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EXECUTIVE SUMMARY
Copper and carbon steel are candidate waste container materials for high-level radioactive
waste geologic disposal systems located in the saturated zone (King, 2013). To evaluate some
key technical issues associated with the use of these two materials, the U.S. Nuclear
Regulatory Commission (NRC) and the Center for Nuclear Waste Regulatory Analyses
(CNWRA®) conducted independent analyses of copper corrosion in simulated deaerated
granitic groundwater and carbon steel corrosion in simulated deaerated concrete pore water in
fiscal year 2014 (FY14). He et al. (2015) summarized the FY14 results. This report provides an
updated literature review and the results from the continuing independent analyses of carbon
steel and copper waste container materials that were initiated in FY14. The materials and
solutions were the same as in FY14 tests. Some tests were conducted in an argon (Ar)-purged
glovebox to form an inert gas atmosphere to further reduce the oxygen (O2) concentration,
which was measured consistently using galvanic and optical probes to be below 10 ppb. The
studies focused on independent analyses of the following areas:
•

Assessed copper corrosion under reducing conditions in granitic groundwater and
pure water

•

Evaluated carbon steel repassivation under open circuit conditions, and

•

Assessed carbon steel hydrogen-induced cracking (HIC) tendencies

Results showed that the corrosion potential of copper was very sensitive to the O2 concentration
in the solution and the surrounding environment. In Ar-deaerated granitic groundwater at 50 °C
[122 °F] surrounded by an inert gas atmosphere where O2 availability was limited, the corrosion
potential shifted continuously towards more negative values until reaching −0.39 VSCE after
about 64 days. The corrosion potential at 80 °C [176 °F] was similar to that at 50 °C [122 °F].
The values obtained independently from different methodology and approach are consistent
with literature data (Smith et al., 2007) for deaerated conditions and predictions made using
Pourbaix stability diagrams (Pourbaix, 1974). The corrosion rate for copper, as measured by
electrochemical impedance spectroscopy (EIS), was 0.5–0.9 µm/yr [0.02–0.04 mils/yr] after 64
days. The corrosion rates were almost one order of magnitude lower than those measured in
FY14 (He et al., 2015) using the same method while the glass cell was exposed to air where O2
is readily available. The overall corrosion rate at 80 °C [176 °F] was slightly higher than what
observed at 50 °C [122 °F].
For tests using copper foil exposed to deaerated granitic groundwater at 80 °C [176 °F] in an
autoclave, the measured hydrogen (H2) concentration at the test initiation and over the following
3 months was the same. The oxide was identified as being predominantly cuprous oxide
(Cu2O) without any sulfide traces. Chlorine was found to be present in the oxide as well as in
some of the copper detected in the solution from the corrosion process. The average corrosion
rate over 6 months calculated from weight loss was 0.2 µm/yr [0.008 mils/yr]. This is in the same
range as those measured by EIS. For the test with copper foil exposed to pure water at 80 °C
[176 °F], copper reacted with pure water and produced H2, but the H2 concentration was almost
one order of magnitude lower than produced in simulated granitic groundwater. The corrosion
product was predominantly Cu2O. The copper corrosion rates of several tenths of micrometer
per year [several thousandths of mils per year] measured by the electrochemical method and by
weight loss in this study are consistent with some literature reports of corrosion rates in a
deaerated environment with an extremely low O2 concentration (Cleveland et al., 2014).
vii

Carbon steel exposed to a deaerated calcium hydroxide [Ca(OH)2] solution was susceptible to
localized corrosion, predominantly in the form of pitting and crevice corrosion under galvanic
coupling to the same material with or without the addition of strong oxidant at 50 °C [122 °F].
Over the testing period of up to 30 days there was no indication of repassivation under open
circuit conditions. However, the test was complicated by the initiation of multiple crevice sites.
Repassivation under open circuit conditions was not observed in the multiple crevice assembly.
Carbon steel single and double U-bend specimens were exposed to the same deaerated
solution at 50 and 80 °C [122 and 176 °F] up to one year. Uniform corrosion was the dominant
corrosion mode with minor display of pitting corrosion. The amount of H2 generated increased
with exposure time. The 1-year exposure tests generated a significant amount of H2 released
into the vapor phase, but no cracking was observed in any of the tests. In alkaline solution, the
carbon steel material showed very low hydrogen absorption and high resistance to HIC. Other
methods, such as cathodic charging, may be used in the future to evaluate the potential for HIC.
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1.1

INTRODUCTION

Background

The Center for Nuclear Waste Regulatory Analyses (CNWRA®) is assisting the U.S. Nuclear
Regulatory Commission in identifying and analyzing key technical issues associated with
high-level waste (HLW) disposal in a variety of potential repository designs and geologic media.
In a geologic repository, the engineered barrier is designed to work with the natural barriers in
the repository to isolate the HLW or delay its release to the biosphere. Waste containers are
one important component of the engineered barrier system whether located in the saturated or
unsaturated zone. A wide range of alloys has been considered as candidate waste container
materials (i.e., copper, carbon steel and cast iron, stainless steels, and titanium alloys) for
designs in which the geologic repository is located in the saturated zone. In a saturated-zone
repository, conditions would evolve from an initial oxidizing, warm, and high radiation level to a
reducing, cool, and low radiation level conditions, and these materials could undergo chemical
degradation (e.g., corrosion) when contacted by moisture or groundwater. Long lifetimes of
waste containers are one of the key factors among multiple barriers to limit radionuclide release
to the biosphere. As such, corrosion of waste containers is an important technical issue for
HLW disposal.
Among the candidate waste container materials, carbon steel and copper are considered by
several countries (King, 2013). To address some key technical issues associated with these
two materials, the CNWRA conducted independent technical analyses of carbon steel and
copper corrosion in reducing environments in fiscal year 2014 (FY14) and summarized the
results in He et al. (2015). Experimental studies on carbon steel examined uncertainties
associated with processes in alkaline reducing environments, which could occur in the presence
of a concrete overpack around the carbon steel container. Weight loss and electrochemical
tests confirmed low general corrosion rates in the range of 0.1 to 10 μm/yr [0.004 to 0.39 mils/yr]
of carbon steel in an alkaline reducing environment at a pH of 12. Immersion tests in an
autoclave under reducing conditions showed that a very small amount of hydrogen (H2) was
produced by the passive dissolution of carbon steel. Polarization tests over a range of
potentials showed that chloride had the weakest and sulfide had the strongest depassivating
effects on carbon steel in the alkaline reducing environment. Thiosulfate was intermediate
between these two anions. Oxide-scratch repassivation tests demonstrated that carbon steel
has a strong tendency to repassivate under controlled anodic polarization. However, carbon
steel tended to exhibit pitting in chloride-containing alkaline solutions.
General corrosion and H2 generation experiments on copper samples were conducted by the
CNWRA under deaerated conditions with oxygen (O2) concentrations of less than 10 ppb. The
experiments were conducted in saline synthetic groundwater that is prepared based on
reference compositions of deep groundwater in crystalline rocks of the Canadian Shield. The
experiments indirectly measured copper corrosion rates via electrochemical linear polarization
and electrochemical impedance spectroscopy (EIS). The rates were 1─2 orders of magnitude
higher than reported in the literature (Wersin et al., 1994) based on thermodynamic calculations
in O2-free groundwater, without considering the effect of chloride. However, the indirect
measurements were close to some experimental results established with the same
electrochemical method in pure water (Cleveland et al., 2014). H2 also was found to be
generated by the corrosion process, albeit in very small amounts. This observation differs from
statements in the literature (SKB, 2010; Wersin et al., 1994) that copper would experience little
to no corrosion in reducing environments. The difference in the corrosion rate and generation of
H2 could be caused by the different solutions, residual O2-levels and methodologies used in this
1-1

work. More in-depth analyses were conducted to further evaluate the differences between the
experimental results presented in He et al. (2015) and the copper corrosion rates in the
literature.

