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Preface

Even though the plant availability of nuclear power plants has increased and radia-
tion build-up has been effectively mitigated, corrosion continues to infl uence plant 
performance and availability. Recent examples are stress corrosion cracking (SCC) 
attacks on type 316L stainless steel in boiling water reactors (BWRs), attacks on 
nickel-base alloys in pressurised water reactors (PWRs) and irradiation-assisted SCC 
incidents in both types of reactor. Therefore, reliable prediction of the corrosion 
behaviour of given materials is considered important for the future operation of exist-
ing plants, which are commonly subject to life-time extension and power uprating. In 
addition, managing corrosion problems in future nuclear waste disposal systems is 
another task where reliable corrosion monitoring techniques could help to further 
increase safety. Tremendous effort has been spent during the years to mitigate corro-
sion and improve the water chemistry of nuclear power reactors. However, actual 
in-plant corrosion monitoring has been performed or developed for only a very 
limited number of applications. Therefore a workshop was arranged by Working 
Party 4 (‘Nuclear Corrosion’) of the European Federation of Corrosion (EFC) and 
the European Cooperative Group on Corrosion Monitoring of Nuclear Materials 
(ECG-COMON, www.ecg-comon.org) during EUROCORR 2007, which aimed to 
highlight such work and identify monitoring techniques with potential for future 
application. Contributions were invited covering research on or the application of 
corrosion monitoring techniques (e.g., electrochemical noise, direct and alternate 
current potential drop, acoustic emission, electrochemical impedance spectroscopy, 
monitoring corrosion potentials, activity monitoring, etc.) for all types of fi ssion 
reactors (including the secondary side) and nuclear waste disposal systems. Some of 
the responses obtained, including additional contributions, are presented here. The 
book is divided into two main parts: ‘Research on corrosion monitoring for nuclear 
systems’ and ‘Corrosion monitoring applications in nuclear power plants (light water 
reactors)’.

The fi rst part deals mainly with detection of SCC initiation in nuclear power plant 
environments – essentially high-temperature water at around 300°C. Research work 
on SCC for nuclear applications has, in the past decades, focused more on crack 
growth. A reliable well-known technique, the potential drop technique, is used for 
crack growth measurements and very low growth rates can be accurately monitored. 
A large database has been created for various low-alloy reactor pressure vessel steels, 
stainless steels and nickel-base alloys in BWR and PWR environments. The effects of 
water chemistry have been studied, including the presence of various impurities and 
additives, as well as the effects of material properties, such as the presence of cold 
work. It was generally found that all materials can suffer from cracking in tests with 
pre-cracked specimens and where initiation of SCC was enhanced by dynamic load-
ing conditions. Through such tests, the available knowledge of SCC conditions has 
been signifi cantly improved. However, there are also examples of laboratory cracking 
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Preface  xv

of materials known to be very resistant in plants and the observed crack growth 
rates were occasionally signifi cantly higher than expected from plant experience. 
Such contradictions and differences might be one reason for the increased interest in 
initiation studies and initiation data. Unfortunately, for initiation tests, there are no 
verifi ed methods analogous to the potential drop technique for crack growth investi-
gations. Initiation tests are often performed using passively loaded specimens such 
as U-bends or C-rings, which are exposed to simulated plant environments and peri-
odically inspected for cracks, or small specimens are used, where a complete failure 
of the specimen indicates SCC initiation. The test time can be signifi cant – periods of 
years for highly resistant materials – and some materials do not crack at all in the 
common types of initiation tests. Material (including stress) and environmental con-
ditions must be adjusted more aggressively to obtain cracking within a reasonable 
time and a proper experimental set-up with an in-situ SCC initiation monitoring 
technique is necessary for future initiation investigations. The formation of the ECG-
COMON is an attempt to improve and develop methods for initiation studies by 
gathering a critical mass of international experts in this fi eld. Various methods, but 
especially the electrochemical noise technique, are being investigated in this group 
as promising methods to detect the early stages of SCC initiation (or other types of 
localised corrosion). The chapters in this section demonstrate the state-of-the-art in 
this area of research. Very promising results are being obtained but some limitations 
of the monitoring methods are also becoming obvious. But it is also shown that 
further work is needed before, for example, electrochemical noise can be established 
as a reliable monitoring technique for SCC initiation in high-temperature water 
environments. Electrochemical techniques have also been tested in other nuclear sys-
tems, e.g. nuclear waste storage systems of which one important example is presented 
in this book.

