of magnitude faster than that described here. 

The direct analysis of cell gas provides an alternative to the purge and analyse method described 
above. Indeed, one advantage is that the cell recovery is measured directly. However, the analysis 
of the analyte itself takes considerably longer, and the presence of condensed water, especially 
from cells operated at elevated temperature, can cause complications with the hydrogen sensor. 
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Fig. 3-3: Relative hydrogen concentration of cell gas drawn from a test cell containing 
calibration gas 

 

3.1.2.1 Transient errors due to recovery efficiency 
Changes in hydrogen generation rate or sampling frequency can result in over- or under-measure-
ment of hydrogen, introducing short-term errors into the calculated corrosion rate. Because hydro-
gen recovery is less than 100%, residual hydrogen is not analysed. This hydrogen is, of course, not 
lost; it accumulates and can be captured in subsequent analyses. If the hydrogen is being produced 
at a steady rate, the actual hydrogen concentration in the cell increases until the production rate 
matches the recovery rate. This is demonstrated in Fig. 3-4a. Here, hydrogen is being generated at 
a constant rate of 1 per time unit; analyses are initially conducted every time period. At time 1, a 
total quantity of 1 hydrogen has been generated, but with a 60% recovery, 40% of it remains in 
the cell. The second analysis therefore starts with an additional 1 hydrogen plus the 0.4   residual; 
1.4 hydrogen of which 60% is purged and tested with the probe. Thus, the cell hydrogen takes 
several analysis periods before it reaches the steady state and the recorded hydrogen generation 
rate matches the actual hydrogen generation rate. 

Fig. 3-4b demonstrates a similar case, but with a 90% recovery. Less hydrogen accumulates 
within the cell and the analyses are representative of the corrosion rate within two accumulation 
periods. 

If the hydrogen concentration within the chromatography bag is undesirably low, subsequent 
analyses can use either less purge nitrogen, or, alternatively, the hydrogen accumulation period can 
be increased. Predictably, switching from an analysis schedule of every time period to every third 
time period results in another change in steady state as demonstrated in Fig. 3-4a and Fig. 3-4b. 
Assuming the recovery efficiency remains the same, several analyses are required to reach the 
new steady state with a greater number required for the lower recovery efficiency. This  manifests 
itself in the corrosion rate graphs, Fig. 3-5, as a temporary drop (with lengthening accumulation 
period) or spike (reduced accumulation period) which may be misleading; the corrosion rate is 
constant. 
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A mixed model is also included, where the hydrogen recovery is 60% when the cell is analysed 
at every time step, and when the sampling frequency is reduced to every third time step, the 
recovery increases to 90%. This better reflects the case in the laboratory where staff compensate 
for anticipated hydrogen concentration with the volume of carrier gas. In this case, the corrosion 
rate appears to increase with an increase in accumulation period, and dip with a return to a higher 
frequency of analysis. 

These graphs also demonstrate the consequences of a short-term behavioural change, such as that 
following a dose of hydrogen sulphide or a change in electrolyte. The corrosion response may be 
rapid and brief but take several analysis periods to be fully accounted for, giving the false 
impression of relatively slow kinetics. This effect can be countered to some degree if the cell and 
purge gas volumes are known (the latter can be deduced with moderate accuracy from the 
hydrogen probe data). For cells with a small head-space, the recovery efficiency can come close 
to being ideal, but for more complex arrangements, with porous cements, zirconia crucibles,  etc., 
hydrogen recovery is not predicted accurately with the dilution equation and correcting for residual 
hydrogen is often of limited benefit. 

An alternative approach for removing hydrogen from the test cell would be to vacuum the gas 
space, yielding significantly improved recoveries. However, this risks the ingress of oxygen into 
the cell, which may have significant implications depending on the metal being studied. 

From the perspective of nuclear waste applications, short-term behaviours are of secondary interest 
when compared to the longer term steady state, where the hydrogen probe data match exactly the 
hydrogen production rate of the corroding material. 

3.1.3 Probe response validation 
One means to validate the purge and analyse method is to compare the measured moles of 
hydrogen against the theoretical amount calculated using the ideal gas law. A glass cell, containing 
only electrolyte (no specimens) was evacuated and backfilled with certified calibration gas three 
times, resulting in > 99% calibration gas. The cell was purged with nitrogen, following the 
procedure described above, and the captured cell gas analysed from the gas chromatography bag 
with the hydrogen sensor. The first set of tests, performed in triplicate, used a cell with a gas space 
volume of 67 cm3. The calculated cell gas recovery averaged 99%, and, having corrected for 
residual hydrogen, the moles measured with the probe averaged 95% (standard deviation < 3%) 
of the hydrogen calculated to be in the cell using the ideal gas law. 

A second set of tests were performed with a cell gas volume of 200 cm3. The average cell gas 
recovery was approximately 70%. Having corrected for residual hydrogen, again 95% (standard 
deviation < 1%) of the theoretical hydrogen was accounted for. 

A third set of tests was conducted with a different cell design, where the cell was purged under 
positive pressure with the high purity nitrogen. Duplicate tests at t = 0, with correction for residual 
hydrogen, accounted for an average of 98% of the calculated hydrogen (Fig. 3-6). Following 
replenishment with certified gas and 30 days of water immersion at 75 °C, the cell was retested 
and 93% of the hydrogen accounted for. A repeat test, left for 90 days, yielded 99% recovery. 

These simple results demonstrate that the method is producing reasonable data, the reproducibility 
is good, and also that a glass cell can be sufficiently sealed as to prevent hydrogen loss over time 
periods comparable to the accumulation period. 

A second means for validation is to compare the technique against other methods, such as 
monitoring of cell pressure. This can only be achieved where the two techniques overlap in terms 
of corrosion rate, which is toward the upper limit of the purge and analyse technique. An example 
of such a cell (#7) is presented in Section 5.1.5. 
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3.1.4 Treatment of errors 
In order to understand the uncertainty in the reported method, it is instructive to consider the fate 
of the hydrogen generated within the cell. For each accumulation period, including the analysis 
at the end, hydrogen is either purged from the cell, has leaked out of the cell undetected, or 
remains within the cell for subsequent analysis. Additional errors are also considered. Each 
significant aspect is further categorised as follows: C, continuous error (throughout the life of the 
experiment); L, long-term systematic error (months/years); T, test error (per accumulation period); 
and G, general (not specific to the method). Errors considered to be most significant have been 
quantified. 

1. Analysis 

(a) Calibration gas (L): The hydrogen sensor is reliant on the accuracy of the certified gas 
that is used for calibration. Any deviation between true hydrogen concentration and that 
stated on the certificate results in a systematic error that can offset all results using that 
cylinder. Fig. 3-1 contains the results for certified cylinders from three suppliers. The 
standard deviation, measured against a normalised hydrogen sensor response is less than 
2.5% for these cylinders. 

 An additional error may be the loss of hydrogen from the certified gas cylinder. Review 
of historical data, taken over the course of two years, suggests an unvarying hydrogen 
concentration. In the present study, cylinder sizes were chosen to ensure depletion before 
reaching the expiration date on the certificate. The authors were able to test a third-party 
cylinder ten years after purchase and it was found to contain approximately 50% of the 
certificate analysis hydrogen. 

(b) Changes in probe behaviour: 

i. Sensor degradation (L): The hydrogen sensor in the probe used for the current study has 
a nominal operational lifespan of two years. The probe performance can be monitored 
via the response against the certified gas, and a significant and rapid decline in 
response can be indicative of the sensor nearing end of life. This error is managed 
through a quality management plan, for instance, that requires yearly manufacturer 
service and recalibration as was done for the present study. This error is negated 
through the single-point calibration preceding every analysis. 

ii. Flow rate (T): The hydrogen sensor used in the current study incorporates a pump. 
The exact flow rate of the analyte is required to determine the molar quantity of 
hydrogen being analysed per second. The pump flow rate is regularly checked and has 
been found to vary within 2% over the course of a year. 

iii. Sensor drift (T): As described in the main text, the sensor response will drift 
proportionally as a function of the concentration of the gas being analysed, and also 
with the length of time over which that gas is present. For the conventional usage 
described here, covering hydrogen concentrations over four orders of magnitude, the 
standard deviation of the integrated hydrogen used for determining the corrosion rate 
is marginally below 5%, although it increases toward the limit of sensitivity. However, 
these values are recorded and can be corrected via data processing. The data presented 
above, however, includes no such processing and is intended to demonstrate the 
quality of the data with no refinement. 

iv. Sensor lag (L): The hydrogen sensor requires time to reach steady state with the input 
gas. This is not only due to the sensor response time but will include a degree of mixing 
of analyte and air within the connecting tubing between the gas chromatography bag 
and the sensor. Conversely, the sensor has a slow decay after removal from the tedlar 
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bag, as air purges the tubing and the sensor returns to zero. It is estimated that this 
sensor lag results in a systematic under-reporting of hydrogen of less than 2.5%. 
Variability in this error is minimised through use of the same tubing for every 
analysis. 

(c) Experimental aspects: 

i. Loss of hydrogen in connecting tubing: A short length of tubing is required to connect 
the test cell to the gas chromatography bag. After purging, it may contain a small 
quantity of hydrogen, although as the hydrogen concentration decreases with purge 
gas volume, it will be of the lowest concentration entering the tedlar bag. This error 
is minimised by keeping the tubing length to a minimum, typically with a volume 
< 0.5 cm3. The tedlar bag, when filled, holds between 150 and 400 cm3 of diluted 
analyte so this error is considered inconsequential. 

ii. Hydrogen loss from the chromatography bag: Hydrogen is a mobile gas and can 
readily diffuse through most plastics. The multi-layered gas chromatography bags 
used in the current work are considered to be resistant to diffusive losses. In particular, 
aluminium sputter-coated bags have been tested and found to contain the same 
concentration of hydrogen after many days, suggesting negligible losses, especially 
since standard practice is to collect the analyte from the cell immediately prior to 
analysis. 

(d) Theoretical components: 

 There are a number of more general errors, not specific to the method described here, but 
that do impact the calculated corrosion rates. These are discussed only in general terms. 

i. End-products (G): As stated earlier, the reaction stoichiometry is fixed. In the present 
work, it has been assumed that the Schikorr reaction occurs at the same rate as the 
oxidation of metallic iron. This may not be true in the short term, but over the course 
of several years, the reaction is expected to reach completion. It is possible, after 
dismantling of the cell and microscopic analysis of the corrosion product, to 
retroactively recalculate the corrosion rate to account for corrosion products. Simi-
larly, it is possible to account for differing behaviour of alloying elements that may 
have a different reaction stoichiometry. 

ii. Nominal surface area (G): The surface area of the test specimens at the start of the 
experiment are well known, with an error perhaps of several % if measured with a 
digital calliper. However, surface roughness may not be taken into account. The 
corrosion rates reported here are all low, so a gross change in surface area is 
unexpected, but can be corrected for at the end of the experiment. Also, at such low 
corrosion rates, corrosion is not necessarily uniform until sufficient corrosion product 
has accumulated to cover the surface. 

(e) User error (T): As with all labour-intensive techniques, the skill and patience of the 
practitioner can have significant consequences on the variability of the results. These 
errors are mitigated by the quality management system, requiring procedures, training and 
certification. 

2. Loss of hydrogen 

(a) Valves (C): Valves are the natural weak-point of any test cell as they often contain poly-
mers and contacting surfaces along which hydrogen molecules can diffuse. Generally, the 
use of polymers should be minimised. The cells used 3-way ball valves that incorporate 
a thin teflon liner. During the accumulation period, the valves connect the stainless 
steel tube bridge to the ports, which are sealed with stainless steel plugs. Any hydrogen 
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diffusing through the ball valve accumulates in the bridge, and can be analysed (semi-
quantitatively, due to sensor lag). This permits determination of valve performance. 
Analysis of fugitive gas over twelve months, and for cells only containing high 
concentrations of hydrogen, found approximately 0.15% additional hydrogen (standard 
deviation) in the bridge. Cells producing low or moderate quantities of hydrogen did not 
have sufficient accumulated amounts to permit quantification. 