1.2

Scope and Objectives

This report continues independent analyses of carbon steel and copper waste container
materials, previously reported in He et al. (2015), as well as the results of new experimental
studies. Similar to the previous tests, experimental studies for carbon steel were conducted in
reducing alkaline solutions to simulate an environment in the presence of a concrete overpack.
Copper corrosion tests were conducted in reducing simulated granitic water. The specific
objectives of this work were to
•

Further assess copper corrosion under reducing conditions in granitic groundwater and
compare to corrosion in pure water

•

Evaluate carbon steel repassivation under open circuit conditions

•

Assess carbon steel hydrogen induced cracking (HIC) tendency

1.3

Organization of the Report

This report is organized into five chapters. Chapter 1 is an introduction, which includes an
updated version of the literature review of copper and carbon steel general corrosion presented
in He et al. (2015). Chapter 2 describes the experimental approaches. Chapters 3 and 4
present the data on copper and carbon steel corrosion. Chapter 5 presents a summary and the
conclusions from the study. Chapter 6 briefly states proposed future work.

1.4

Review of Copper Corrosion in Oxic and Anoxic Conditions

Copper has been proposed for use as a waste container material for repository programs in
Canada, Finland, Japan, Sweden, and Switzerland (King, 2013). There has been considerable
work on the corrosion of copper in potential repository environments. The following are some
actively investigated areas:
•

Copper general corrosion in early oxidizing period

•

Copper general corrosion in O2-free environment with HS−

•

Copper general corrosion in O2-free pure water without HS−

•

Copper localized corrosion (pitting and crevice corrosion)

•

Performance of thin copper coatings formed by cold spray or electrodeposition,
compared to wrought copper

1.4.1 Copper General Corrosion in Early Oxidizing Period
In the early period after repository closure, oxygen is expected to be present and radiation to be
strong. This period could last tens to hundreds of years depending on the repository design and
characteristics of the spent nuclear fuel (SNF). According to the Pourbaix thermodynamic
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stability diagram, copper corrodes in the presence of O2. The important issues of copper
corrosion in the early oxidizing period in a repository setting are the penetration of the corrosion
front during this period, and the properties of the oxide film, which may affect other corrosion
mechanisms. Corrosion rates reported in the literature vary depending on the O2 concentration
in the solution, but are mostly in the range of a few microns per year [few hundredths of mils per
year]. Recent results from Ibrahim et al. (2015) show that copper corroded during exposure to
aerated vapor, forming initially a cuprous oxide (Cu2O) film, and eventually a cupric oxide (CuO)
film. Copper corrosion was accelerated by γ-radiation at a rate of 0.35 Gy/hr [35 rad/hr]. King
and Watson (2010) measured the dependence of copper corrosion rates in compacted clay on
the salinity of the groundwater. The corrosion rates increased with O2 concentration, but
decreased with Cl− concentration. In the presence of O2, copper undergoes general corrosion
due to the anodic dissolution of copper coupled to the reduction of a suitable oxidant, such as
dissolved O2 or Cu(II) ions. In chloride-dominated environments in the presence of O2, copper
dissolves as Cu(I) with the formation of dissolved CuCl2− ions, along with precipitated Cu2O and
CuCl2⋅3Cu(OH)2 (King et al., 2001). At a low O2 concentration, the corrosion rate is on the scale
of several microns per year [a few hundredths of mils per year].

Kosec et al. (2015) investigated copper corrosion rates in oxic environments using thin electrical
resistance sensors placed in a test package containing bentonite and saline groundwater at
room temperature for 4 years. Additionally, the corrosion rate was monitored by EIS
measurements on the same sensors. By the end of the exposure period, the corrosion rate was
estimated to have dropped to approximately 1.0 µm/yr [0.039 mils/yr], which was also consistent
with the examination of metallographic cross sections. The corrosion products were determined
to be Cu2O and paratacamite.

In the early stage following repository closure, γ radiation may produce HNO3, oxidants, and H2.
Lousada et al. (2016) reports that γ radiation at a total dose of 69 kGy [6.9 Mrad] enhances
hydrogen absorption significantly compared to absorption into un-irradiated copper, and the
amount of hydrogen absorbed depends on the total accumulated radiation by the copper metal.
Additionally, the authors showed that irradiation in water caused corrosion of the metal. The
authors commented that enhanced hydrogen absorption and corrosion under irradiation need to
be considered in safety assessments of nuclear waste repositories where copper is the
corrosion barrier. Radiation effects will need to be assessed in the context of SNF
characteristics, the container configuration (especially the wall thickness), exposure time, and
environmental factors.

1.4.2 Copper general corrosion in O2-free Environment With HSAfter O2 consumption, groundwater transported from the far field could contain HS−, Cl−, SO42−,
HCO3− in solution. HS− is usually produced from two sources in the far field: (i) sulfate reducing
bacteria and (ii) dissolution of FeS2 (pyrite). According to the Pourbaix diagram, HS− enhances
copper reaction with anoxic water forming Cu2S film through the following reaction
2Cu + HS− + H2O ⇔ Cu2S + H2 + OH−

(1-1)

The depth of the corrosion front due to the reaction of copper with HS− depends on the amount
and transport of HS− from the far field, and on the Cu2S film properties including Cl− effects.
Taniguchi and Kawasaki (2008) measured copper corrosion rates in anoxic synthetic seawater
with the addition of Na2S using the weight loss method. The corrosion rate increased from less
than 0.6, to 2–4, to 10–15 µm/y [0.0234, to 0.078–0.156, to 0.39–0.585 mils/yr] as sulfide
concentration increased stepwise from 0.001, to 0.005, to 0.1 M. In the absence of sulfide, the
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average corrosion rate was estimated to be 0.088 µm/yr [0.0034 mils/yr] over a test period of
nearly 800 days.
SKB (2010) considered copper reaction with HS− in a repository environment, but this reaction
was concluded to be non-risk significant in the safety assessment on the basis of analyses
assuming instant HS− reaction with copper as soon as it reaches the waste canister surface. In
the SKB analyses the corrosion depth was controlled by the availability of HS−, and was
estimated to be less than 100 µm [3.94 mils] in 1 million years assuming the damage is well
spread over the canister surface.