In the second part of the book, work with the goal of developing in-situ techniques 
and some application examples of monitoring methods are presented. The contribu-
tions in this book emphasise the importance of corrosion monitoring to limit corro-
sion in power plants and other nuclear applications. The improvement of existing 
techniques and the progress of new developments are pointed out. Electrochemical 
noise measurements have not been applied for real in-plant measurements so far and 
it will take time before the technique is suffi ciently developed for such applications. 
However, there are other techniques which have already been employed in plants for 
many years. These techniques are usually less informative than, for example, noise 
measurements could be, but are still extremely valuable. The most commonly used 
technique is monitoring of corrosion potentials (often called ECP). The measurement 
of ECP is one of the very few techniques that can be applied directly within the system 
studied. In this way, sampling, which can be very diffi cult or even impossible at high 
temperature and pressure, can be avoided.

To further improve corrosion monitoring techniques and to limit corrosion and 
activity build-up is a future challenge for both researchers and plant chemists. Con-
sidering the present nuclear revival and the increased public confi dence in nuclear 
power in several countries, monitoring techniques, together with optimised materials 
behaviour and water chemistry conditions, will be particularly important in main-
taining stable operating conditions in power plants and safe long-term storage 
conditions for radioactive waste.

We hope this book will prove useful for scientists and engineers in future corrosion 
mitigation work. Finally, we would like to thank all of the contributors to the 
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workshop and to this book as well as the reviewers. We also appreciate the support 
from EFC Working Party 4 and ECG-COMON. Without their participation and 
enthusiasm, neither the workshop nor this book would have been possible.
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Special thanks are expressed to the reviewers of the articles:
Christian Bataillon (CEA Saclay, France)
Thomas Dorsch (Areva NP GmbH, Germany)
Lucia C. Dunbar (Serco Assurance, UK)
Damien Féron (CEA Saclay, France)
John Hickling (CMC, Cyprus)
Petri Kinnunen (VTT, Finland)
Bruno Kursten (SCK-CEN, Belgium)
Jan Kysela (NRI, Czech Republic)
Andraz Legat (ZAG, Slovenia)
Anders Molander (Studsvik Nuclear AB, Sweden)
Stefan Ritter (PSI, Switzerland)
Timo Saario (VTT, Finland)
Sannakaisa Virtanen (University of Erlangen-Nuremberg, Germany)

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



Preface  xvii

Most important abbreviations

AE Acoustic emission
BWR Boiling water reactor
CE Counter electrode
CERT Constant extension rate test
CGR Crack growth rate
CPE Constant phase element
CS Carbon steel
C(T) Compact tension (specimen)
DCPD Direct current potential drop (technique)
DH Dissolved hydrogen
DO Dissolved oxygen
ECN Electrochemical current noise
ECP Electrochemical (corrosion) potential
EFM Electrochemical frequency modulation (= intermodulation distortion)
EIS Electrochemical impedance spectroscopy
EN Electrochemical noise
EPN Electrochemical potential noise
FDCI Frequency dependent complex impedance
HA Harmonic analysis
[H2] Hydrogen concentration
[H2O2] Hydrogen peroxide concentration
HWC Hydrogen water chemistry
IGSCC Intergranular stress corrosion cracking
LPR Linear polarisation resistance
LVDT Linear voltage differential transformer
LWR Light water reactor
NWC Normal water chemistry
[O2] Oxygen concentration
PWR Pressurised water reactor
RE Reference electrode
RPV Reactor pressure vessel
SCC Stress corrosion cracking
SEM Scanning electron microscope
SG Steam generator
SHE Standard hydrogen electrode
SS Stainless steel
SSRT Slow strain rate test
TGSCC Transgranular stress corrosion cracking
WE Working electrode
YS Yield stress
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1
Corrosion monitoring – what’s the point?

Bob Cottis
University of Manchester, School of Materials, P.O. Box 88, 

Sackville Street, Manchester M60 1QD, UK

bob.cottis@manchester.ac.uk

1.1  Introduction

The paper presents a series of largely philosophical musings on the value, practise and 
processes of corrosion monitoring.

When I teach corrosion monitoring, I start by asking the students four questions:

• Does corrosion monitoring reduce the rate of corrosion?
• Does corrosion monitoring reduce the cost of corrosion?
• Does corrosion monitoring reduce the hazards of corrosion?
• Does corrosion monitoring reduce the environmental impact of corrosion?

The response of the students varies a little from year to year, but in general, the 
majority answer ‘yes’ to these questions. You may wish to consider your own answers 
– so that you are not tempted to read the answers before doing this, this section is 
continued at the end of this article.