(b) Glass connections (C): Cells are readily purchased with standard taper ground glass joints 
for loading specimens. These are straight-forward to seal with mounting epoxy which 
provides a long path length for hydrogen diffusion, minimising losses from the cell. 
Whilst not directly measurable, these losses are considered to be negligible compared to 
other experimental variables. 

3. Residual hydrogen 

(a) Gas space (T): As described earlier, hydrogen recovery from the headspace is a function 
of the relative volume of purge gas used to evacuate the cell. This can be variable and 
results in a per-experiment error; residual hydrogen remains to be analysed in subsequent 
analyses as described in Fig. 3-4 and Fig. 3-5, and is therefore a source of noise within the 
data set, but is a self-correcting error in the longer-term. This error can be partially miti-
gated through post-processing of data, but is also dependent on the arrangement of 
components within the cell (which cause deviation from ideal dilution described earlier). 
Also, each cell purge removes water vapour, increasing the gas volume by several cm3 
over the course of years. 

(b) Test specimen (L): Specimens can act as both a source and a sink for hydrogen. For 
instance, low permeability cement may trap hydrogen for several years before it diffuses 
to the headspace for analysis. Similarly, metallic materials may form hydrides, absorb 
hydrogen or contain intermetallics that act as trapping sites. These errors are generally 
transient and decrease as the system approaches steady state. 

(c) Electrolyte (L): Hydrogen is also present, albeit at very low concentrations, in the electro-
lyte. This is usually considered to be a negligible source of error as it is a small fraction of 
the total hydrogen and remains in steady state with the gas space concentration. 

4. Additional hydrogen sources 

(a) Specimen outgassing (L): If material is prepared such that it contains excess hydrogen 
relative to the equilibrium at the test temperature (for instance, annealing in hydrogen 
followed by quenching), it may slowly out-gas and result in an overestimation of corrosion 
rate. As with hydrogen absorption, this is expected to decline with time. 

(b) Unanticipated corrosion (T): Test cells use steel fittings, typically 316L stainless steel. It 
is possible that corrosion of these fittings may result in additional hydrogen. This was 
observed on three cells for the hydrogen accumulation period immediately after exchange 
of the cells valves for new components (cell #19 point ‘i’, #20 at ‘d’ and #21 at ‘f’). 
Hydrogen production was not sustained to a second accumulation period, and stainless 
steel is theoretically incapable of pitting (which would result in continuous hydrogen 
generation) in the absence of oxygen (Kursten et al. 2017, Engelhardt & Macdonald 2020, 
Smart 2012). 

(c) Dissociative adsorption of H2O, specifically on a clean copper surface, where the water 
molecule dehydrogenates to evolve hydrogen, resulting in a partial monolayer of 
adsorbed HO Lousada et al. (2015). This is relevant only to the first introduction of water 
to the copper surface and is a short-lived effect. 
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These are the errors for the typical single-specimen cell that is purged into a gas chromatography 
bag for direct analysis. Direct calculation of the full method error, as determined against a standard 
reference technique such as mass loss, is not reliable at such low corrosion rates. Not only must 
a significant mass of material be weighed with high accuracy (1 – 10 µg), several years apart, but 
the formation of initial corrosion products dominates the result which limits the confidence in the 
lower long-term corrosion rates that are the objective of the research. Additionally, chemical 
removal of corrosion products can also remove substrate; for susceptible materials such as steel or 
zinc, this could be a significant error. 

An alternative method, also fraught with error at these low corrosion rates, is the microscopic 
analysis of corrosion product cross-sections. This information can yield the composition of the 
corrosion product, and semi-quantitative information regarding the depth of the corrosion product 
(porosity and incorporation of external chemical species being of primary concern), which can be 
correlated back to the corrosion recorded through the evolved hydrogen. 

In the absence of a reference technique, the error can be calculated by considering the significant 
quantified errors described above; the propagated error is calculated as 7%. This is exclusively for 
the analysis of a molar quantity of hydrogen from a tedlar bag. 

 

3.1.5 Loss of hydrogen from cell valves 
A number of test cells were fitted with stainless steel bridges linking the three-way valves. In 
addition to providing structural rigidity, the bridges permitted accumulation of hydrogen that had 
diffused through the PTFE seating material of the valves, the third port of the valves being sealed 
with a stainless steel plug. The bridge gas contents were analysed by sealing the valve (rotating 
the handle 90° to isolate the three ports), connecting a one-way valve onto one side, connecting 
the hydrogen probe to the other side of the bridge and opening the valves to permit the probe to 
draw laboratory air through the bridge and into the probe. Due to the limited gas volume, this 
process resulted in a peak of hydrogen before returning to baseline. The integration of this peak 
permits determination of the moles of hydrogen, although only in a semi-quantitative manner as 
the quantity of hydrogen was small and the sensor was not afforded the time to stabilise. 

The moles of hydrogen recorded from the stainless steel bridges are plotted against the moles of 
hydrogen subsequently measured within the cell gas space. This is presented in Fig. 3-7. The 
concentration difference between cell interior and the bridge is the driving force for diffusion, but 
here, the values presented are not concentrations but molar quantities. However, the gas volumes 
of the test cells do not vary by an order of magnitude when the quantities of hydrogen vary by six 
orders of magnitude. It is therefore understood that correcting for concentration would make little 
difference to the figure. There was no evident correlation between bridge and cell hydrogen, nor 
was there any significant influence of temperature. Instead, the bridge hydrogen may originate from 
corrosion of the stainless steel and valve body; for the limited data available, the new bridges of 
cells #21, 20, 39 and 59 all displayed a relatively high first bridge hydrogen analysis with a 
subsequent decline (the data for the majority of the cells do not include the first few bridge 
analyses as the automated data analysis script could not process the data correctly at that time and 
the data was not collected). Nevertheless, with the exception of only the cells that produce 
hydrogen at the lower limit of detection, the percentage of hydrogen observed in the bridge is 
less than 1% as demonstrated in Fig. 3-8. Consequently, no corrections were made to the cell 
analysis data to account for hydrogen loss through the valves. 
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Fig. 3-4: Theoretical changes in hydrogen apportionment as a function of recovery efficiency 
In these graphs, hydrogen is produced at a continuous rate of 1 per time unit. 

 

0 5 10 15 20 25 30
0

1

2

3

4

5

Time

H
yd

ro
ge

n
(q

ua
nt

ity
)

0 5 10 15 20 25 30
0

1

2

3

4

5

Time

H
yd

ro
ge

n
(q

ua
nt

ity
)

Cell H2 Analysed H2 Residual H2

(a) 60% hydrogen recovery 

(b) 90% hydrogen recovery 



NAGRA NTB 22-07 38  

 

Fig. 3-5: Corrosion rates for 60 and 90% hydrogen recovery, and a mixed hydrogen recovery 
(60% with per time unit analysis, and 90% with every third time unit analysis) with 
variable sampling frequencies 
The simulated corrosion rate is 1 throughout. 

 

 

Fig. 3-6: Leak testing of a cell filled with certified gas mixture and maintained at 75 °C 
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Fig. 3-7: Hydrogen detected within cell bridges prior to cell analysis versus hydrogen recorded 
during subsequent cell analysis 

 

 

 

Fig. 3-8: Histogram of the ratio of bridge and cell hydrogen demonstrating that the majority 
of analysis included < 1% of the cell hydrogen within the bridge 
Those analyses that exceeded 1% were invariably toward the lower limit of detection of the 
hydrogen analysis technique. 
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4 Copper 

4.1 Response of copper to gaseous hydrogen sulphide 
Cells #18 – 21 were originally conceived to be an extension of work conducted at the University 
of Toronto, with the important addition that gaseous hydrogen sulphide could be added to the cells, 
using facilities available at CanmetMATERIALS. The cells incorporate both copper wire (Cu1, 
99.9% purity, Goodfellow) and a single slab of electrodeposited copper (Cu2, Integran). Very little 
hydrogen was generated when immersed in pure water in comparison with the results reported 
elsewhere (Senior 2018). 

Cell #18 was converted from deionised  water to 5 molal NaCl, resulting in a minuscule amount 
of additional hydrogen for the first subsequent analysis (below the limit of detection where the 
hydrogen probe response could be due to hydrogen but also sensor drift) and no measurable 
hydrogen for the following 60 days (Senior 2018). Along with cells #19 and 20, both containing 
deionised water, all three cells were inactive before the addition of gaseous hydrogen sulphide 
and the cumulative total of hydrogen recorded beforehand is included within the first datum of 
each cell (i.e. each cell had recorded up to 1 × 10-10 moles/cm2 of hydrogen before the first dose 
with hydrogen sulphide). The introduction of hydrogen sulphide first occurred in the project 
preceding the current study, and the cells were transferred shortly afterwards. 

The corrosion behaviours of cell #18 (5 m chloride) and #19 and 20 (deionised water), following 
the addition of hydrogen sulphide, are presented in Fig. 4-1 (cumulative hydrogen) and Fig. 4-2 
(corrosion rate). This latter graph includes the nominal limit of detection (nominal because it is a 
function of the length of the accumulation period), demonstrating that data is at or below the limit 
of the hydrogen analysis technique. The sulphide dose was calculated to result in approximately 
12% of a monolayer of Cu2S (Senior 2018). Full consumption of the hydrogen sulphide was 
calculated to yield 1.7 × 10-10 moles/cm2 of molecular hydrogen. The graph data begins on the 
first analysis following dosing of hydrogen sulphide. The initial corrosion rates for both deionised 
water cells, for the first sampling, are under-reported as the majority of the expelled cell gas was 
tested for residual H2S, of which none was found. All three cells remained at an elevated corrosion 
rate when compared to the cell performance before the addition of sulphide, and cells #19 and 20 
produced considerably more hydrogen than anticipated from the hydrogen sulphide dosing alone. 

Cells #18 and 19 were dosed with additional hydrogen sulphide following an identical procedure 
to that used previously (molecular amount equivalent to 12% monolayer coverage). Before 
dosing, the electrolyte was purged from the cell and fresh electrolyte was introduced and left for 
one month. This was to prevent scavenging of gaseous hydrogen sulphide by dissolved copper 
species. A single hydrogen analysis was performed before the H2S was introduced. For cell #19 
this invariably demonstrated no hydrogen, but for cell #18 (label ‘f’), a small quantity of hydrogen 
was observed, near the limit of detection of the probe and continuing the trend of the preceding 
two months. There was little to no response to the additional sulphide, other than discolouration 
of the copper wire in #19. This is demonstrated in Fig. 4-3, where the cell is contrasted against cell 
#22, in acidified 5 molal sodium chloride solution; for this latter cell, the chloride prevents oxide 
formation, and the wires appear unchanged from the start of the experiment. 

Cells #19 and 20 both demonstrate a slight up-tick in hydrogen production after the change in 
valves. The reasons for this are not fully understood, but may be due to changes in the passive layer 
on the valves, although a significant proportion of this increase in hydrogen is attributable to an 
artifact of the analysis: only recorded data that exceeds a specific integration value is conclusively 
hydrogen and not merely drift in the background reading of the hydrogen probe. For many of the 
data points in the graph that show no increase over the previous value, hydrogen may have been 
recorded but did not exceed this threshold. Nevertheless, the final analysis, following a six-month 
accumulation period, did not demonstrate a sustained increase in corrosion. 