1.4.3 Copper general Corrosion in O2-free Pure Water (Without HS−)
In later periods after depletion of both O2 and HS− in buffer and backfill materials, water could
react with Cu through the following reaction:
2Cu + 2H2O ⇔ 2CuOH + H2

(1-2)

According to the Pourbaix diagram, copper is thermodynamically stable in O2-free
environments. However, the copper thermodynamic stability has been debated over years and
it remains to be an area of current interest. Establishing the exact H2 equilibrium partial pressure
for copper corrosion and the operating corrosion reactions in the presence of high Cl−
concentration and other chemical species in groundwater, such as sulfate and bicarbonate,
under anoxic conditions is particularly important. In anoxic conditions, Wersin et al. (1994)
reported lower and upper bounds for corrosion rates of 0.0001 and 0.02 µm/yr [4 × 10−6 and
8 × 10−4 mils/yr], respectively. Copper reaction with water producing H2 in anoxic conditions
was considered as a “what-if” scenario in analyses by SKB (2010). The corrosion depth was
estimated to be less than 120 µm [4.72 mils] over one million years assuming a low equilibrium
H2 pressure of 0.001 bar [0.01 psi] and limited transport of H2 away from the waste container.
The Canadian nuclear waste management program developed by the Nuclear Waste
Management Organization estimated a penetration depth of the corrosion front of 1.27 mm
[50 mils] over a million year disposal period, in which only 0.17 mm [6.7 mils] was from general
corrosion (Scully and Edwards, 2013). The general corrosion rate used in the analyses was
less than a few nanometers per year, similar to corrosion rates considered by SKB (2010).
According to the proposed corrosion reaction in Eq. (1–2), the corrosion rate can be
estimated based on the amount of H2 produced. As such, researchers tried to measure the
amount of H2 produced to indirectly determine the thermodynamic stability of copper in
anoxic water. Boman et al. (2014) performed copper immersion tests in pure water in
autoclaves alongside tests with two reference cells without copper. Prior to the tests, the
copper was cleaned by electropolishing, H2 reducing, pumping, and heating in an ultra-high
vacuum. The measured H2 amount was similar in all three cells. The authors only detected a
monolayer of Cu2O after 6 months of exposure at 50 °C [122 °F] and a very low concentration
of copper species (4–5 µg/L) in the water. The authors could not establish whether the
detected H2 was due to copper corrosion, and concluded that the oxidation rate of copper is
very low in anoxic pure water.
Hedin et al. (2014) published corrosion studies of copper samples with different structures
and compositions, H2 in the bulk sample, and other impurities in anoxic water. Of the studied
samples, only the original copper without heat treatment taken from the Swedish National
Fuel and Waste Management Co. (SKB) canister sustained H2 evolution for a few days.
However, H2 was not observed from the samples heated to 400 °C [752 °F] in vacuum. The
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researchers indicated that the evolved H2 from the tests originated within the copper material,
and not from the corrosion process. The authors concluded that corrosion of copper in pure
and anoxic water is limited and consistent with the established thermodynamic data (which
indicates copper stability in oxygen-free water).
Cleveland et al. (2014) observed copper corrosion in deaerated deionized water based on EIS
and polarization measurements. They concluded that in the absence of H2, copper will corrode
on the order of 0.4 µm/yr [0.02 mils/yr] in deionized water with an O2 concentration on the order
of or less than 1 ppb.

1.4.4 Copper Localized Corrosion (Pitting and Crevice Corrosion)
Localized corrosion may only occur at relatively early times during the repository evolution,
when oxidants are present to drive copper dissolution. Pore water in the backfill materials is
expected to be the solution controlling copper reactions. Localized corrosion initiates if the
corrosion potential is greater than the breakdown potential. The probability of localized
corrosion depends on the magnitude of these two potentials and pore water conditions such as
pH, temperature, [Cl−], [SO42−], [CO32−]. Researchers have shown that localized corrosion of
copper may be limited to surface roughening or under-deposit corrosion (rather than pitting)
because factors that contribute to repassivation are commonly established for copper. In the
corrosion allowance estimate of 1.27 mm [50 mils] over a million year disposal developed by the
Canadian nuclear waste management program, only 0.1 mm [3.9 mils] was estimated due to
under-deposit corrosion (Scully and Edwards, 2013).

1.4.5 Performance of Thin Copper Coatings Formed by Cold Spray or
Electrodeposition Compared to Wrought Copper
Because the used fuel bundle from the CANDU nuclear reactor in Canada is smaller than the
pressurized water or boiling water reactors, Canada recently designed smaller and thus more
weight manageable used fuel containers. In the newly improved design, copper coating formed
by electrodeposition or cold spray was proposed to be deposited on a carbon steel pressure
vessel used as a corrosion barrier (Boyle and Meguid, 2015). The coating thickness can be
tailored to meet design requirement {e.g. 3 or 10 mm [0.12 or 0.39 in]}. Korea also proposed to
use the cold spray technique to form a thinner copper shell {e.g. 10 mm [0.39 in]}, compared to
an original design of 50-mm [2.0-in] thick copper container (Choi et al., 2013). Research has
been focused on characterizing metallurgical features of the coating including chemical
composition, microstructure, porosity, strain distribution, bonding to steel base, homogeneity,
and surface morphology, and corrosion properties compared to wrought copper (Jakupi et al.,
2015; Keech et al., 2014). The objective of the research on copper coating is to demonstrate
that the copper coating equals or exceeds the corrosion performance of wrought copper, which
has been studied for decades and for which a larger performance database is available.

1.5

Review of Carbon Steel Waste Container Corrosion Literature

Carbon steel has been selected as a candidate waste container or overpack material in several
countries, including Belgium, Canada, France, Japan, and Switzerland, for underground
geologic disposal of HLW, where anoxic to reducing environments dominate after the thermal
period. The corrosion rate of carbon steel is known to be as low as 10 µm/yr [0.39 mils/yr] or
even lower in O2-depleted conditions. Weight loss, H2 gas evolution, electrochemical
hydrogen permeation current, and EIS have been used to measure these low corrosion rates
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(Shibata, 2011; Smart et al., 2014; Kursten et al., 2014). For methods based on H2
quantification, the corrosion reaction is assumed to proceed as
Fe + 2H2O ⇔ Fe(OH)2 + H2

(1-3)

There has been some work on the corrosion behavior of carbon steel under repository
environments. The following are some actively investigated areas:
•

General corrosion rate measurements, mechanism investigations, and modeling

•

Effects of corrosion products, Fe2+ and H2, on the repository environment

•

Combined effects of mechanical and corrosion degradation mechanisms on the integrity of
waste containers

•

Effects of chemical species, such as chloride, sulfide, and thiosulfate, in solution on oxide
film passivity

There is limited work on microbiologically influenced corrosion. Schütz et al. (2015) investigated
the impact of hydrogenotrophic iron-reducing bacteria on the corrosion rate of carbon steel
under simulated geological disposal conditions by using a geochemical approach. These
authors found that corrosion damage is dependent on the experimental solution chemical
composition. Magnetite and vivianite were identified as the main corrosion products. In the
presence of bacteria, the corrosion rate increased by a factor of 1.3 according to weight loss
analysis to 1.8 according to H2 measurements, and the detected amount of magnetite
diminished. The mechanism likely to enhance corrosion is the destabilization and dissolution of
the passivating magnetite layer by reduction of structural Fe(III) coupled to H2 oxidation. In
Belgium’s supercontainer concept, the outer surface of the carbon steel overpack is expected to
be in contact with concrete porewater, which is alkaline and causes carbon steel to remain
passive (Kursten et al., 2014, 2011). The reaction in Eq. (1–3) indicates that carbon steel
corrosion in anoxic conditions could produce H2. Some hydrogen could be absorbed into the
material and accumulate at inclusions, voids, and microcracks leading to HIC (King, 2009). If
HIC occurs, the container lifetime may be shortened by a faster crack propagation rate
compared to general corrosion rates.
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2