1.2  Selection of monitoring method

The ideal corrosion monitoring method would give an accurate, real-time, online 
indication of many properties of the system, and it would thus have all of the 
following capabilities: 

• Instantaneous, online measure of corrosion rate
• Instantaneous, online measure of localised corrosion type(s), location and pene-

tration rate
• Online measure of integrated uniform metal loss (i.e. measure of the remaining 

thickness)
• Online measure of total local corrosion penetration (i.e. pit depth)
• Location of points of large corrosion penetration
• Detection, location and sizing of SCC and similar defects
• Measure behaviour of plant (not a probe).

Of course, there is currently no such method, and corrosion monitoring necessarily 
involves a series of compromises. First, we will consider the compromises involved in 
the use of probes.

1.3  Probes for corrosion monitoring

Many corrosion monitoring techniques (e.g. all electrochemical and weight loss 
methods and most electrical resistance methods) depend on the use of probes (or test 
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2  Corrosion monitoring in nuclear systems

coupons, for which very similar considerations apply), rather than making measure-
ments of the actual material of the plant. This is convenient for several reasons, 
including the easy replacement of probes, the ability to test alternative materials and 
the fact that many of the simpler monitoring methods require the use of a probe. 
However, it also introduces a number of problems:

• The material of the probe is generally different from that of the plant. While it 
may be possible to make probes out of the same batch of material as the plant, it 
is much more commonly the case that it is from a different batch and probably 
supplied in a different form (e.g. rod rather than plate). Thus it is likely to have a 
different chemical composition and metallurgical structure. Even if it is possible 
to use the same batch of material as that from which the plant is made, it is likely 
that the surface presented to the environment will be different from that exposed 
in the plant (e.g. the probe will be a machined cylinder, whereas the exposed 
surface of the plant will be the as-received surface of the plate).

• The stress state of the probe will be different from that of the plant.
• The probe will be exposed to only one sample of the range of environments to 

which the plant is exposed. This is particularly important in multi-phase systems, 
where completely different behaviours can be expected for surfaces exposed in the 
different phases or mixtures of phases. It is not always clear that two phases are 
present. Thus hydrocarbon pipelines may contain traces of water that will drop 
out in low regions of the pipe, or possibly separate out onto hydrophilic surfaces 
(such as the oxidised region adjacent to welds). The regions in contact with water 
will typically be the sites of corrosion problems, and it may be very diffi cult to 
install probes that will reliably detect these problems. 

• The probe will typically experience different fl ow conditions from the plant. Very 
often the probe will create a fl ow disturbance; this may lead to an increased 
corrosion rate, but equally it may inhibit pitting corrosion.

• The area of the probe is usually much smaller than that of the plant, and many 
monitoring methods require that the probe is electrically isolated (and there are 
questions about galvanic effects if the probe is not isolated). This has important 
implications for localised corrosion. First, initiation of pits and other localised 
corrosion phenomena is typically a relatively rare event, and it will therefore be 
less likely in any given period on a small probe than on a large area of the plant, 
meaning that the plant will suffer the localised corrosion before it is revealed by 
the probe (assuming of course that a monitoring method capable of detecting the 
initiation of localised corrosion is used). Additionally, stable pitting or crevice 
corrosion depends on a relatively large cathode area to supply the current to the 
active pit or crevice. The small probe may not have a suffi cient area to do this, so 
that stable pitting cannot be achieved, whereas it can for pits that are driven by 
the much larger area of the plant.

Based on these limitations, we must think carefully about the value of probes for 
corrosion monitoring. Probes should be regarded as a method of determining the 
corrosivity of the environment, rather than measuring the actual corrosion of the 
plant, thereby providing information for the management of inhibitor additions or a 
warning of upset conditions that result in an increased corrosivity. Consequently, 
there is an argument that corrosion probes should be designed to be slightly less 
corrosion-resistant than the plant material, so that there is a reasonable expectation 
that they will provide an early warning of problems, rather than responding only 
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Corrosion monitoring – what’s the point?  3

after corrosion problems have started on the plant. However, this leads to a delicate 
balancing act; as an example, we might consider using Type 304 stainless steel as a 
probe for the monitoring of a plant constructed out of Type 316. This then implies 
that we are going to operate the plant in conditions where 304 will not normally 
suffer corrosion. This should certainly avoid corrosion problems with the plant, but 
it will not make full use of the capabilities of the 316. We therefore need a probe 
material that is closer to 316 in composition, something like a ‘lean’ 316, with chro-
mium and/or molybdenum concentrations just below the specifi cation minimum. 
However, this then leads to further questions, as the material would have to be a 
specialist cast; it would probably be processed rather differently from a commercial 
cast, and it would probably have a quite different concentration and size distribution 
of MnS inclusions. As the latter are well known to be very important in the initiation 
of pitting corrosion, this leads to uncertainty as to whether the probe is more or less 
sensitive to corrosion than the plant, and by how much.