NAGRA NTB 22-07 42  

 

Label Event 

18.d/f, 19.c/e/g, 20b Cell dosed with H2S 

18.e, 19.d/f Electrolyte replaced in advance of H2S dosing 

18.g, 19.h, 20.c Helium leak test 

18.h, 19.i, 20.d Cell fittings upgrade, helium leak test and photography (day 
1'462) 

19.j Electrolyte purge and H2S dose 

Fig. 4-1: Cumulative hydrogen of cells #18 – 20, containing either 5 molal NaCl (#18) or 
deionised water (#19 and 20) at the natural pH, dosed with 1.7 × 10-10 moles/cm2 of 
H2S at 75 °C 
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Fig. 4-2: Uniform corrosion rates of cells #18 – 20 containing either 5 molal NaCl (#18)  

or deionised water (#19 and 20) at the natural pH, repeatedly dosed with 1.7 × 
10-10 moles/cm2 of H2S at 75 °C 
Labels are identical to Fig. 4-1. 

 

 

Fig. 4-3: Surface discolouration of cell #19 (left) following two doses with hydrogen sulphide 
(recorded prior to electrolyte replacement at point ‘f’) compared to cell #22 (5 molal 
NaCl at 75 °C, detailed in 4.3). 

 

 

These results could be described via a terrace stripping mechanism (Erlebacher et al. 2001). As is 
evident from the calculated uniform corrosion rates, bulk corrosion is not occurring; only fractions 
of a monolayer, (corresponding to 1.5 × 10-9 moles/cm2 of hydrogen), are being removed every 
year (Senior 2018). Conventional (bulk) thermodynamics predicts that in the absence of sulphide, 
copper readily reaches equilibrium concentrations of corrosion products and cannot sustain 
corrosion (Appendix A). Where bulk corrosion processes require that the entire surface be sus-
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ceptible to oxidation, on an atomic level, the susceptibility of an individual atom is primarily 
dependent upon the number of nearest neighbours binding it to the surface; the most stable atoms, 
in terrace locations, may be immune to corrosion, but those in more energetic ledge and kink 
positions, may be susceptible. This may result in preferential etching at grain boundaries in addition 
to smoothing of the surface generally. 

In a simplistic manner, three competitive processes are active: 

Oxidation If a surface atom has sufficient energy to overcome the bonding energy with 
neighbouring atoms, it can be oxidised. This is primarily a function of the number of 
neighbouring atoms; the ejection of a (111) terrace atom requires the breaking of nine 
nearest-neighbour bonds and occurs at a much lower frequency than oxidation of ledge or 
kink atoms. For a corrosion process, the relative population multiplied by the oxidation 
frequency determines the contribution of the atomic location to the total corrosion current. 

Surface diffusion If a surface atom has sufficient energy to break free of its original position, but 
insufficient to break all metal-metal bonds, it remains bonded to the surface and may be 
mobile. Adatoms in particular, supported by anions such as chloride and sulphide, are able 
to diffuse over metal surfaces (Ruan et al. 1992, Broekmann et al. 1999, Li et al. 2001), 
although they are obstructed by precipitates such as surface oxides. As thermodynamic 
stability is proportional to the number of nearest neighbours, adatoms have a tendency to 
adhere to ledges and kinks, resulting in surface annealing if the rate of adatom generation 
from ledges and kinks is less than the recombination rate. 

Deposition The ejection of metal cations into solution alters the reduction potential, creating an 
exchange current with oxidation and reduction of copper. Overall, this increases the 
thermodynamic stability of the surface as the net transfer is toward surface atoms in more 
energetically stable positions, and with sufficient copper in solution, further oxidation 
becomes thermodynamically non-viable. 

The activation energy for a reaction is primarily dependent upon the number of nearest neighbours, 
but is significantly modified by the presence of adsorbants such as chloride and sulphide. Both 
anions are known to induce surface relaxation by withdrawing electron density from Cu-Cu bonds, 
reducing activation energy (Ruan et al. 1992, Broekmann et al. 1999, Li et al. 2001). 

It is the interplay between these three processes that determines the corrosion behaviour of the 
material. For instance, if terrace atoms are susceptible to infrequent oxidation, the creation of new 
ledges and subsequent stripping enables a two-dimensional continuous corrosion to occur. If, on 
the other hand, terrace atoms are immune to oxidation, then the surface may eventually smoothen 
through a combination of surface annealing and redeposition. 

Given the low corrosion rates reported for these cells, it appears that terrace atoms may not be 
susceptible to oxidation under these conditions and therefore bulk thermodynamics are not an 
appropriate means to predict corrosion behaviour. Instead, surface thermodynamics should be 
used to understand the susceptibility of atoms to oxidation, and computational modelling could be 
used to investigate the kinetics of the various processes. 

The initial material surface plays a significant role in the short-term behaviour as it may take years 
to reach a steady state. 

Returning to the results of cell #18, it is hypothesised that the adsorption of sulphur in such low 
concentrations results in chemisorbed sulphide without formal copper oxidation; the sulphur 
atoms reside in trigonal sites, bonded to three copper atoms (Ruan et al. 1992). There is significant 
surface relaxation due to d-orbital overlap, facilitating copper oxidation. Essentially, sulphur 
catalyses both copper oxidation but also surface diffusion, enabling the surface to anneal to a more 
thermodynamically stable state through loss and re-arrangement of surface atoms. This explains 
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the activation of otherwise-inert surfaces upon the addition of sulphide; why considerably more 
hydrogen was generated than would be anticipated from the addition of hydrogen sulphide alone; 
the considerable length of time over which the surfaces produced hydrogen as well as the gradual 
tailing-off of hydrogen production; and also why subsequent additions of hydrogen sulphide had 
negligible additional affect – the surface was already annealed and inert. 

In contrast, where higher concentrations of sulphide are used, the corrosion mechanism switches 
from the proposed terrace stripping/surface ripening mechanism to a bulk corrosion process where 
terrace atoms are susceptible to corrosion and relatively thick layers of corrosion product are 
formed. 

4.2 The response of copper to chloride 
The objective of cell #21 is to study the influence of chloride concentration on corrosion behaviour 
by periodically increasing the chloride concentration of the electrolyte. Having already determined 
that copper in 5 molal sodium chloride at pH 7 did not demonstrate measurable corrosion (cell 
#18), it was decided to lower the pH to 5 using a citric acid buffer, expanding upon earlier research 
(Newman et al. 2014). Whilst this is not representative of an anticipated repository condition, it 
was intended to exacerbate corrosion to facilitate observation. 

The first electrolyte comprised pH 4.94 citric-acid (5 millimolal) buffered 0.1 mol/kg sodium 
chloride at 75 °C. As is quite clear in Fig. 4-4, the introduction of chloride at pH 5 resulted in 
significant corrosion, albeit at a sub-0.1 nm/year rate. This tailed off with time, presumably due 
to the accumulation of Cu+ species in solution, and potentially as the surface of the wires anneals 
(adsorbed chloride is anticipated to behave similarly to sulphide (Broekmann et al. 1999)). 

At point ‘d’, the electrolyte was replaced with 0.25 molal sodium chloride solution, also buffered 
with citric acid and at pH 5. The expelled electrolyte (0.1 molal chloride) was at pH 4.97 
demonstrating that the citric acid buffer was still dominant. An aliquot of purged electrolyte was 
sent for silica and copper analysis via ICP-OES. Considerable silica was detected; 62 mg/L, 
suggesting that the glass, despite the only mildly acidic conditions, was dissolving readily. The 
borosilicate glass used in the cells contains significant quantities of both soda (Na2O) and borate 
(B2O3), the former reacts with water to form NaOH and the latter forming boric acid (B2O3 + 
4 H2O → 2 H3BO3 + 2 OH ̶  with a pKa1 of 9.2). Borosilicate glass is known to undergo irreversible 
selective ion exchange (lithium, boron, aluminium and sodium) under acidic pH's (under neutral 
or alkaline conditions, glass dissolution is more congruent), which is a factor of 100 times greater 
at pH 2 than at pH 7. Additionally organic acids are known to significantly increase ion exchange 
Abraitis et al. (1998). This may be because they act as proton donors and help regulate the pH in 
the surface silica gel. 

Regarding copper, the concentration was 11.7 mg/L in the electrolyte; this totals approximately 
2.3 × 10-8 moles/cm2 of copper, or, 1.2 × 10-8 moles/cm2 of H2. Between points ‘c’ and ‘d’ 
(Fig. 4-4), only 3 × 10-10 moles/cm2 of hydrogen were recorded. The cell was pressure tested with 
helium and no detectable leak was found. One potential cause for this discrepancy may be that 
any oxides formed on the copper during the deionised water testing may have simply converted to 
soluble CuCl2 

– , but further thought on the matter is required. 

The conversion of the electrolyte from 0.1 to 0.25 m NaCl did not result in additional hydrogen 
generation either because the surface had re-arranged in a manner similar to the hydrogen sulphide 
cells, or because the dissolved glass had become somehow inhibitory. This requires further 
investigation. 
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4.3 The response of copper with pH 
Cell #22 was used to better understand the role of pH in the copper oxidation process. While the 
pHs tested are not at all realistic with respect to a DGR environment, this work helps to create a 
comprehensive picture of copper behaviour. With a fixed chloride concentration of 5 molal, the 
electrolyte was set to pHs between 2.7 and 4 using hydrochloric acid. As with cell #21, these 
conditions are not representative of a DGR environment but facilitate observation of the corrosion 
behaviour and extrapolation of corrosion behaviour toward more realistic circumstances. The 
electrolyte was unbuffered and each cell perturbation was made with fresh electrolyte. 

The hydrogen response to each electrolyte change is recorded in Fig. 4-5. As is evident in the 
figure, each change in electrolyte resulted in a burst of hydrogen production which was propor-
tional to the change in pH (larger quantities of hydrogen corresponding with more acidic pH) and 
which declined with time, as the pH increased. To perform a full mass balance, it is necessary to 
accurately measure the initial and final electrolyte pH. Concern had been raised regarding the 
sodium ion error associated with conventional glass pH electrodes; an iridium oxide pH probe 
was manufactured and used to double-check the pH values across a range of salinities. The 
discrepancy, if it exists, is very small and it was concluded that when checking the pH of expelled 
electrolyte (after electrolyte changes) a glass pH probe was acceptable. This being said, the pH 
change cannot be accounted for by the loss of hydrogen recorded with the probe. There must 
either be a different fate for the hydrogen, such as absorption into the copper, or the pH change is 
due to a different process, such as dissolution of the glass cell. 

Electrolyte, from point ‘c’, was sent for copper and silica analysis. In contrast to cell #21, only 
1.1 mg/L of copper was detected, equivalent to 1.1 ×  10-9 moles/cm2 of hydrogen production;  
the hydrogen generation from the graph demonstrates that 9.5 × 10-9 moles/cm2 were recorded. 
Had the introduction of 5 m NaCl at pH 2.7 caused the conversion of copper oxides to CuCl2

̶, then 
an excess of copper would be anticipated as was argued for cell #21. However, this cell is 
intrinsically different to cell #21 in that the electrolyte is not buffered with organic acid. The pH 
is known to increase from 2.7 to 7 in approximately 1 year at 75 °C (between points ‘b’ and ‘c’). 
The silica concentration was 15.8 mg/L, around a quarter of that observed in cell #21, leading to the 
question: if the pH increases (primarily due to the dissolution of Na2O from the glass, forming 
NaOH) and the solubility of silica decreases, does it form a copper silicate precipitate or surface 
product? This requires further investigation. 
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Label Event 

b Electrolyte change: DI water to 0.1 m NaCl buffered at pH 4.94 with 5 mM 
citric acid 

c Toggle valve handle broke, replaced valve with metering valve 

d Electrolyte change: DI water to 0.1 m NaCl buffered at pH 4.94 with 5 mM 
citric acid 

e Helium leak test 

f Cell fittings upgrade, helium leak test and photography (day 1'462) 

Fig. 4-4: Cell 21: cumulative hydrogen and uniform corrosion rate of copper in 0.1 and 
0.25 molal sodium chloride containing 5 mM citric acid (pH 5) at 75 °C 
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4.4 Repository coppers in simulated ground waters 
Six test cells were constructed using copper manufactured via electrodeposition and cold spray, 
the proposed deposition techniques for manufacturing of Canadian used fuel containers. Two of 
these cells contained junction material transitioning from electrodeposited copper to cold spray. 
The cells contained either simplified Swiss ground water or Canadian ground water (brine), and 
were tested at 75 °C. No significant differences, at this early stage, were apparent between ground 
waters or copper types. 