EXPERIMENTAL APPROACHES

Copper and carbon steel tests were conducted in simulated granitic groundwater and concrete
pore water, respectively. All the tests were designed to establish a reducing environment by
removing O2 in the solution and preventing air entry into the solution. The O2 concentration was
monitored with an O2 probe and an O2 meter purchased from Oakton® Instruments
(Hereafter referred to as Oakton O2 probe) (2004). The probe works on a galvanic principle and
consists of a cathode, anode, and an inner electrolyte. At the cathode, O2 is electrochemically
reduced to hydroxyl ions producing an electrical current within the probe, where the current is
proportional to the O2 concentration. The O2 measurement range for the probe is 0–20 ppm
with resolution of 10 ppb (Oakton Instruments, 2004). All the solutions used were deaerated
with argon (Ar) gas to achieve the reducing condition. Some tests were set up or continuously
exposed to an Ar-purged glovebox during tests. After the solution was deaerated and the
glovebox was continuously purged with Ar-gas overnight, the probe indicated that the O2
concentration was zero. With continuous purging during the test, the meter remained at the
zero reading. At this zero reading, according to the instrument resolution limitation, the O2
concentration is interpreted to be below 10 ppb.
An optical probe, was used to confirm the low O2 concentration. The optical probe is based on
the O2 dependent luminescence quenching principle where the luminescence occurring in the
probe is quenched by O2. The measurement range for the probe is 4 ppb–25 ppm with an
accuracy of 0.05 volume percent at low O2 concentration (Hamilton, 2014). The probe was set
in the glovebox where the galvanic probe was located and in the test solution. Instead of
reading zero, the O2 concentration was measurable at both locations. The O2 concentrations
were close at both locations after correcting for temperature and salinity and they were close to
that measured by the galvanic probe (<10 ppb). However, uncertainty in the actual extremely
low O2 concentration remains because of uncertainty in calibrating the probe with an
O2-free solution.

2.1

Copper Corrosion Tests in Simulated Granitic Groundwater

The copper and the simulated granitic groundwater used in FY15 experiments were the same
as those used to conduct FY14 experiments (He et al., 2015). The solution composition is
based on reference Canadian Shield groundwater compositions (Gascoyne, 1988; NWMO,
2012). The concentration of the species is shown in Table 2-1. An oxygen-free high conductivity
copper rod was used in open circuit potential (OCP) monitoring and corrosion rate
measurements. High purity copper foil was used in the immersion test. For all of the tests, the
simulated granitic water was continuously deaerated with ultra high purity (UHP) Ar-gas to
achieve an extremely low O2 concentration. The UHP Ar gas has an O2 concentration below
1 ppb. Before immersing test material in the solution, the O2 concentration was zero as
measured using the Oakton O2 probe.

Species
Concentration
(M)

Table 2-1. Composition of Simulated Granitic Groundwater
Na+
Ca2+
Mg2+
K+
Cl–
SO42–
8.0×10−2

1.0×10−2

3.0×10−3
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4.0×10−4

9.2×10−2 7.0×10−3

HCO3–
8.9×10−4

2.1.1 Open Circuit Potential and Electrochemical Impedance Spectroscopy at
50 and 80 °C [122 and 176 °F]
In this set of tests, OCP was monitored and electrochemical impedance spectroscopy (EIS)
measurement was performed. Some of the tests were performed with the deaerated cells set up
in an ambient air environment. All the fittings for electrodes and other accessories penetrating
through the cell lid were wrapped with polytetrafluoroethylene (PTFE) tape to minimize air entry.
For some other tests, the same type of deaerated cell was set up in an Ar-purged glovebox
(Figure 2-1) to further reduce the O2 concentration. An oxygen probe was also set up in the
glovebox to monitor the O2 concentration. For this cell, OCP monitoring was interrupted weekly
to perform the EIS measurements. EIS data were used to calculate the corrosion rate using the
same method

Figure 2-1. Glass Cell for Copper Exposed to Ar-Deaerated Simulated Granitic
Groundwater Set Up in an Ar-Purged Glovebox
used previously (He et al., 2015). In the calculation, both the anodic and cathodic Tafel slopes
were assumed to be 0.12 V as in FY14 work (He et al., 2015). The copper (Cu) equivalent
weight of 64 g [2.2 oz] was used in the calculation, assuming that the corrosion product was
predominantly Cu2O. The copper density used in the calculation was 8.96 g/cm3 [0.323 lb/in3].

2.1.2 Copper Exposed in Autoclaves at 80 °C [176 °F]
The test in simulated granitic groundwater is a continuation of FY14 tests at 3 atm [44 psi] inert
gas pressure reported previously (He et al., 2015, Section 3.2.3.2). The autoclave shown in
Figure 2-2 with test specimens was set up. Another autoclave with pure water was set up under
the same condition in the Ar-purged glove box. After 3 months, gas was sampled from the head
space of each autoclave through the valve. After gas sampling, the autoclave was cooled down
to room temperature and then repressurized to 3 atm [44 psi] with Ar gas through the gas inlet
in the Ar-purged glovebox to ensure no O2 entry into the cell. This test continued for up to 204
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days at 80 °C [176 °F]. During the test, to ensure a good seal, the temperature and pressure
were checked daily. The posttest Cu foils were cleaned using the deaerated cleaning solution
(500 mL HCl mixed with 500 mL water) for 1–3 minutes at room temperature following
specification in ASTM G1 (ASTM International, 2003).

2.2

Carbon Steel Corrosion Tests in Simulated Concrete Pore Water

The carbon steel materials and the simulated concrete pore water were the same as those used
in FY14 (He et al., 2015). An alkaline solution prepared from saturated Ca(OH)2 without
adjustment of pH was used to simulate concrete pore water. Galvanic coupling and hydrogeninduced cracking tests were conducted.
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Figure 2-2. Autoclaves for Copper Corrosion Test at 80 °C [176 °F]

2.2.1 Galvanic Coupling at Open Circuit Conditions
Previous tests described in He et al. (2015) under controlled anodic polarization show that
carbon steel had a strong tendency to repassivate in the reducing alkaline solution. The
objective of the current testing was to investigate carbon steel repassivation under open circuit
conditions. The single and multiple crevice assemblies used in the past (He and Dunn, 2007;
He and Mintz, 2008), shown in Figure 2-3, were used for the open circuit condition tests.
In Figure 2-3(a), a PTFE screw with a flat plateau formed a single crevice with carbon steel.
The details for this assembly have been described in He and Dunn (2007). The same carbon
steel material with a much larger surface area compared to the working electrode was used as
the electrode for galvanic coupling. This electrode was suspended in the cell with a carbon
steel wire. In the multiple crevice assembly in Figure 2-3(b), 24 crevice sites were formed. The
counter electrode made from the same material was also used for galvanic coupling. The joint
where the wire suspends the large counter electrode was above the solution, as schematically
shown in Figure 2-3(b).