It seems unlikely that corrosion monitoring will be able to do without the use 
of probes for the foreseeable future, but careful thought needs to be given to the 
implications of the factors indicated above for the reliability of the data obtained.

1.4  Accuracy of electrochemical methods

Electrochemical methods, such as the linear polarisation resistance method, are 
popular for corrosion monitoring, offering the advantage of an instantaneous, online 
measure of corrosion rate. These methods mostly depend on the Stern-Geary 
equation, the derivation of which makes a number of assumptions:

• There is one anodic metal dissolution reaction and one cathodic reduction reac-
tion (oxygen reduction or hydrogen evolution)

• Both anodic and cathodic reactions are far from equilibrium, so that the reverse 
reaction can be ignored

• Both reactions obey Tafel’s Law (log i ∝ E, hence i ∝ di/dE)
• The solution resistance is negligible (this can be measured and corrected for using 

electrochemical impedance spectroscopy if it presents a problem)
• The measurement is made suffi ciently slowly that capacitive currents can be 

neglected.

For many (probably most) real systems, these assumptions are not valid; metal dis-
solution is usually not under pure activation control and there will be surface fi lms of 
oxide, inhibitor or other absorbed species. Indeed, if the anodic reaction is under 
pure activation control, then it is almost inevitable that the alloy will be corroding 
too fast to be practically useful (except in a few particularly borderline systems such 
as steel in de-aerated water at ambient temperature). Similarly, the cathodic reaction 
is often under diffusion or mixed control (e.g. oxygen reduction); while complete dif-
fusion control (when the oxygen reduction reaction is at the limiting current density) 
can be approximated by an infi nite Tafel slope, mixed control (which is probably 
more common in reality) does not provide the required behaviour, and will lead 
to errors. Additionally, there may be other, competing reactions; thus copper will 
usually be corroding in conditions where the reverse copper deposition reaction 
occurs at a signifi cant rate. A related effect is found with nickel-base alloys in hydro-
genated high-temperature water (i.e. pressurised water reactor environments) where 
the kinetics of the hydrogen/water redox reaction are faster than the kinetics of 
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4  Corrosion monitoring in nuclear systems

the corrosion reaction, so that electrochemical measurements do not provide any 
information about the corrosion rate.

The harmonic analysis and electrochemical frequency modulation methods are 
interesting, in that, according to the theory on which they are based, they permit the 
independent determination of the B-value for the Stern-Geary equation. However, it 
must be appreciated that the theory still depends on the same assumptions; both 
methods will produce a B-value for any system, but this does not prove that the 
B-value is valid. If one or other of the anodic and cathodic reactions does not obey 
Tafel’s Law, the Stern-Geary equation is not applicable, so the calculated B-value is 
meaningless. It may be that the resultant estimate of corrosion rate is not too far from 
the true value (‘too far’ in corrosion monitoring is an interesting concept – within a 
factor of two or three appears to be doing quite well, and may well be acceptable, 
especially if the response to change in rate is detected reliably).

1.5  Epilogue and answers to the questions

The answer to all of the questions in the Introduction is, of course, no. Simply by 
monitoring corrosion, we do not change the corrosion rate, the cost of corrosion, the 
hazards of corrosion or the environmental impact of corrosion. This does not mean 
that corrosion monitoring is of no value, but it does mean that it is only of value when 
it forms an input to an active corrosion management programme that has outputs that 
will lead to some or all of the above benefi ts. Corrosion monitoring that does nothing 
more than fi ll fi ling cabinets or database storage space might as well not have been 
measured (except that it may help to explain why that ‘unexpected’ corrosion failure 
occurred).
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2
Introduction to different electrochemical corrosion 

monitoring techniques

Rik-Wouter Bosch and Walter F. Bogaerts
SCK·CEN, Boeretang 200, B-2400 Mol, Belgium

rbosch@sckcen.be

2.1  Introduction

The corrosion of a metal in an aqueous solution is an electrochemical process involv-
ing anodic oxidation of the metal and cathodic reduction of species from the solution. 
We distinguish two types of corrosion: uniform corrosion and localised corrosion. 
For uniform corrosion, the corrosion rate is usually expressed as the reduction in 
thickness of a particular metallic sample in millimetres per year. For localised corro-
sion, the corrosion rate, expressed as the total amount of material loss, is not 
very meaningful and therefore not very important. The aim is to detect the localised 
corrosion event itself such as pitting corrosion or stress corrosion cracking (SCC).