 

Label Event 

* Sample lost; interpolated datum  

b Electrolyte changed to 5 m NaCl, pH 2.7 

c Electrolyte changed to 5 m NaCl, pH 3.8 

d Toggle valve replaced with metering valve 

e Electrolyte changed to 5 m NaCl, pH 3.2 

f Electrolyte changed to 5 m NaCl, pH 3.9 

g Helium leak test 

h Cell fittings upgrade, helium leak test and photography (day 1'462) 

Fig. 4-5: Cell #22: Cumulative hydrogen and corresponding uniform corrosion rate of copper 
in unbuffered 5 molal sodium chloride at 75 °C 
The pH was adjusted using HCl. 
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Fig. 4-6: Normalised cumulative hydrogen and uniform corrosion rate of electrodeposited 
(#27), cold spray (#29) and junction copper (#31) in synthetic Swiss ground water at 
75 °C 

 

 

 

Fig. 4-7: Normalised cumulative hydrogen and uniform corrosion rate of electrodeposited 
(#28, 33 and 34), cold spray (#30) and junction copper (#32) in synthetic Canadian 
ground water at 75 °C 
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5 Steels 

From an experimental perspective, a common practice is to immerse test specimens in simulated 
cement pore waters. This has advantages: the system is well defined; it is reproducible; and the 
entire surface of the specimens experience the same water chemistry. Additionally, hydrogen, the 
evolved end-product used to monitor the corrosion behaviour, can freely accumulate in the cell 
gas space. Thus, it is relatively straight-forward to interpret the results. However, it is also 
unrealistic in that corrosion products are not constrained, both physically by the cement (which 
could potentially lead to reduced porosity and improved protectiveness) and in terms of chemical 
species migration. Encapsulation under cements also results in microscopic inhomogeneity at the 
specimen surface and the cement itself contributes chemical species that may alter the corrosion 
behaviour. For instance, dissolved silicates can be incorporated into corrosion products, altering 
the porosity, adherence and ionic properties of the film. This chapter is thus split into two sections: 
exposure to simulated cementitious environments, and incorporation of steels into cementitious 
materials. 

As described in the introduction, the conditions within the repositories used to dispose nuclear 
waste evolve over time. When cementitious material is present as buffer or immobilisation matrix, 
the pore water chemistry can be simplistically described as passing through several phases. 
Initially, the pores of the cured cement contain moist air, currently assumed to be 100% relative 
humidity (i.e. water “unsaturated”). Oxygen within the pores is consumed by the cementitious and 
metallic materials and the environment undergoes an oxic to anoxic transition. The environment 
remains water-unsaturated and anoxic until ground waters penetrate the repository. In this water- 
saturated condition, the pH of the cementitious material is initially set by the leaching of sodium 
and potassium hydroxides at around 13.5. With the continued passage of ground water through the 
cementitious material, these alkali species are eventually washed away and the pH gradually 
transitions to being under the control of portlandite, Ca(OH)2, which saturates the pore waters 
with a pH of 12.5. With continual cement degradation over the course of many millennia, the pore 
water will no longer be saturated with portlandite and will decline, potentially reaching 11.3 over 
tens of thousands of years in the case of the Belgian HLW repository (Kursten et al. 2011) and 
remaining above 10.5 in the case of the Swiss L/ILW repository (Wieland et al. 2018). 
Additionally, the native groundwaters carry new chemical species, such as chloride, sulphate and 
carbonate, into the repository. Throughout this process, the corrosion behaviour of steel will 
evolve, as a function of pore water composition, temperature and accumulation of corrosion 
products. The experimental results below have been categorised further into these phases. 

5.1 Carbon steels in simulated cementitious environments 

5.1.1 Oxic to anoxic transition 
A cell, #37, was constructed to investigate the corrosion behaviour of pre-corroded steel (S4) in a 
simulated cementitious environment of young cement water at 80 °C. The cell initially contained 
laboratory air (i.e. 20.9% oxygen) and changes in system pressure were monitored using a pressure 
transducer. Fully consumed to form an even dispersion of Fe(OH)2 over the steel surface, complete 
oxygen consumption corresponds with an approximate corrosion depth of 450 nm. 

The cell pressure data are presented in Fig. 5-1. Upon transfer to the water bath, the system 
pressure increased to a maximum reading of 1.660 bar (absolute), close to the anticipated pressure 
of 1.661 bar (identified in the figure with the upper grey line), comprising the water vapour pressure 
of 0.474 bar, initial system pressure at 25 °C of 1.002 bar (at 96 m elevation), and elevated gas 
pressure of 0.185 bar. 
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Fig. 5-1: Cell #37: pre-corroded steel plate (S4) immersed in YCW at 80 °C 
The cell initially contained laboratory air, the oxygen of which is gradually being consumed 
through corrosion processes.  

 

At elevated temperatures, the system pressure is very susceptible to changes in temperature, 
primarily as it causes fluctuations in the water vapour pressure. The experimental reasons for this 
variability include removing the water bath lid to handle test cells, adding water to the bath, and 
also variation in room temperature. These deviations in behaviour are typically replicated in neigh-
bouring cells (#38, Fig. 5-12). Direct calculation of the corrosion rate based on changes between 
data points results in considerable scatter. As the trend is of interest, not the corrosion rate at any 
specific moment, a trend line (exponential decay) was fitted to the entire data set. Values that fell 
below 0.1 bar from this first iteration were then excluded (and remain identified in the figure) and 
the curve refitted. The cell pressure was recorded with a maximum sampling period of 1 hour; 
Fig. 5-1 demonstrates the data resampled to a 3 hour period in addition to the data used to fit the 
curve. 

The initial corrosion rate was approximately 400 nm/year but dropped over the course of nearly 
two years to below 100 nm/year. The steel specimens were pre-corroded and contained an adherent 
magnetite layer at the start of the experiment, which developed a matte grey finish over time. The 
system pressure corresponding with complete consumption of oxygen (1.413 bar) is included 
within the figure, demonstrating that the cell environment remains oxic and that several more years 
are required to scavenge the oxygen fully. 
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5.1.2 Anoxic 100% relative humidity 
Two test cells were constructed to study the behaviour of steel under 100% relative humidity at 
50 °C, representing the worst-case (neutral pH representing the fully degraded cementitious 
environment) and also simplified version of the unsaturated phase in the repository. 

The cumulative hydrogen and corresponding corrosion rates of steel in cells #3 (rods, S1) and #13 
(wire, S2), both with as-abraded surfaces, are presented in Fig. 5-2. 

 

Label Event 

* Sample lost; interpolated datum 

‡ Under-reported hydrogen; sensor went over-range. Dilution and analysis of 
remaining hydrogen used to calculate accumulated hydrogen 

13.a Purged hydrogen from cell and switched to hydrogen sensor monitoring 

13.b Cell broke after sampling and was transferred to a glove box for repair. 
Specimens were transferred to a new cell. Time at room temperature has been 
excluded from the graph. 

Fig. 5-2: Corrosion behaviour of steel in cells #3 (rod, S1) and 13 (coiled wire, S2) in 100% 
relative humidity at 50 °C 
Initial hydrogen generation data for cell #13 was recorded via pressure transducer until day 82 
when direct hydrogen analysis started. 

 

For cell #3, the rods were regularly ordered and electrically isolated from one-another by two 
teflon disks. The relatively high initial corrosion rates, peaking at 113 nm/year, were attributed to 
the abraded and reactive steel surface, and also the initial pH of the adsorbed water layer. The 
corrosion rate gradually declined, trending toward a value of 0.1 nm/year. The corrosion products 
on the rods, after an exposure time of over four years, are demonstrated in Fig. 5-3. Much of the 
surface remains in the as-abraded state, with small black patches of corrosion product. Surface 
analysis of a similar system suggests that the corrosion products include Fe3O4, Fe2O3 and 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
0

0.5

1.5

2

2.5
·10−6

‡

* *a
‡‡

b

Experiment duration (years)

C
um

ul
at

iv
e

hy
dr

og
en

(m
ol

es
/c

m
2 )

10−1

100

101

102

103

104

C
or

ro
si

on
ra

te
(n

m
/y

ea
r)

Cumulative H2 Cell #3 Cell #13
Corrosion rates Cell #3 Cell #13



NAGRA NTB 22-07 54  

FeOOH– (Newman et al. 2015). For perspective, the total cumulative hydrogen measured for cell 
#3 is equivalent to an iron volume of 1.8 mm3 or a uniform corrosion depth of 70 nm. 

Cell #13 contained wire S2, coiled into springs and pressed together. The objective was to see 
whether or not the occluded regions at the contact points would corrode preferentially, perhaps 
through retention of water, although the surface finish was found to be uniform all over the spec- 
imen surfaces. Whilst the corrosion profile is similar to cell #3, with a high initial corrosion rate 
declining to lower values, the early hydrogen generation rate was sufficiently high that the cell 
was monitored via system pressure using a digital gauge. The resolution of the gauge was 0.1 psi 
and this is evident in the cumulative hydrogen curve by the spacing between the data points. To 
determine a corrosion rate for this period, a double exponential association was fitted to the entire 
data set. On day 82, the cell was purged with nitrogen and hydrogen analysis was subsequently 
conducted using the hydrogen probe. On day 860, a glass stem fractured after the cell had been 
purged for hydrogen analysis. The cell was re-purged and sealed and taken to the anoxic glove 
box. The wires were extracted and transferred to a new cell containing fresh deionised water to 
maintain the humidity. It may be that the accumulated corrosion products were marginally 
damaged during this transfer; the first analysis after transfer back to the water bath yielded a 
relatively high corrosion rate of 10 nm/year, although this may be the longer-term steady state 
value as the compositions are different between the rod and wire. Time spent at room temperature 
has been discounted from the figure which demonstrates only corrosion at 50 °C. 

 

Fig. 5-3: Macro photograph of the tops of the steel rods (3.2 mm diameter) of cell #3 (100% 
relative humidity at 50 °C) recorded in situ, demonstrating the patchy corrosion 
product morphology after over four years of testing 

 



 55 NAGRA NTB 22-07 

Both wires and rod were abraded in air and would have incorporated an invisible air-formed oxide 
composed of a thin film of magnetite containing crystals of γ-Fe2O3 (Fujiwara et al. 2001). Upon 
incorporation into the test cell, the steel will have accumulated an adsorbed water layer. The 
initiation of new corrosion sites is likely a stochastic process, where both film defects and 
composition variability play a role. Once a new corrosion site nucleates, it appears to grow 
laterally to create a spot, likely through the formation of Fe(OH)2 with subsequent conversion to 
Fe3O4 (Platts et al. 1994). The majority of the surface, as evidenced in Fig. 5-3, retains the 
as-polished finish. The decline in corrosion rate can thus be partially attributed to a reduction in 
the initiation of localised corrosion sites with all the higher-energy sites already consumed, and 
the growth and stifling of established patches. In order to understand the long-term steady-state 
corrosion rate, the entire surface must be covered in corrosion product, and the inhibitory 
properties of the film can then be investigated. The current results suggest that many more years 
are required for this to be the case. 