2.2.2 Hydrogen Induced Cracking
Carbon steel single U-bend specimens shown in Figure 2-4(a) were used in these tests. The
U-bend specimens were immersed in glass cells at 50 and 80 °C [122 and 176 °F]. There were
six specimens in each cell at each temperature, as shown in Figure 2-4(b). The glass cells
were deaerated with UHP Ar gas to achieve an extremely low O2 concentration, but they were
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(a)
(b)
Figure 2-3. (a) Single and (b) Multiple Crevice Assemblies Used for Carbon Steel
Repassivation Tests at Open Circuit Conditions

(a)

(b)
Figure 2-4. Carbon Steel Single U-Bends (a) Before Tests and (b) Immersed in
Alkaline Solution
not pressurized. At test intervals of 3 months, three specimens were retrieved and examined for
crack initiation, number and size of the cracks, and possible H2 accumulation.
Double U-bend specimens as one shown in Figure 2-5 were used in the following four tests:
(i)
(ii)

Three double U-bends in saturated Ca(OH)2 solution at 50 and 80 °C
[122 and 176 °F] in glass cell
Three double U-bends in saturated Ca(OH)2 solution at 80 °C [176 °F] in autoclave
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(iii)
(iv)

Same as (ii), but with addition of 100 ppm S2- from Na2S
Same as (ii), but with addition of 100 ppm Cl- from NaCl

The specimen consisted of two overlapping U-bends (inner and outer U-bends) of the
same material. The gap between the inner and outer U-bends was intended to simulate a
crevice environment.

Figure 2-5. Carbon Steel Double U-Bends

2-6

3

EXPERIMENTAL DATA AND RESULTSCOPPER CORROSION IN
ARGON-DEAERATED SIMULATED GRANITIC GROUNDWATER AND
PURE WATER

3.1

Open Circuit Potential and Electrochemical Impedance Spectroscopy
at 50 and 80 °C [122 and 176 °F]

The results described in this section correspond to the experiments described in Section 2.1.1.

3.1.1 Open Circuit Potential Measurement in Simulated Granitic Groundwater
from Cell Exposed to Air and Inert Atmosphere
Figure 3-1(a) shows the open circuit potential (OCP) of copper (Cu) measured from an argon
(Ar)-deaerated cell set up in air and the other set in an Ar-purged glovebox at 50 oC [122 oF].
For the cell setup in air, the OCP fluctuated between −0.28 to −0.24 VSCE, with a slight upward
trend. For the cell set up in the Ar-purged glovebox, the data were not continuous because the
measurements were interrupted weekly for electrochemical impedance spectroscopy (EIS)
measurement that the corresponding data are shown in Section 3.1.2. After immersing the
electrode in solution, the OCP was approximately −0.28 VSCE and it decreased with time. At day
10, the glovebox was opened to set up another test. Opening the glovebox caused a voltage
spike, which shifted readings to a more positive OCP, eventually reaching the OCP measured
from the cell setup in air. This indicates that the glass test cell with all the fittings wrapped with
polytetrafluoroethylene (PTFE) tape was not air tight and that O2 from the air entered the cell,
although it was continuously purged with Ar. It took approximately 5 days for the OCP to return
to the original value. After the voltage spike, the OCP continued to decrease, but at a lower rate
compared to the first 10 days. At day 64 when the test was ended, the OCP was approximately
−0.39 VSCE. The dotted line in the plot shows the general smooth trend of the OCP.
Extrapolating the trend, the OCP may continue to decrease. This could be caused by the
depletion of O2 by corrosion. Another feature noted from the measurements is the daily
fluctuation of the OCP. This could be caused by the temperature fluctuation of the test cell, as
the temperature was controlled by on-and-off electric circuits. The measured OCP is consistent
with literature data (Smith et al., 2007; Pourbaix, 1974).
The comparison of OCP from the two cells indicates that the trend is different for cell setups in
air or in an inert atmosphere. For cells exposed to air, O2 can diffuse more easily through the
boundary leading to higher OCP and more corrosion. For cells exposed to an inert atmosphere,
the Ar gas forms a blanket around the cell, which makes it more difficult for O2 to diffuse into the
cell, leading to lower and continuously decreasing OCP.
Figure 3-1(b) shows the OCP data at 80 °C [176 °F] for the cell set up in the Ar-purged
glovebox. The measurement was also interrupted for EIS measurement (the data are shown in
Section 3.1.2). The OCP decreased to near −0.42 VSCE, then increased back to about
−0.40 VSCE, which is close to the measurement at 50 °C [122 °F] from the cell set up in the
same environment.
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(a)

(b)
Figure 3-1. OCP of Copper Exposed to Ar-Deaerated Simulated Granitic Water at
(a) 50 °C [122 °F] With the Test Cell Set Up in Air and in Ar-Purged Glovebox and (b) 80 °C
[176 °F] With the Test Cell Set Up in Ar-Purged Glovebox

3.1.2 EIS-Measured Corrosion Rate in Simulated Granitic Groundwater from
Cells Exposed to Inert Atmosphere at 50 and 80 °C [122 and 176 °F]
Figure 3-2 shows the EIS data normalized with an electrode surface area of 7.28 cm2 [1.13 in2]
for the cell set up at 50 °C [122 °F] exposed to an inert atmosphere. Over the frequency range
of the measurement, impedance signatures can be duplicated with a one time constant system.
3-2

(a)

(b)
Figure 3-2. EIS of Copper Exposed to Ar-Deaerated Simulated Granitic Water (a) Nyquist
and (b) Bode Plots at 50 °C [122 °F]. In the Nyquist Plot, x and y-Axes are the Real and
Imaginary Components, Respectively, of the Impedance. In the Bode Plot, the x-Axis is
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the Frequency; the y-Axis is the Amplitude of the Impedance in the Top Plot and Phase
Angle (ϑ) in the Bottom Plot.
The data were fit with the one time constant circuit to obtain Rp, which was then used to
calculate the corrosion rate. Figure 3-3(a) plots the corrosion rate calculated from EIS at 50 °C
[122 °F]. After 2 days, the corrosion rate was above 1 µm/yr [0.04 mils/yr], but it decreased with
time to values below 1 µm/yr [0.04 mils/yr]. Figure 3-1(a) indicates that it took at least 5 days for
the O2 concentration to decrease to an extremely low level. The initially higher corrosion rate
could be due to larger amounts of residual O2 in the solution. It is apparent that the corrosion
rate would decrease with time. However, given the EIS data fitting uncertainty, this decreasing
trend could not be corroborated with the EIS corrosion rate measurements. The post-test Cu
specimen is also shown in Figure 3-3(a). The Cu cylinder was slightly discolored. The data in
Figure 3-3(a) show that the corrosion rate measured from the cell setup in the glovebox was
almost one order of magnitude lower than that measured previously with the cell exposed to air
(He et al., 2015). As shown in Figure 3-1, O2 penetration into the glass cell could have
contributed to the higher OCP leading to higher corrosion rates. This is consistent with literature
data that the Cu corrosion rate is sensitive to O2 concentration (King and Watson, 2010). The
corrosion rate values of several tenths of micrometer per year [several thousandths of mils per
year] are in the same range as those reported by Cleveland et al. (2014) and Taniguchi and
Kawasaki (2008). However, the values were significantly higher than those predicted based on
thermodynamic data (Wersin et al., 1994) and than those measured in pure water based on H2
generation. The difference could be caused by the different methodologies and chemical
species in solution, such as chloride and sulfate, in the simulated granitic groundwater used in
this and previous studies (He et al., 2015). In the work by Cleveland et al. (2014) and Taniguchi
and Kawasaki (2008), pure water and synthetic seawater containing Na2S were used,
repsectively.
Figure 3-3(b) shows the corrosion rates and posttest copper at 80 °C [176 °F]. Corrosion rate
increased after 15 days and the overall corrosion rate was slightly higher than what observed at
50 °C [122 °F]. The posttest copper was also discolored slightly.