To monitor such corrosion phenomena, several techniques are available. Among 
others these techniques can be divided into the following two categories:

• Electrochemical techniques
• Non-electrochemical techniques.

An overview of available corrosion monitoring techniques is shown in Table 2.1. This 
selection is based on some overview papers and based on the authors’ experiences 
[1–4]. We will not discuss all monitoring techniques, but will focus on electrochemical 
techniques. For each monitoring technique we will give a short description, the 
principle, and some applications. 

2.1.1 Electrochemical techniques

The most commonly used electrochemical technique is the Linear Polarisation Resis-
tance (LPR) technique. Other electrochemical techniques that are available to deter-
mine a corrosion rate are Electrochemical Impedance Spectroscopy (EIS) and Tafel 
extrapolation [5–7]. For instantaneous corrosion rate measurements, the LPR and 
EIS techniques can be used if the anodic and cathodic Tafel parameters are known. 
The Tafel extrapolation technique permits determination of the corrosion rate and 
the Tafel parameters, but in most cases, it is not suitable for instantaneous corrosion 
rate measurements because the system is polarised over a wide potential range such 
that the measurement is time consuming and the electrode surface is affected during 
the measurement. Special categories are the non-linear distortion techniques such as 
Harmonic Analysis (HA) [8–11] and the electrochemical frequency modulation 
(EFM) (or intermodulation distortion) technique [12,13]. They provide a corrosion 
rate without prior knowledge of the Tafel parameters using only a small perturbation 
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6  Corrosion monitoring in nuclear systems

signal. Interpretation of the measured data is, however, not always easy. A very nove l 
technique is the use of a so-called ‘electrochemical nose’ [14,15]. This technique uses 
an array of electrochemical sensors from which the output is interpreted by means of 
an artifi cial neural network. The outcome of the neural network is a degree of cor-
rosiveness of the system. One of the most used techniques for monitoring localised 
corrosion is electrochemical noise. This is a generic term used to describe spontane-
ous fl uctuations of potential or current, which occur at the surface of freely corroding 
electrodes that can be picked up by a suitable electrode arrangement [16]. This tech-
nique will not be discussed here as it receives adequate coverage in several other 
chapters of the book.

A major advantage of the electrochemical techniques for on-line corrosion moni-
toring is the rapid response time. Limitations are that a conducting electrolyte is 
necessary to perform the measurements, and the complications that arise with the 
interpretation of the measurements results. 

2.1.2 Non-electrochemical techniques

For the non-electrochemical technique, the Electric Resistance (ER) measurements 
are most commonly used. With the ER technique, the change in resistance of a thin 
metallic wire or strip sensing element is measured as its cross-section decreases from 
metal loss due to corrosion. The corrosion rate is calculated by the loss of metal 
between two readings [7]. The ER technique uses the ohmic resistance as a physical 
parameter that has to be measured. This principle, which is simply based on Ohm’s 
law, is used by a number of other non-electrochemical techniques as well. With the 
DCPD (Direct Current Potential Drop) and ACPD (Alternating Current Potential 
Drop) techniques, the increasing resistance of a test specimen with a growing crack 
is measured. The potential drop is measured with respect to a fi xed current and so 
related to the ohmic resistance of the test specimen. The Field Signature Method 
(FSM) works on the same principle. According to the inventors:

Table 2.1 Overview of corrosion monitoring techniques

Electrochemical Non-electrochemical

Corrosion Potential (ECP) Electric Resistance (ER) Probe
Redox Potential Direct Current Potential Drop (DCPD)/

Alternating Current Potential Drop (ACPD)
Tafel Extrapolation Field Signature Method (FSM)
Linear Polarisation Resistance (LPR) Contact Electric Resistance (CER)
Electrochemical Impedance 
Spectroscopy (EIS)

Acoustic Emission (AE)

Harmonic Analysis (HA) and 
Intermodulation Distortion (EFM)

Ultrasonic Testing (UT)

‘Electrochemical Nose’ (multi wire 
probe sensor)