5.1.3 Young cement water 
The corrosion behaviour of pickled wire (#35) and pickled + anoxically pre-corroded wire (#36) in 
young cement water at 50 °C is presented in Fig. 5-4. Both cells had generated a small quantity of 
hydrogen prior to transfer to the water bath and this is evident in the offset of the cumulative 
hydrogen curves. 

 

Label Event 

‡ Potential error on reported hydrogen due to experimental complications 

Fig. 5-4: Cumulative hydrogen and corresponding uniform corrosion rate of steel wire (S2) in 
young cement water at 50 °C 
Specimens of cell #35 had been pickled, and those of cell #36 pickled and pre-corroded prior 
to testing. 
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The initially-clean steel surface (cell #35) corroded at a relatively constant rate of ~ 450 nm/year, 
with no suggestion of protection of the underlying steel through the accumulation of corrosion 
product. Cell #36, starting the experiment with a black oxide formed in young cement water at 
80 °C for 62.5 days, behaved similarly. This was unexpected and suggests that the oxides on cell 
#36 specimens are either not protective, or have sustained damage, perhaps through thermal 
contraction or during transfer to the test cell. By the end of the reporting period, the specimens in 
both cells were visually similar, with a matte black corrosion product underneath a light grey 
translucent layer. 

The presented corrosion rates for these cells demonstrate a significant scatter. This is due to the 
high hydrogen evolution rate requiring the aliquot dilution method (Section 2.3.1.1); these cells 
reside at the upper limit of the direct hydrogen analysis technique. 

In contrast, pickled wire in young cement water at 80 °C (cell #40, Fig. 5-5), nominally identical to 
cell #35 barring only the test temperature, demonstrated an initial corrosion rate of the order of 
µm/year for several weeks followed by a rapid decline in corrosion rate to a baseline of 10 nm/year. 
The initial corrosion phase corresponded with a uniform removal of approximately 1.5 µm of steel 
although the accuracy of the assumption of uniformity has not been challenged. This behaviour 
was interpreted as occurring in two phases: the formation of the protective corrosion product on the 
initially-clean steel, and, once complete, diffusion-limited corrosion. This latter phase is not 
necessarily representative of the long-term corrosion rate, however, as cells have been shown to 
tend toward steady state over the course of several years, and any time-dependence of hydrogen 
generation might not be evident in the limited data presented here (Senior et al. 2020). The 
observation that the initial corrosion rate was higher than at 50 °C makes sense, and both cells 
demonstrated a constant corrosion rate in this period. This suggests that cell #35 must generate 
approximately 1.5 × 10-5 mol/cm2 of hydrogen before the surface has accumulated sufficient 
corrosion product, whether due to thickness or coverage, before the corrosion rate starts to decline. 
However, the test conditions for cell #40 are identical to the pre-corrosion step undergone by the 
steel of cell #36, suggesting that after the 62.5 days of the pre-corrosion period, these latter 
specimens (#36) should have evolved 1.7 × 10-5 mol/cm2. When combined with the 1.26 × 
10-5 moles/cm2 hydrogen produced at 50 °C, the steel specimens in cell #36 should have 
passivated. This again suggests that the corrosion products formed at 50 °C, perhaps a mixture of 
ferrous hydroxide and magnetite, are not as protective as the corrosion products formed at 80 °C. 

One objective of cell #40 was to repeat, as closely as possible, earlier experimental work by Smart 
et al. 2014. The data for the referenced cell is included within Fig. 5-5. The researchers used a 
manometric method for recording hydrogen evolution, which had a sensitivity of approximately 
100 nm/year (Smart et al. 2019); data remaining below this threshold was excluded from the 
figure. Both cells demonstrated high initial corrosion rates of the order µm/year followed by a 
precipitous decline. The significantly shorter duration of the active period might be due to surface 
preparation, a 120 grit finish being used for the cell #40 specimens, and a finer 600 grit used on 
the referenced cell (private communication with Dr. Nick Smart). Nevertheless, the behaviours 
are considered to be similar. 
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Label Event 

‡ Potential error on reported hydrogen due to experimental complications 

a Change in analysis procedure from aliquot measurement to full cell 
hydrogen 

Fig. 5-5: Cumulative hydrogen and corresponding uniform corrosion rate of steel wire (S2) 
encased in young cement water at 80 °C (Cell #40) 
Data from an equivalent cell has been included for comparison (cell 2 (Smart et al. 2014)). 

 

Cell #39, containing pickled and pre-corroded steel plate (S4) in young cement water at 80 °C is 
presented in Fig. 5-6. The electrolyte included 100 mg/L chloride, the maximum concentration 
anticipated to contact the carbon steel overpack of the Belgian supercontainer. It is of interest due 
to the ability of chloride to destabilise iron oxide films (Kursten et al. 2011). Unlike cells #35 
and 36, the corrosion rate did not exceed 3 nm/year and rapidly declined. This may be because the 
corrosion product is significantly different to that on the wire, due to the substrate composition, 
and the larger steel slabs are less susceptible to flexing and damage of the corrosion product during 
transfer from the pre-corrosion cell to the test cell. 

There was no evidence of chloride-induced corrosion product breakdown with metastable pit 
formation, in agreement with earlier work (Smart et al. 2019). This would have manifested itself 
as an elevated hydrogen generation rate even though the individual metastable pitting events 
would not have been distinguished due to the low time resolution. 

A final cell, #67, was constructed with steel wire in young cement water at 50 °C, to investigate 
both the influence of dissolved silicates through the periodic addition of sodium silicate, and as 
an additional cell for comparing the corrosion measurement techniques of direct analysis (via the 
aliquot dilution method) and via pressure monitoring. At the end of the reporting period the cell 
was recently constructed, was monitored via pressure only, and was attaining steady state 
behaviour (Fig. 5-7). 
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Label Event 

‡ Potential error on reported hydrogen due to experimental complications 

Fig. 5-6: Cumulative hydrogen and corresponding uniform corrosion rate of pickled and pre- 
corroded steel plate (S4) immersed in young cement water plus 100 ppm by weight 
chloride at 80 °C (cell #39) 

 

 

 

Fig. 5-7: Cell 67, steel wire (S2) in young cement water (E2) at 50 °C 
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5.1.4 Portlandite-saturated water 
Cells #10 and 12 contained steel rods (S1) in portlandite-saturated Swiss ground water and in 
portlandite-saturated water, respectively, at 50 °C. The cumulative hydrogen and corresponding 
corrosion rates are presented in Fig. 5-8. Cell #12 had previously been tested at 21 °C for over a 
year but had not demonstrated any significant hydrogen evolution. The early stage analyses for 
cell #10 often yielded no measurable hydrogen although the hydrogen generation rate stabilised 
at a uniform corrosion rate of approximately 0.1 nm/year. Conversely, for #12, the relatively high 
initial corrosion rate of nearly 1 nm/year declined toward the limit of detection (0.01 nm/year for 
this cell configuration and analysis schedule). 

 

Label Event 

12.a Substitution of electrolyte with ARPW at pH 10.5 

Fig. 5-8: Steel rods (S1) in portlandite-saturated artificial rock pore water (#10) and saturated 
portlandite electrolyte (#12) at 50 °C 

 

At point ‘a’, the electrolyte was expelled from the cell and replaced with Swiss ground water with 
a pH set to 10.5. This resulted in a reversal of behaviour with the corrosion rate rising back toward 
0.1 nm/year. 

As noted earlier, these test cells did not incorporate zirconia crucibles and therefore dissolution 
of the borosilicate glass must be considered. Under alkaline conditions, the dissolution of the 
primary glass constituents (silicate, borate and Na2O) occur congruently (Abraitis et al. 1998) 
although the presence of portlandite greatly facilitates the dissolution of glass (Noguchi et al. 
2018). This is countered to a large extent by creation of a calcium-silicate-hydrate gel (or calcium- 
sodium-silicate-hydrate if sodium from the glass or electrolyte is incorporated), which maintains 
a relatively low concentration of silicates in the electrolyte. The concern over free silica within 
the electrolyte is that it might deposit on the steel and inhibit corrosion through the formation of 
a thin uniform scale, although it is unclear if this only occurs under oxic conditions and in the 
presence of Fe(III) oxides/hydroxides (Taylor 1995). These processes also occur within cements. 
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What is interesting is that the steel rods of cell #10 did not demonstrate a peak in corrosion rate 
corresponding to the formation of initial corrosion products when the fresh electrolyte could 
contain no silicates. Conversely, the steel of cell #12, that should have accumulated initial 
corrosion products and potentially incorporated silicates from the glass cell as a result of the first 
year of exposure at 21 °C, did demonstrate a small peak upon heating to 50 °C, rising as high as 
0.7 nm/year before declining. Smart et al. reported the corrosion rate of steels under similar 
conditions: wire in portlandite-saturated electrolyte at 50 °C (with and without the addition of 
chloride) (Smart et al. 2004). In both cases, the corrosion rate peak was of the order 1 µm/year 
and declined to below the detection limit (100 nm/year) within seven months. The causes for this 
discrepancy have not been determined. 

Cells #41 and 42 contained steel wire in a saturated portlandite solution at 50 °C, representing the 
long-term environment of partially degraded cement. The steel of cell #41 started with an as-
abraded surface, in contrast to the pickled specimens used in cell #42, which repeated earlier work 
(cell #18 (Smart et al. 2004)). The cumulative hydrogen and uniform corrosion rate behaviour is 
presented in Fig. 5-9 (the initial cumulative hydrogen values represent corrosion occurring at 
room temperature before transfer to the water bath). 

At room temperature, the initial corrosion rates of the steel were in the few hundred nm/year 
range, the same as pickled steel in YCW (cell #35). When heated to 50 °C, the corrosion rates 
peaked at 6 and 3 µm/year for cells #41 and 42 respectively, considerably higher than steel in 
YCW (#35), which peaked at 0.60 µm/year. However, both cells #41 and 42 displayed a rapid 
decline in corrosion rates, reaching approximately 10 nm/year within 300 days. The cumulative 
hydrogen by the end of the reporting period was considerably less than for cell #35, suggesting that 
the corrosion product was more protective of the steel, possibly incorporating calcium hydroxides 
(Kreis 1991, Ghods et al. 2011). 

The behaviour of the two cells differed in that the decline in hydrogen production rate from the 
as-abraded surfaces of #41 was faster than the one observed from the pickled surfaces of #42, but 
the hydrogen production from #41 has since remained at a constant and relatively high rate; the 
corrosion of the pickled material has declined to nearly an order of magnitude below the 
companion cell. This difference may be described by the differing abilities of the surfaces to 
initiate the small local spots of corrosion (similar to those observed on rod, in Fig. 5-3); local 
regions are more likely to initiate on the rougher as-abraded surface than the pickled surface. In 
both cases, the wire is incompletely covered in corrosion product and therefore the current 
observed behaviour is not yet representative of the long-term corrosion rate (when the surface is 
fully covered in corrosion product). The long-term corrosion behaviour is anticipated to be 
significantly less than that recorded from either cell as the bare metal surface will have been fully 
consumed and sustained corrosion must occur with an intervening layer of corrosion product. 