3.2

Hydrogen Generation and Corrosion Rate for Copper Exposed to
Simulated Granitic Groundwater and Pure Water in Autoclaves at
80 °C [176 °F]

The results described in this section correspond to the experiments described in Section 2.1.2.

3.2.1 Test in Simulated Granitic Water
Hydrogen Quantification
For this test shown in Figure 2-2, after one gas sample was taken at 3 months, another gas
sample was taken at 6 months, and the cell was opened to examine the copper foil and solution.
The copper was analyzed for surface composition and the solution was collected to analyze the
copper concentration. Both the initially measured H2 concentration and the measurement over
the following 3 months were 0.02 volume percent. This suggests that if there was H2 generation
from Cu corrosion, the amount was extremely small.
Cu Corrosion Products
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Figure 3-4(a) shows some of the posttest copper foils after rinsing with deionized water and
drying under a blower. Most of the area was still shiny, but some regions had reddish and
blackish stains. Figure 3-4(b) shows one representative stained region. The posttest solution in
the pressure vessel is shown in Figure 3-4(c). The solution looked clear, but there were some
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(a)

(b)
Figure 3-3. EIS-Measured Corrosion Rates of Oxygen Free High Conductivity Copper
Exposed to Ar-Deaerated Simulated Granitic Water in Equilibrium With Inert Atmosphere
and Posttest Copper at (a) 50 °C [122 °F] and (b) 80 °C [176 °F]
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(a)

(b)

(d)

(c)
Figure 3-4. Posttest (a) Copper Foils, (b) Stained Area, (c) Solution With Corrosion
Products, and (d) Autoclave Vessel Head After Exposure to Anoxic Simulated Granitic
Groundwater at 80 °C [176 °F] for 6 Months
red and black corrosion products clinging to the PTFE liner wall. Some stains also were
observed at the pressure vessel head and the thermowell wall. Some stains shown in
Figure 3-4(b) were scraped off immediately from the copper foil after the test and immediately
analyzed with X-ray Diffraction (XRD) and Energy Dispersive X-Ray Spectroscopy (EDX). The
XRD and EDX results are shown in Figure 3-5. XRD shows that the stain was predominantly
Cu2O, which is consistent with the red corrosion products shown in Figure 3-4(c) and consistent
with the observation by Boman et al. (2014). Both CuO and copper sulfide are black, but the
EDX in Figure 3-5(b) shows that there is no sulfur detected on the copper surface. This
suggests that the black corrosion products observed in Figure 3-4 is CuO, not copper sulfide
(CuS). However, the quantity of CuS could have been too low to have been detected by XRD.
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In addition to the Cu detected from the scraped-off stains using EDX, silicon (Si), chlorine (Cl),
calcium (Ca),

(a)

(b)
Figure 3-5. (a) X-Ray Diffraction and (b) Energy Dispersive X-Ray Spectroscopy of Stains
Scraped Off From Posttest Copper Foils
carbon (C), and oxygen (O) also were detected. Ca and C could come from solution deposition,
while Si could be residue from sand paper polishing. The presence of Cl in the oxide could
indicate the involvement of chloride in the corrosion process.
Liquid samples were analyzed for dissolved copper using the inductive coupled plasma method.
For the tests with copper specimens, the copper concentration was 1.41 ppm, which is well
above the instrument detection limit of 0.005 ppm. Copper also was detected in the control test,
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but the concentration was only 0.18 ppm. These results indicate that some copper corroded at
the test condition.
Cu Corrosion Rates From Weight Loss
The Cu foil had a total weight loss of 0.05048 g [0.00178 oz] after cleaning from the test. This
was equivalent to 89 nm [0.0035 mils] metal loss averaged over the entire surface area of
631 cm2 [97.8 in2] using a Cu molecular weight of 64 g/mol [2.2. oz/mol] and density of
8.96 g/cm3 [5.18 oz/in3]. The metal loss could be from two sources: (i) Cu consumption by
residual O2 from incomplete deaeration during setup and (ii) Cu consumption from corrosion
reaction with O2-depleted water during test. Assuming the residual O2 concentration in the 2-L
[0.26-gal] vessel from incomplete deaeration is 10 ppb, which is the detection limit of the Oakton
O2 probe used in this work, and assuming Cu reacts with O2 through Reaction (3-1) the
consumption of Cu by residual O2 was estimated to be 0.28 nm [1.1 × 10−5 mils], which is only
0.3 percent of the overall metal loss. This suggests that Cu consumption by residual O2 is
significantly lower than copper corrosion. Thus, the entire weight loss was used to calculate the
average corrosion rate over 6 months, which was 0.2 µm/yr [0.008 mils/yr]. This corrosion rate
is in the same range as the instantaneous corrosion rate measured by EIS, shown in Figure 3-3.
4Cu + O2 → 2Cu2O

(3-1)

3.2.2 H2 Generation for Copper Exposed to Anoxic Pure Water in Autoclave at
80 °C [176 °F]
The test was terminated after 204 days. At 3 months and the end of the test, vapor phase was
sampled and the H2 concentration was analyzed. The H2 concentration was 0.0037 and 0.0054
volume percent, which is above the detection limit of 0.002 volume percent. The detection of H2
indicates that copper reacted with pure water and produced H2, but the H2 concentration was
almost one order of magnitude lower than that produced in the simulated granitic water. Figure
3-6(a) shows the posttest copper foil after rinsing with deionized water and drying under a
blower. Most of the area was oxidized. Figure 3-6(b) shows the pressure vessel head. There
is no rusting. The XRD and EDX results of the oxidation products on the copper foil are shown
in Figure 3-7. XRD shows that the oxide is predominantly Cu2O, which is consistent with that
shown in Figure 3-5(a). In addition to Cu shown by EDX, very small amounts of Al, Si, C, and O
were detected. C could come from air exposure, while Al and Si could be residue from sand
paper polishing. As expected, no Cl was detected on the surface. This further supports the
hypothesis that Cl was involved in the corrosion process when Cu was exposed to Cl-containing
simulated granitic groundwater in earlier tests.
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(b)

(a)
Figure 3-6. Posttest (a) Copper Foils and SEM of One Region of the Foil, (b) Autoclave
Vessel Head After Exposure to Anoxic Pure Water at 80 °C [176 °F] for 204 Days
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(a)

(b)
Figure 3-7. (a) X-Ray Diffraction and (b) Energy Dispersive X-Ray Spectroscopy of
Posttest Copper Foils
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4

4.1

EXPERIMENTAL DATA AND RESULTS —CARBON STEEL
CORROSION EXPERIMENTS IN SIMULATED CONCRETE PORE
WATER

Galvanic Coupling at Open Circuit Condition at 50 °C [122 °F]

The results described in this section correspond to the experiments described in Section 2.2.1.