The corrosion rate data from earlier research is included within the figure. Cell #18 incorporated 
pickled steel wire in saturated portlandite at 50 °C, and cell #19 additionally included 100 mg/L 
chloride (Smart et al. 2004). Both cells demonstrated similar behaviour to cell #42, in terms of 
peak corrosion rate and rate of decline. This provides a degree of validation for the hydrogen 
sensor technique, which has the benefits of significantly improved hydrogen sensitivity and 
resolution. 
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5.1.5 Ground waters 
Cell #7 contained steel rods immersed in (initially) pH neutral Swiss ground water. This is 
representative of steel in fully-degraded pore water, after the removal of all portlandite and 
calcium-silicate-hydrate (C-S-H) phases. Whilst this is not an anticipated circumstance in the 
repository – the lowest pH expected is above 10.5 (Wieland et al. 2018) – it does provide an upper 
limit of corrosion rate. 

 

Label Event 

‡ Potential error on reported hydrogen due to experimental complications 

Fig. 5-9: Cumulative hydrogen and corresponding uniform corrosion rate of steel wire (S2) in 
saturated calcium hydroxide at 50 °C (initial cumulative hydrogen was formed at 
room temperature) 
The specimens in cell #41 were used as-abraded; those in #42 were pickled. Data from an 
equivalent cell has been included for comparison (Smart et al. 2004). 

 

The steel was found to corrode sufficiently quickly as to overwhelm the hydrogen sensor. It was 
instead monitored using a digital pressure gauge with a resolution of 700 Pa (0.1 psi). Readings 
were recorded manually on a daily basis. For the purposes of Fig. 5-10, a weekly average has 
been presented and the fitted exponential association (single term) included. Over the four year 
period (until point ‘a’), the uniform corrosion rate declined toward 400 nm/year.1 Given the 
anoxic conditions within the cell, the corrosion products were anticipated to be magnetite and 
Fe(OH)2, likely in a bi-layer structure (Platts et al. 1994). The evolved composition of the 
electrolyte was uncertain, pending analysis, although the pH was tested and found to remain near 
pH-neutral. 

 
1  The corrosion rate calculations presented in this figure are based on the cell volume measurement recorded at  

point ‘c’. 
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In order to compare the pressure monitoring method with direct hydrogen analysis, the cell was 
converted to weekly hydrogen analysis using the aliquot dilution method (point ‘a’). The accu-
mulated hydrogen was purged out, but the first sensor datum was not useable because it contained 
residual hydrogen (it has been excluded from the figure). Results from the second datum onward 
were consistent. The uniform corrosion rate was found to increase by ~ 40%, to 600 nm/year. 

 

Label Event 

 Cell manually depressurised 

* Sample lost; interpolated datum 

a Cell switched from pressure monitoring to direct hydrogen analysis (aliquot 
dilution), presented in red 

b Cell converted to pressure transducer (in black) 

c Cell depressurised, volume measured 

Fig. 5-10: Cell #7, steel rods (S1) in SGW at 50 °C 

 

The cell was then converted back to system pressure monitoring, but using a digital pressure 
transducer with automated data recording capability, bringing the cell in-line with other pressure- 
monitored cells. Within Fig. 5-10, the cumulative hydrogen is described using the curve fitted to 
the pressure data; similarly, the corrosion rate data are derived from the derivative of the fit. The 
quality of the curve-fitting routine is demonstrated in Fig. 5-11, against the recorded cell pressure, 
resampled to a recording period of 3 hours. The corrosion rate was found to be very similar to 
that of the hydrogen sensor. 
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The significant increase in corrosion rate, when converting from the digital pressure gauge to the 
hydrogen sensor at point ‘a’, is most likely to be due to a leak. More specifically, the digital 
pressure gauge connection was a national pipe thread (‘NPT’) fitting using a tapered thread and 
PTFE thread sealant. This fitting was nitrogen-pressure tested with a soap bubble test, but predated 
the purchase of the helium sensor. Due to concerns over this fitting type, all subsequent pressure 
transducers were purchased with metal/metal sealing face. 

 

Label Event 

b Cell converted to pressure transducer 

c Cell depressurised, volume measured 

Fig. 5-11: Cell #7 (steel S2 in SGW at 50 °C) pressure and fitted curve (Phase 3) 
The cell initially contained negligible hydrogen and started with an over-pressure of nitrogen 
due to purging of the tubing to the pressure transducer (intended to record any reduction in 
pressure due to leakage). Data was sampled with a period of 10 minutes until day 27, and 
hourly thereafter. Data presented in the graph has been resampled to every 3 hours. 

 

5.2 Carbon steel incorporated within cementitious materials 
The presence of cementitious material dominates the water chemistry at the surface of embedded 
material in terms of pH. Additionally, the presence of silicates, aluminates and portlandite may 
play a significant role in development of the corrosion products and subsequent corrosion 
behaviour. From a more experimental perspective, cementitious materials can also delay the 
migration of hydrogen, introducing significant lag between corrosion processes and detection. For 
these reasons, cells that contain cementitious materials are more realistic than the simplified tests 
described earlier, but are also harder to interpret; many factors, such as the incorporation of 
cementitious components into the corrosion product, will not be understood until the cells are 
dismantled and analysed. 
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5.2.1 Oxic to anoxic transition  
Cell #38 contained pickled and pre-corroded steel plate (S4) embedded in CEM I cement within a 
100% relative humidity environment at 80 °C. The cell pressure was monitored with a transducer. 
The concept was to investigate the length of time required for the specimen to convert the cell 
atmosphere from oxic to anoxic. Pressure data is presented in Fig. 5-12. The calculated initial 
oxygen inventory within the cell, resulting in the formation of Fe(OH)2, should consume a depth 
of 700 nm of iron. 

Upon heating, the cell pressure did not quite reach the pressure anticipated at 80 °C, unlike cell 
#37. This was attributed to thermal lag of the cement block (for times < 1 day), and rapid oxygen 
consumption thereafter. As is evident in the figure, all available oxygen was consumed within 
30 days. Around day 100, the CanmetMATERIALS laboratory air conditioning switched from 
heating to cooling and the reduction and plateau in recorded pressure is attributed to the reduced 
temperature of the pressure transducer. 

Given the low expected diffusivity of oxygen within the cement, this result suggests that oxygen 
is consumed at the surface of the cement block, and that the interior may have converted to an 
anoxic environment in a much shorter time period. At point ‘a’, the cell head space was purged 
and the accumulated hydrogen was measured. There was significant hydrogen present. Making the 
assumption that the hydrogen accumulation period started when the cell pressure plateaued around 
day 30, then the averaged corrosion rate is 0.70 nm/year. This includes an unknown amount of 
hydrogen that has evolved from the cement itself (there was no corresponding cement reference 
cell at 80 °C) and additional hydrogen that had not diffused from the cement at the time of the 
measurement. 

 

Label Event 

a Accumulated hydrogen measured, cell atmosphere replaced with air 

Fig. 5-12: Cell #38 pressure: steel plate (S4, pickled and pre-corroded) embedded in CEM I 
cement at 100% relative humidity and 80 °C 

 

0 100 200 300 400 500 600

1.3

1.4

1.5

1.6

1.7

P80°C

P80°C− PO2
a

Experiment duration (days)

C
el

lp
re

ss
ur

e
(b

ar
ab

so
lu

te
)



 65 NAGRA NTB 22-07 

The cell gas exchange was performed with the cell remaining at temperature so subsequent 
pressures do not correspond with the guidelines in the figure. The reduction in pressure following 
point ‘a’ again corresponds with the complete consumption of oxygen, demonstrating that the 
cement has considerable capacity to scavenge oxygen. Conversely, under anoxic conditions, the 
cement can generate hydrogen but it is by no means clear if the two are equivalent. 

5.2.2 Anoxic 100% relative humidity 

5.2.2.1 Cements 
It has been understood for quite some time that cement itself generates hydrogen, and that com-
mercial cements can generate a comparable quantity of hydrogen to that of embedded corroding 
steel (Newman et al. 2015). Five cells were constructed to monitor hydrogen production under the 
conditions of 100% relative humidity and at 50 °C. Cell #2 contained a single grout block of 
attritor-milled cement, permitting subtraction of the hydrogen originating within the cement from 
grouted steel specimens. Regarding the milling process, Portland clinker was ground with ceramic 
media with the intention of eliminating introduction of metallic debris; commercial cements are 
known to contain steel particles from the ball-milling process. However, the aggregate was not 
acid-cleaned and may have contained metallic detritus itself. 

Cells #16 and 17 were multi-specimen cells (21 blocks each), intended to produce reduced 
variability, containing commercial cements: General Usage Limestone (GUL, Portland cement 
containing up to 15% limestone), and high sulphate-resistant cement (used previously at the 
University of Toronto (Newman et al. 2015)). These latter cells were analysed using the aliquot 
extraction method. A key difference between construction was that #2 was prepared in a glove 
box, anoxically, while the cement blocks of cells #16 and 17 were cured in air (100% relative 
humidity) for several weeks. Cells #46 and 47 were again single-specimen cells, prepared 
anoxically, using the Nagra and Ondraf-Niras reference cements, with super-plasticiser. 

The hydrogen production from cells #2, 16 and 17, normalised against the dry cementitious 
components, are presented in Fig. 5-13. The fitted curves were double exponential associations to 
accommodate changes from short-term to long-term behaviour. From an experimental 
perspective, knowledge of the initial hydrogen production is of greatest value as it can be 
significant compared to hydrogen arising from corrosion processes. For cells #2 and 16, the 
asymptote is marginally above 3 × 10-8 mol/g hydrogen, suggesting that several more years are 
required before hydrogen production ceases. For the high sulphate-resistant cement (#17), the 
asymptote is approximately 7 × 10-8 mol/g. Comparison with earlier reported values for the same 
cement, prepared in an anoxic environment, suggests that the curing environment has a significant 
impact upon the total hydrogen produced, as would be expected. These high porosity/permeability 
cement blocks are particularly susceptible to the curing environment as molecular oxygen is 
readily replenished within the block, in contrast to cast reference cements where the interior may 
turn anoxic rapidly. 

The hydrogen production from cells #46 and 47 are presented in Fig. 5-14. The results from the 
Nagra HTS cement were remarkably high, requiring the aliquot dilution method for analysis. It 
was noted that the remaining purged cell gas not required for analysis had a distinct smell, 
reminiscent of diesel exhaust fumes. Discussions with Nagra technical staff suggested that the 
degradation of the superplasticiser (based on perchloroethylene) or contamination of the sand may 
be the cause, releasing organics that may interfere with the hydrogen sensor. A sample of the gas 
head space was sent for third-party secondary ion mass spectrometry but the survey analysis did 
not detect any gaseous organics. A second possibility that requires further investigation could be 
that the aggregate includes metallic material from the crushing processes. 
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The Ondraf-Niras reference cement (CEM I-based) produced marginally more hydrogen than the 
commercial HS cement reported by other researchers (Newman et al. 2015). For comparison, 
cell #2 (attritor-milled) has been included in the figure. 

Taken as a whole, the results for commercial cements suggest that there is significant variability, 
and likely also between batches of cement. Cements used to construct the repository will be 
exposed to air for several decades during the construction and monitoring period of the repository, 
greatly reducing the (assumed) metallic particles that are responsible for hydrogen generation 
through consumption with oxygen or loss of hydrogen to the environment. Cements used for waste 
encapsulation within disposal barrels will transition to anoxic environments rapidly. However, the 
vast majority of the containers used in the L/ILW repository are either not fully sealed or have 
vents. Barrels will be stored for several years, or even decades, before emplacement, so 
conditioning cement will not act as a significant source of hydrogen in the repository. From an 
experimental perspective however, cements, using the preparation methods described here, 
produce hydrogen for several years and this should be taken into account when determining the 
corrosion rate of metallic specimens. 

5.2.2.2 Steels 
Moving on to the grouted steel cells, two nominally identical cells, #4 and 5, were constructed 
with abraded steel rods (S1) embedded in backfill cement (C1/1) in 100% relative humidity and at 
50 °C. Hydrogen anticipated to have originated from the cement (based on the performance of the 
reference cement cell, #2) was subtracted and the remainder was attributed to the corrosion of steel 
(Fig. 5-15). Due to the high porosity of the grout and the relatively small cement component, the 
gravel is coated with a layer of cement and a significant minority of the steel surface remains bare, 
creating two surface environments: young cement water-dominated (with dissolved silicates) and, 
initially at least, bare steel with a pH-neutral adsorbed water layer. Thus, the hydrogen generation 
behaviour is relatively complex. The initial corrosion rate was significantly less than that of bare 
steel rods in an identical environment and this can simply be attributed to the reduced steel surface 
area exposed to the moist air. However, cell #5 started to corrode but then almost ceased generating 
hydrogen for several months before resuming hydrogen production. Similarly, cell #4 tailed off 
over the course of several months before resuming the long-term decline toward 0.1 nm/year. This 
decline has occurred more slowly than for steel-only cells, potentially because the relative 
contribution of the steel under grout has increased; the steel specimens will ultimately be sectioned 
and the relative behaviours of the surface environments studied microscopically. Extrapolation of 
the cumulative curves with a double exponential association plus linear term (eq. 2.3) suggests 
the long-term corrosion rate for cells #4 and 5 will lie between 0.1 and 0.4 nm/year. 

Multi-specimen cells were also constructed for this environment, containing steel rods (S1) in 
backfill grout (C1/1), cell #14, or individually-encased rods in a simplified encapsulation cement 
(C1/2) (#15). These results are presented in Fig. 5-16. 

As described above, the use of backfill grout for cell #14 resulted in two surface environments: 
under-ground and exposed clean steel. This was avoided for cell #15 by individually encasing 
steel rods, but for #14, a second complication arises from the oxic curing of the cement; regions 
of exposed steel were observed to have accumulated corrosion products including brown ferric 
hydroxides, and the capacity of the grout to generate hydrogen itself must have been significantly 
reduced. Indeed, if the hydrogen production trend from the attritor-milled grout specimen (cell #2) 
is used to simulate the behaviour within the multi-specimen cells, the effective corrosion rate is 
initially an order of magnitude lower than presented in Fig. 5-16, and is negative for most of the 
presented data. No reference cells for aerobically-cured cement were created. As a consequence, 
the corrosion rate presented in Fig. 5-16 assumes that all recorded hydrogen is due to corrosion of 
the steel specimens, i.e. it is an upper limit. Whilst this introduces an error into the corrosion rate 
calculation, the relative contribution of hydrogen from the cement decreases as a function of time. 
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These simple results suggest that the pre-corrosion of the steel and partial consumption of 
hydrogen-generating species within the cement, due to the oxic curing period, have reduced the 
time to reach a steady-state corrosion rate by several years. No delay was observed for the 
conditioning cement (cell #15) suggesting that the thin coating did not inhibit hydrogen transport. 

 

Label Event 

* Sample lost; interpolated datum 

‡ Potential error on reported hydrogen due to experimental complications 

16/17.a Analysis delay due to repairs on pressure transducer data recorder 

16/17.b Water bath failure; cells at room temperature for two weeks until 
transferred 

16.c Additional water added to cell 

16.d, 17.c Transferred back to repaired original water bath 

Fig. 5-13: Cumulative normalised hydrogen for commercial cements cured in air and tested 
under anoxic 100% relative humidity, at 50 °C 
#16, Portland/limestone (GUL) cement and #17, high sulphate-resistant (HS) cement. The 
fitted line for cell #2 has been included for reference, as have data from an earlier study for 
anoxically-prepared HS cement (Newman et al. 2015). 
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Label Event 

‡ Potential error on reported hydrogen due to experimental complications 

Fig. 5-14: Cumulative normalised hydrogen for Nagra high sulphate-resistant cement (#46) and 
Ondraf/Niras CEM I (#47) reference cements in 100% relative humidity, at 50 °C 
Included are data for high sulphate-resistant cement from earlier research (Newman et al. 
2015), and the attritor-milled reference data (#2). 

 

 

Fig. 5-15: Cells #4 and 5, containing abraded steel rods (S1) embedded in backfill cement 
(C1/1) exposed to 100% relative humidity at 50 °C  
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Label Event 

* Sample lost; interpolated datum 

‡ Probe sample draw rate restricted; flow rate re-determined and used for 
calculation and probe sent for repairs 

14/15.a Analysis delay due to repairs on pressure transducer data recorder 

Fig. 5-16: Cumulative hydrogen from grouted (attritor-milled Portland cement) steel specimens 
#14 and 15, in 100% relative humidity, at 50 °C 
The fitted trend line is included, the differential of which is used to calculate the corrosion 
rate. It is assumed that all measured hydrogen is due to corrosion. 
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5.2.3 Portlandite-saturated water 
The cumulative hydrogen curve for backfill grout immersed in portlandite-saturated Swiss ground 
water (cell #9) at 50 °C is presented in Fig. 5-17, demonstrating a similar profile to the specimen  
of cell #2 in 100% relative humidity, but a lower asymptote of 9.8 × 10-9 mol/g versus that of 
3.0 × 10-8 mol/g. The companion cell, #11, containing grouted steel rods (S1) corroded at a peak 
uniform rate of 24 nm/year and then underwent an exponential decay in corrosion rate, stabilising 
near 0.2 nm/year (Fig. 5-18). 

 

Fig. 5-17: Cumulative normalised hydrogen for cell #9, attritor-milled backfill cement (C1/1) 
immersed in portlandite-saturated Swiss ground water at 50 °C 

 

5.2.4 Ground waters 
Cell #6 (Fig. 5-19) demonstrates the hydrogen evolution from backfill grout (C1/1) in simulated 
Swiss ground water at 50 °C, again as a background reference to the grouted steel companion cell, 
#8. The hydrogen asymptote was also 1.1 × 10-8 mol/g, similar to cell #9. 

Cell #8 (Fig. 5-20) behaved similarly to cell #11, also grouted steel but immersed in portlandite- 
saturated Swiss ground waters. Following an initial peak of 52 nm/year, the corrosion rate under- 
went an exponential decline to approximately 0.1 nm/year. At point ‘a’, attempts were made to 
substitute the electrolyte with fresh anoxic Swiss ground water, with the intention of marginally 
lowering the pH, simulating the ageing of cement following the passage of ground water. How-
ever, the cell contained a white precipitate, presumably of Ca(OH2), that was several millimetres 
in thickness, at the liquid/gas interface. Despite repeated purging with electrolyte, it was not 
possible to expel the majority of electrolyte from the cell and this plug was found to still be intact 
after several weeks immersion under fresh Swiss ground water at 50 °C. While the supernatant on 
the plug was replaced, this had no significant effect on the hydrogen production rate. One further 
observation is that the grout has visibly deteriorated and the fine gravel used as the M1 mortar 
aggregate was clearly visible in many places. 
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Label Event 

* Sample lost; interpolated datum 

a Valve handle failure; residual hydrogen lost during replacement 

Fig. 5-18: Cell #11, steel rods (S1) embedded in backfill cement (C1/1) immersed in port-
landite-saturated Swiss ground water at 50 °C 

 

 

 

Fig. 5-19: Cumulative normalised hydrogen for cell #6, attritor-milled backfill cement (C1/1) 
immersed in Swiss ground water at 50 °C 
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Label Event 

* Sample lost; interpolated datum 

a Electrolyte substituted with ARPW but Ca(OH)2 precipitate plug prevented 
full exchange) 

 

Fig. 5-20: Cell #8: steel rods (S1) in backfill grout (C1/1) immersed in SGW at 50 °C 

 

5.3 Corrosion behaviour of stainless steel 
Stainless steel, encased in CEM/I (C5) cement generated hydrogen consistent with a uniform 
corrosion rate in the sub-nm/year range at 50 °C (Fig. 5-21). Data do not account for hydrogen 
originating from the cement; if the cement is taken into account for cell #44 (100% RH with the 
grout analogue being cell #47), the corrosion rate is significantly lower (and occasionally 
negative). A second complication in interpreting the data is the slow passage of hydrogen within 
the cement for both the cells #44 and 47. With the passage of time, the hydrogen produced by the 
cement will decline and the internal hydrogen will diffuse out, allowing more accurate monitoring 
of the steel corrosion rate. Similarly, for cell #45 (immersed in young cement water) there is no 
cement analogue and the low hydrogen generation rate suggests even greater hydrogen diffusion 
limitation from the grout. 
 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5
0

0.5

1

1.5

·10−7

a *

Experiment duration (years)

C
um

ul
at

ive
hy

dr
og

en
(m

ol
es

/c
m

2 )

10−1

100

101

C
or

ro
si

on
ra

te
(n

m
/y

ea
r)

Cumulative hydrogen Corrosion rate



 73 NAGRA NTB 22-07 

 

Label Event 

‡ Potential error on reported hydrogen due to experimental complications 

Fig. 5-21: Cumulative hydrogen and corresponding uniform corrosion rate of stainless-steel 
wire (S5) encased in CEM I (C5) at 50 °C 
The cemented blocks were in 100% relative humidity (#44) or immersed in young cement 
water (E2, cell #45). 
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6 Non-ferrous metals in cementitious environments 

L/ILW waste repositories are intended to contain a wide variety of waste materials, including non- 
ferrous metals and alloys as well as organic materials such as medical or reprocessing waste. From 
the perspective of hydrogen gas generation, several non-ferrous metallic materials are of interest 
in particular because there may be little information in the literature regarding anoxic corrosion 
rates under alkaline or cementitious environments. 

A number of new experiments were created to study the behaviours of aluminium, zinc, magne-
sium, copper, lead and zirconium under simulated cement pore water conditions. More specifi-
cally, materials were immersed in either young cement water or saturated portlandite, at 50 °C.  
As with steel experiments, these cells were intended to produce simple and reproducible data 
without complications such as diffusion inhibition of hydrogen through cement leading to a delay 
in measured response. Further experiments, using alloys (in particular aluminium and magnesium 
alloys) under cements, are anticipated in subsequent stages of the project. 

6.1 Aluminium 
Pure aluminium wire was hand-abraded and coiled in a dry and low oxygen glove bag, before 
being incorporated into two test cells containing young cement water (#61) or saturated portlandite 
(#62). In both cases, a high corrosion rate was anticipated, and the cells were monitored using 
digital pressure transducers. For cell #61 at 50 °C, hydrogen generation was visible within the cell, 
requiring manual depressurisation within hours. The cell was left to freely discharge accumulating 
hydrogen through a water trap in between sampling periods. After several days, the translucent 
white oxide was observed to start to spall off the wire, accumulating sufficiently quickly that the 
coils themselves were distended by the corrosion product. Within two weeks, the coils and 
corrosion product had not only expanded from the zirconia crucible, but also were impacting the 
top of the cell. At this point, the experiment was terminated. 

The recording period was every 10 minutes and the pressure data is presented in Fig. 6-1. Due to 
the rapid increase in system pressure the most appropriate means for determining the uniform 
corrosion rate was to fit an exponential association onto each brief data set, using the differential 
to calculate the corrosion rates over that time period. 

The initial corrosion rate was 2 mm/year which increased to in excess of 10 mm/year. This is not 
dissimilar to the initial 1 mm/year corrosion rates reported by Fujiwara et al. (2001) within 
cement, although in their experiments the corrosion rate rapidly declined over two months. This 
may be due to the greater compaction of the aluminium oxides under the cement with subsequent 
corrosion inhibition; this does not apply to cell #61. 