4.1.1 Test in Ca(OH)2 Solution With the Addition of CuCl2
Figure 4-1 shows the galvanic coupling potential and current obtained from the single crevice
cell shown in Figure 2-3(a). After coupling, the current increased and the potential decreased
accordingly, indicating that corrosion could have occurred, but the current increase was not
significant. At day 4, a small amount of oxidant, CuCl2, with a target concentration in the
Ca(OH)2 solution of 0.0002 M, was added. The addition of CuCl2 caused a spike in the
corrosion current and potential. Later, the current and potential decreased and fluctuated,
indicating the occurrence of more corrosion. The test was terminated at day 12 to assess the
extent of the corrosion.
The posttest specimens are shown in Figure 4-2. For the carbon steel cylinder in Figure 4-2(a),
the areas inside and outside of the crevice were corroded. The crevice area in contact with the
polytetrafluoroethylene (PTFE) lid was more severely corroded than the crevice at the top.
Examination of the specimen under a microscope shows that most of the corrosion damage
appears to start as pits [Figure 4-2(a)]. The counter electrode shown in Figure 4-2(b) was
covered with black scale, although the polishing lines are still visible.
The second test started without the addition of CuCl2. Figure 4-3 shows the galvanic coupling
potential and current. In the first week, the current decreased and the potential increased,
indicating that crevice corrosion may not have occurred. As such, the same amount of CuCl2 as
in the first test was added 1 week later, indicated in Figure 4-3. After 1 day, the current
increased to a peak value accompanied by a potential decrease, indicating the initiation of
corrosion. After a period of active propagation, the current decreased and the potential
increased, indicating an arrest of crevice corrosion, but the current increased accompanied by a
potential decrease again at day 22, indicating reinitiation of crevice corrosion. The test was
terminated at day 24 to examine the corrosion severity.
Figure 4-4 shows the posttest specimens. In the crevice area under the PTFE screw, no
corrosion was observed. However, outside of the crevice area, pitting corrosion was observed.
This further confirms that carbon steel is susceptible to pitting under this environment as
observed in Figure 4-2 in the first test. Crevice corrosion was observed at the sides where the
cylinder was in contact with the PTFE lid. Figure 4-4(b) indicates that the counter electrode also
was corroded.

4.1.2 Test Without the Addition of CuCl2
The previous tests described in Section 4.1.1 with the addition of CuCl2 indicate that carbon
steel is susceptible to pitting and crevice corrosion in a deaerated Ca(OH)2 solution. This third
test was set up to examine if crevice corrosion could occur without the addition of any oxidant.
Figure 4-5 shows the current and potential. At the beginning, the current and potential
fluctuated. At day 11, the current increased accompanied by a potential decrease. This
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Figure 4-1. Measured Current Density and Potential Using the Single Crevice Assembly
for a Carbon Steel Cylindrical Specimen Galvanically Coupled to a Large Carbon Steel
Plate in Saturated Ca(OH)2 Solution Simulating the Concrete Pore Water at 50 °C [122 °F].
0.0002 M CuCl2 Solution Was Added at Day 4.
indicates that crevice corrosion could have occurred. Later on, the current and potential
fluctuated without any indication of repassivation. The test was terminated after 25 days.
The posttest specimens are shown in Figure 4-6. Consistent with current and potential
measurements (Figure 4-5), crevice corrosion was observed on the carbon steel cylinder in the
area where it was in contact with the PTFE lid. There also was some corrosion observed on the
counter electrode shown in Figure 4-6(b). A repeated test at the same condition for the duration
of 3.5 months was conducted to examine if repassivation could occur. The posttest photos are
shown in Figure 4-7. The corrosion features were similar to what observed in Figure 4-6. The
carbon steel cylinder was heavily corroded on the area that was in contact with the PTFE lid.
No repassivation was observed.
All of the tests using the single crevice assembly showed crevice corrosion on the area of
contact of the carbon steel cylinder with the PTFE lid and also on the wire used to suspend the
large counter electrode. Thus, these tests were deemed to include unintended corrosion sites,
and the crevice area was, therefore, not well controlled. In addition, for the test cell shown in
Figure 2-3(a), the deaeration near the cell bottom where the specimen was inserted may not
have been as complete as in other regions because the gas bubbler was above that region.
This could lead to more residual O2 collecting around the cylindrical specimen, resulting in
localized corrosion. To avoid complications from unintended crevices, and to create a more
uniform deaeration, a test using the multiple crevice assembly was set up in a 2-L glass cell as
shown in Figure 2-3(b). Although there were multiple crevice sites, the crevice areas and
geometries were well defined and controlled. The test duration was 115 days. Figure 4-8
4-2

(a)

(b)
Figure 4-2. Photographs of (a) Carbon Steel Cylindrical Specimen Corroded Inside and
Outside of the Crevices and (b) Counter Electrode for the Test in Figure 4-1
shows the posttest crevice specimen and the counter electrode. There was no visible corrosion
on the counter electrode that was exposed to solution, but the creviced electrode was corroded.

4.2

Hydrogen Induced Cracking

The test matrix is shown in Table 4-1, while the final two columns summarize the test results to
be described in this section.

4.2.1 U-Bends Exposed to Deaerated Solution in Glass Cell
Figure 4-9 shows the carbon steel single U-bends after testing for 3 and 6 months at 50 and
80 °C [122 and 176 °F]. The specimens had some scale and minor pits on their surface. The
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Figure 4-3. Measured Current Density and Potential Using the Single Crevice Assembly
for a Carbon Steel Cylindrical Specimen Galvanically Coupled to a Large Carbon Steel
Plate in Saturated Ca(OH)2 Solution Simulating the Concrete Pore Water at 50 °C [122 °F].
0.0002 M CuCl2 Solution Was Added at Day 7.
specimens were examined with a microscope with a magnification factor of 500. There was no
crack in any specimen. The top crown of each U-bend was cut in half. One half was mounted
in epoxy to observe the cross section. Very few pits, with a depth of only micrometers, were
observed in each cross section. The cross sections with the observed pits at each
temperature and test duration also are shown in Figure 4-9. There was no cracking under the
pit (as detected from examination of the cross section). The other half of the crown was
analyzed for hydrogen concentration in the metal along with one or two untested specimens.
The tested and untested specimens had the same amount of hydrogen, indicating that any
hydrogen that may have been generated by the corrosion process may have escaped from
the metal.
Because of the lack of any significant corrosion that could generate hydrogen, double U-bends
were used in follow up tests at 50 and 80 °C [122 and 176 °F] for 4.5 months. The posttest
U-bends are shown in Figure 4-10. General corrosion and pitting corrosion were observed from
all the inner U-bends. Some photos at higher magnification showing the corrosion are also
included in Figure 4-10. Minor corrosion was observed from outer U-bends. No cracks were
observed from any specimens.

4.2.2 U-Bends Exposed to Deaerated Solution in Autoclave
Three single U-bend specimens were exposed to solution in autoclave at 80 °C [176 °F] for
4 months. Vapor phase was sampled for H2 concentration. Figure 4-11 shows the posttest
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(a)

(b)
Figure 4-4. Photographs of (a) Carbon Steel Cylindrical Specimen Corroded Inside and
Outside of the Crevices and (b) Counter Electrode for the Test in Figure 4-3
specimens. Except for minor discoloration of the specimens, no cracks were observed. Small
amount of H2 was detected, but it is below the detection limit of 0.002 volume percent.
Figure 4-12 shows the carbon steel double U-bends after testing for about one year at 80 °C
[176 °F] and one microscopic photo of the outer U-bend surface. Corrosion scale covered all
the outer U-bends, which was almost black for the test containing 100 ppm S2− indicating the
formation of FeS. Most of the inner U-bend surface was covered with black scale, which could
be due to the formation of Fe3O4 under reducing conditions. Compared to tests with Cu
exposure in reducing groundwater shown in Chapter 3, a significant amount of H2 was detected
in the vapor phase, especially the tests with Ca(OH)2 only and with addition of S2−. This
observation is consistent with the corrosion scale shown on the surface. However, no cracks
were detected on any specimen surface. This suggests that in alkaline solution, the majority of
the generated H2 is released into the vapor phase, and not absorbed into the metal.
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Figure 4-5. Measured Current Density and Potential Using the Single Crevice Assembly
for a Carbon Steel Cylindrical Specimen Galvanically Coupled to a Large Carbon Steel
Plate in Saturated Ca(OH)2 Solution Simulating the Concrete Pore Water at 50 °C [122 °F]
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(b)