Under these circumstances, several assumptions are incorrect: the cell gas volume is not constant 
as the cell freely discharges hydrogen and water vapour for much of the experiment; the corroding 
surface area was not constant either and was likely fully consumed within several weeks at room 
temperature following conclusion of the experiment. 

The experiment was repeated using aluminium wire that had been pre-passivated in deionised 
water for 7 days prior to encapsulation within the test cell (#77). The cell corroded in a similar 
manner to cell #61 and failed after approximately one week; the upward growth of the alumina 
reached the glass cell stub inhibiting pressure measurements. The data are not presented here. 
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Fig. 6-1: Cell #61, abraded aluminium wire immersed in young cement water at 50 °C 
Data was sampled with a period of 10 minutes. 

 

In saturated portlandite (Fig. 6-2), the cell was able to accumulate hydrogen for several days 
before depressurisation. Fitting of exponential association curves to the pressure data yielded the 
corrosion rate data which demonstrated an initial rate of nearly 1 mm/year, declining to approxi-
mately 10 µm/year after six months. The data have not been corrected for changes in surface area 
due to substrate consumption so the reported corrosion rates may be marginally lower than the 
true corrosion rates. 

Overall, these experiments demonstrate that immersion testing of aluminium is an unrealistic 
analogue of aluminium encased in cementitious material. In particular, cement constrains the 
corrosion products, likely inhibiting hydration, reducing the defect density and thus lowering the 
diffusivity of aluminium ions through the film. However, this reduced corrosion rate comes at 
significant internal stresses, which may result in fracturing of cement blocks, causing experimental 
complications. 

6.2 Copper 
Acid-cleaned copper wire (Cu1) was immersed in young cement water (cell #55) or portlandite- 
saturated water (cell #56) within a zirconia crucible and at 50 °C. These conditions are repre-
sentative of the long-term waste disposal of low and intermediate level waste in cementitious 
environments. The evolved hydrogen and corresponding corrosion rates are presented in Fig. 6-3. 

6.3 Lead 
Lead wire, abraded by hand in a dry and oxygen-free glove bag, was immersed in young cement 
water (cell #53) or portlandite-saturated water (cell #54) at 50 °C. The cell also contained a zirco- 
nia crucible. Corrosion rates were initially higher than anticipated – many tens of nm/year – but 
rapidly declined to below 30 nm/year within several weeks as demonstrated in Fig. 6-4. 
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Fig. 6-2: Cell #62, abraded aluminium wire immersed in saturated portlandite at 50 °C 
Data were sampled with a period of 10 minutes until day 27, and hourly thereafter. Data 
presented in the graph have been resampled to every 3 hours. 

 

6.4 Zinc 
The hydrogen evolution behaviour of abraded zinc in young cement water and saturated portlandite 
at 50 °C is presented in Fig. 6-5 and Fig. 6-6. Data were sampled with a period of 10 minutes until 
day 27, and hourly thereafter. Data presented in the graphs have been resampled to every 3 hours. 
Fitted trend lines were used to determine the corrosion rate, although no attempts were made to 
transition between regions of different behaviour, resulting in discontinuities in corrosion rate 
trend lines. 

In young cement water, the initial corrosion rate was of the order of tens of micrometres per year 
before rapidly accelerating at around the 3-week mark. The cell was depressurised three times to 
remain in the limits of the pressure transducer, but then a rapid change in behaviour occurred over 
several hours resulting in a significant reduction in corrosion rate. The cell had been depressurised 
several days beforehand, and it remained at elevated pressure throughout. The response has been 
continuous in the intervening time, suggesting that this is a real phenomenon, not an experimental 
artefact such as a leak having developed. Additionally, were a minor leak present, the rate of 
leakage would be dependent upon the system pressure, resulting in the apparent corrosion rate 
decreasing with time, but increasing immediately after depressurisation as the leakage rate would 
be reduced again. The three depressurisation events did not appear to have any impact upon the 
increase in hydrogen partial pressure and calculated corrosion rate suggesting again that there was 
no leak. 

In saturated portlandite, the zinc did not demonstrate the same initial behaviour as in young cement 
water, instead starting with the high initial corrosion rate. The same abrupt transition occurred to 
a sub-micrometer per year corrosion rate. 
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One possible mechanism to explain the high corrosion rate and subsequent passivation is the 
formation of calcium hydroxyzincate (CaZn2(OH)6 ·  2 H2O, CHZ) which results in hydrogen 
production and ultimately passivates the zinc surface. Crystal growth is described as via 
nucleation and spread, and results in a layered structure (Lin et al. 1995). The phenomenon 
underpinning the increase in corrosion rate during the period when the corrosion rate is highest is 
not understood. As a short-term process, however, it is anticipated to reach completion as the 
encapsulating cement cures and is not relevant to the longer-term behaviour of the zinc. 

 

Fig. 6-3: Cumulative hydrogen and corresponding uniform corrosion rate of copper wire (C1) 
in young cement water (#55) and portlandite-saturated water (#56) at 50 °C 

 

6.5 Magnesium 
The behaviour of magnesium in young cement water (cell #59, Fig. 6-7) and portlandite-saturated 
water (cell #60, Fig. 6-8) at 50 °C was monitored via changes in pressure. The initial corrosion 
rate, as determined via fitting onto the pressure data, rapidly declined over several days, likely 
due to the formation of initial corrosion products. Both cells subsequently corroded in a constant 
manner marginally above an averaged uniform rate of 10 μm/year. 

6.6 Zirconium 
Zirconium wire cells became operational shortly before the end of Phase I and only a single 
hydrogen analysis was conducted within the reporting period. Zirconium in young cement water, 
at 50 °C initially (over the first two weeks) corroded at an averaged rate of 202 nm/year (cell #63). 
Similarly, in portlandite-saturated water, the averaged uniform corrosion rate was 197 nm/year 
(cell #64). 
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Fig. 6-4: Cumulative hydrogen and corresponding uniform corrosion rate of lead wire (L2) in 
young cement water (#53) and portlandite-saturated water (#54) at 50 °C 

 

 

 

Label Event 

 Manual cell depressurisation 

Fig. 6-5: Cell 57: zinc in young cement water at 50 °C 
The final cell pressure presented here was 1.60 bar (absolute). 
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Fig. 6-6: Cell 58, zinc in saturated portlandite at 50 °C 
The final cell pressure presented here was 1.78 bar (absolute). 

 

 

 

Fig. 6-7: Cell 59, magnesium in young cement water at 50 °C 
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Fig. 6-8: Cell 60, magnesium in saturated portlandite at 50 °C 
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7 Conclusions 

1. The behaviour of metallic and cementitious materials have been studied under simulated deep 
geological repository conditions with a view to understanding hydrogen generation (or oxygen 
consumption) and corrosion performance. 

2. The method for monitoring material degradation was primarily to accumulate hydrogen, an 
end-product of the corrosion reaction, in the test cell. Either changes in system pressure were 
directly monitored with a transducer, or hydrogen was purged from the test cell and measured 
with a solid-state sensor. However, both techniques are limited to calculating averaged and 
uniform corrosion rates. For the majority of materials, in particular copper, this assumption 
is visually justified but will be confirmed upon decommissioning of the test cells through 
microscopic examination of the test specimens. 

3. Copper, a proposed protective cladding for used fuel containers, was studied in pH-neutral 
environments representative of anticipated deep geological repository conditions as well as 
under more extreme conditions (i.e. mildly acidic environments) to stimulate a measurable 
response. Under conditions of near-neutral pH and at 75 °C, the uniform corrosion rate of 
copper was always found to be significantly less than 1 nm/year, often declining to below the 
limit of detection (0.01 nm/year) over the course of several years. 

4. Both chloride and low concentrations of hydrogen sulphide, a chemical species of microbial 
origin that may be introduced to the repository, were found to stimulate corrosion on the 
previously-inert surface, but in a short-lived manner and with a peak corrosion rate of only 
0.4 nm/year. This was attributed to a surface ripening effect, with the adsorbed anionic species 
enabling relaxation of copper atoms from the surface facilitating both oxidation (resulting in 
the monitored hydrogen) and surface diffusion. This latter process ultimately resulted in a 
more thermodynamically stable surface that did not yield measurable corrosion upon further 
addition of chloride or sulphide. This process is two-dimensional, suggesting that bulk 
corrosion cannot occur under similar conditions, as anticipated by classical thermodynamic 
calculations. 

5. Several carbon steels were studied, primarily under conditions dominated by cement chemis-
try, representative of various periods in the anticipated life of a deep geological repository. 
Temperatures ranged from 80 °C to 50 °C, and electrolyte pH (for simulated cement pore 
waters) ranged from 13.5 for young cement water, to 12.5, for portlandite-saturated water in 
degraded cement. In many cases, steels were embedded within cements directly. Tests were 
predominantly anoxic, but a limited number of initially-aerated tests were also conducted. 

6. Cement was found to not only generate significant hydrogen over the course of several years 
(and in specific cases, in quantities directly comparable to the steel), but also to rapidly con-
sume oxygen if initially present. 

7. Where overlap between experimental conditions permitted comparison, it was generally 
observed that the annealed wire corroded significantly faster than steel rod, itself corroding 
faster than the SA517 grade 70 steel plate, the material closest in composition and microstruc-
ture to the overpack of the Belgian “supercontainer”. Whether this trend is due to composition 
and/or microstructure is not known. 

8. Steels in 100% relative humidity at 50 °C corroded at a uniform rate of 10 nm/year (wire) or 
less than 0.5 nm/year (rod) and, after several years, did not have a full surface coverage of 
corrosion product. 
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9. Steel wire in young cement water was found to corrode steadily at a uniform rate equivalent 
to 400 nm/year, regardless of the presence of a pre-formed corrosion product, but at 80 °C, 
following an initial period of corrosion of the order µm/year, the rate rapidly transitioned to 
a continuous 10 nm/year. Pre-corroded steel plate, under the latter conditions, corroded at a 
uniform rate of 0.3 nm/year, significantly less than the wire. 

10. In portlandite-saturated water at 50 °C, steel wire was corroding at a declining rate of between 
1 and 10 nm/year with steel rod under comparable circumstances, at 0.1 nm/year. 

11. For steel rods that were embedded within cement at 50 °C, uniform corrosion rates of less than 
0.5 nm/year were calculated in 100% relative humidity, reducing further to 0.1 nm/year when 
immersed in saturated portlandite. 

12. Overall, it was observed that in many cases, the corrosion behaviour of steel was not at steady 
state after five years, and with the exceptions of wire in young cement water, all steel in alkaline 
environments were trending toward a sub-1 nm/year uniform corrosion rate. 
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App. A Pourbaix diagrams 

 
(a) 1 x 10-6 mol/dm3 CU+ in pure water (b) 1 x 10-3 mol/dm3 CU+ in pure water 

Fig. A-1: Pourbaix diagrams for copper in water at 75 °C 
Generated using Medusa (Ignasi Puigdomenech) 
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(a) 1 x 10-6 mol/dm3 CU+ in 5 molal sodium chloride (b) 1 x 10-3 mol/dm3 CU+ in 5 molal sodium chloride 

 

 
(c) 1 x 10-6 mol/dm3 CU+ in 0.1 molal sodium chloride (d) 1 x 10-6 mol/dm3 CU+ in 5 molal sodium chloride

  with 1.2 x 10-6 mol/dm3 sulphide (equivalent to a 
  single dose transferred to the electrolyte) 

Fig.  A-2: Pourbaix diagrams for copper with chloride and sulphide at 75 °C 
Generated using Medusa (Ignasi Puigdomenech) 
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