(a)
Figure 4-6. Photographs of (a) Carbon Steel Cylindrical Specimen Corroded at the
Crevices and (b) Counter Electrode for the Test in Figure 4-5

4-7

Table 4-1. Hydrogen Induced Cracking Test Matrix Using U-Bends

Cell

Glass cell
surrounded
by air

Type of
U-bends

Solution

Single

Ca(OH)2

T, °C
[oF]
50
[122]
80
[176]
50
[122]
80
[176]

Test
duration,
months
3
6
3
6

Number
of
U-bends
3
3
3
3

4.5

3

4.5

3

Double

Ca(OH)2

Single

Ca(OH)2

80
[176]

4

3

Ca(OH)2

80
[176]

12.8

3

Ca(OH)2
+ 100
ppm Cl−

80
[176]

11.9

3

Ca(OH)2
+ 100
ppm S2−

80
[176]

12.6

3

Autoclave
Double
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Posttest
observation
Figures 4-9 and
4-10. Oxide
scale and minor
pits, no cracking
Figure 4-11.
Minor
discoloration
Figure 4-12(a).
Corrosion scale,
no cracking
Figure 4-12(b).
Corrosion scale,
no cracking
Figure 4-12(c).
Black scale, no
cracking

H2 from
vapor
phase,
volume
percent

n/a

<0.002
1.54
0.26

1.16

Figure 4-7. Photographs of Carbon Steel Cylindrical Specimen Corroded at the Crevices
and Counter Electrode for the Galvanic Coupling Test for 3.5 Months in Saturated
Ca(OH)2 Solution Simulating Concrete Pore Water at 50 °C [122 °F]

Figure 4-8. Posttest Multiple Crevice Specimen and Counter Electrode
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(a)

(b)

(c)

(d)
Figure 4-9. Carbon Steel Hydrogen Induced Cracking Tests in Ar-Deaerated
Simulated Concrete Pore Water (a) 50 °C [122 °F] for 3 Months, (b) 50 °C [122 °F]
for 6 Months, (c) 80 °C [176 °F] for 3 Months, (d) 80 °C [176 °F] for 6 Months
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(a)

(b)
Figure 4-10. Carbon Steel Double U-Bends Exposed to Ar-Deaerated Simulated
Concrete Pore Water (a) 50 °C [122 °F] for 3 Months, (b) 50 °C [122 °F] for 6
Months, (c) 80 °C [176 °F] for 3 Months, (d) 80 °C [176 °F] for 6 Months

Figure 4-11. Carbon Steel Single U-Bends Exposed to Ar-Deaerated Simulated
Concrete Pore Water at 80 °C [176 °F] for 4 Months

4-11

(a)

(b)

(c)
Figure 4-12. Carbon Steel Double U-Bends Consisting of Inner and Outer Ones
Exposed to Ar-Deaerated Simulated Concrete Pore Water at 80 °C [176 °F] for
4 Months (a) Concrete Pore Water only, (b) Addition of 100 ppm Cl-, (c) Addition of
100 ppm S2-
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SUMMARY AND CONCLUSIONS

This study investigated copper corrosion in reducing simulated granitic groundwater and pure
water and carbon steel corrosion in reducing alkaline water. The O2 concentrations in the
deaerated solutions were measured using galvanic and optical probes, and were consistently
below 10 ppb. Open circuit potential (OCP), general corrosion rates, H2 generation,
repassivation, and passivity were studied using electrochemical methods. Some tests were
conducted in an argon (Ar)-purged glovebox to form an inert gas atmosphere to further reduce
the O2 concentration. Specific conclusions follow.

5.1

Copper

The copper OCP was very sensitive to the O2 concentration in the cell and the surrounding
environment. In deaerated granitic groundwater surrounded by an inert gas atmosphere,
where O2 was not readily available, the copper OCP shifted continuously towards more negative
values reaching −0.39 VSCE. The corrosion rate was in the range of 0.5–0.9 µm/yr [0.02–0.04
mils/yr] for up to 64 days, as indirectly measured by electrochemical impedance spectroscopy
(EIS). There was a decreasing trend of the corrosion rate with time over the short test period.
The corrosion rates were one order of magnitude lower than those measured in FY14 using the
same method with the cell exposed to air where the O2 was readily available.
For the test with copper foil exposed to anoxic granitic groundwater at 80 °C [176 °F] in an
autoclave, the measured H2 concentration at the beginning and after 3 months was the same.
H2 generation was an extremely small amount. The copper foil was stained. The oxide was
identified to be predominantly Cu2O without sulfide present. Also, chlorine was found to be
present in the oxide. Some copper, from the corrosion process, was detected from the solution.
The average corrosion rate calculated from 6-month weight loss measurements was 0.2 µm/yr
[0.008 mils/yr], which was in the same range as the instantaneous corrosion rate measured by
EIS.
For the test with copper foil exposed to pure water at 80 °C [176 °F], copper reacted with pure
water and produced H2, but the H2 concentration was almost one order of magnitude lower
than that produced in simulated granitic groundwater. The corrosion product was
predominantly Cu2O.

5.2

Carbon Steel

Carbon steel exposed to deaerated Ca(OH)2 solution was susceptible to localized corrosion.
The corrosion was predominantly in the form of pitting and crevice corrosion under galvanic
coupling to the same material with or without the addition of a strong oxidant at 50 °C [122 °F].
During the testing period of 30 days, there was no indication of repassivation under open circuit
conditions. However, the test was complicated by the establishment of multiple crevice sites
that promoted localized corrosion. Tests with multiple crevice sites also did not show
repassivation.
Carbon steel single and double U-bend specimens were exposed to the same deaerated
solution at 50 and 80 °C [122 and 176 °F] up to 1 year. Uniform corrosion was the
dominant corrosion mode with pitting as the minor mode. The one-year exposure tests
generated a significant amount of H2 released into the vapor phase, but no cracking was
observed in any test. In the tested alkaline solution, the carbon steel material showed very low
hydrogen absorption.
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PROPOSED FUTURE WORK

The determination of future work and experimental approaches will be made in consultation with
U.S. Nuclear Regulatory Commission staff. Proposed future work follows.
Quantify and monitor low O2 concentration level using the newly purchased high
precision optical O2 probe to emulate expected repository conditions.

•

For copper
•

Conduct electrochemical experiments to elucidate the effect of chloride on
copper corrosion

•

Measure Tafel slopes at 50 and 80 °C [122 and 176 °F] to further characterize the
corrosion mechanism.

•

Use a different methodology, such as electric resistance, to measure the corrosion rate
to compare to results based on electrochemical methods.

•

Conduct in-situ corrosion studies using surface sensitive techniques, such as atomic
force microscopy, to examine copper corrosion in pure water and in simulated
groundwater containing chloride, sulfate, and bicarbonate.

For carbon steel
•

Conduct tests of cathodic charging of U-bends in anoxic Ca(OH)2 solutions to observe
HIC (Ahn and Soo, 1995) previously observed HIC by using this method.
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