Hydrogen Concentration

Electrochemical Noise (potential and 
current)*

* Will be discussed in other chapters of this book.
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Electrochemical corrosion monitoring techniques  7

The FSM detects metal loss, cracking, pitting and grooving due to corrosion by detecting 
small changes in the way electrical current fl ows through a metallic structure. With FSM, 
sensing pins or electrodes are distributed over the area to be monitored, with a typical dis-
tance between the pins of two to three times the wall thickness. An initial voltage measure-
ment is taken, and subsequent changes in electrical fi eld pattern are detected and compared 
against the initial measurement to infer structural changes in the monitored area. [17]

The Contact Electric Resistance (CER) technique developed by the Technical 
Research Centre of Finland (VTT) measures in-situ the ohmic resistance of a metal/
metal oxide layer and can so be used to investigate the electronic properties of surface 
fi lms formed in-situ [18]. Besides these techniques, a number of other physical based 
measurement methods are available. The measurement of hydrogen concentration 
on the outside of pipelines can be related to corrosion, assuming that the cathodic 
reaction is water reduction. This produces hydrogen that penetrates through the 
metallic structure which can be related to the corrosion rate. Ultrasonic Testing (UT) 
has been widely used as a non-destructive testing (NDT) technique especially to 
investigate welded structures. Acoustic Emission (AE) is still in the picture as a tool 
for SCC monitoring [19–21].

ER and LPR techniques found their way into practical applications in industrial 
environments. The measurement techniques have been standardised in the ASTM 
standard G-96-60, On-Line Monitoring of Corrosion in Plant Equipment (Electrical 
and Electrochemical Methods) [7].

2.2  Electrochemical monitoring techniques

2.2.1 Corrosion potential

The corrosion potential is a mixed potential and is a result of the balance between the 
anodic oxidation reactions and the cathodic reduction reactions at a metallic surface. 
It is a useful measure to determine whether corrosion takes place or not. For the 
proper interpretation of the measured values some background knowledge of the 
corrosion system is required. The corrosion potential is measured with a suitable 
reference electrode. The potential readings have to be recalculated to the Standard 
Hydrogen Electrode (SHE) scale to make comparison possible between data obtaine d 
with different reference electrodes. Table 2.2 shows some reference electrodes for use 
in ambient environments.

For the interpretation of the corrosion potential value, a Pourbaix or E–pH 
diagram [23] is one of the most powerful tools. In a Pourbaix diagram, the thermo-
dynamic stability of a metal in water is given as a function of pH and potential. It 
allows one to determine the region where the metal is susceptible to corrosion (active 

Table 2.2 Ambient temperature reference electrodes [22]

Reference electrode Electrolyte Potential
(mV vs. SHE)

Hydrogen electrode pH 0 and pH2 1 bar     0
Silver/silver chloride electrode 0.1 M KCl 288
Silver/silver chloride electrode 3 M KCl 197
Copper/copper sulphate electrode 1.43 M CuSO4 (saturated) 300
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8  Corrosion monitoring in nuclear systems

region), where there is no corrosion at all (immunity region), and where the metal 
is covered by a protective oxide layer (passive region). It should be mentioned, 
however, that even though Pourbaix diagrams are very helpful, they do not give any 
information on the kinetics of reactions. For instance, the corrosion rate in the 
passive range not only depends on the thermodynamic stability of metal oxides, 
but moreover on the protective nature of the passive fi lm. Also, the effect of more 
complex chemistries in the surroundings, e.g. aggressive or inhibitive ions, is not 
considered in these diagrams.

A typical application is the monitoring of a cathodic protection system where 
the corrosion potential of a metallic structure is forced to be in the immunity region. 
According to the NACE Corrosion Reference Handbook, for steel, a potential of –
850  mV versus the saturated copper/copper sulphate reference electrode is required 
[24]. Alternatively, for anodic protection, a potential is chosen in the passive region 
of the Pourbaix diagram to maintain a protective oxide layer. 

For corrosion in high-temperature water, the application is not much different 
to that for ambient applications. Pourbaix diagrams are frequently used to explain 
the meaning of the measured corrosion potentials. Pourbaix diagrams for metals 
in high-temperature water are however more diffi cult to obtain than those at room 
temperature. Experimental verifi cation is also more complicated.

To measure corrosion potential, a reference electrode is needed. For measurements 
in high-temperature water, it is in most cases a technological challenge to develop 
such a reference electrode. A number of high-temperature reference electrodes 
developed in the last decades are summarised in Table 2.3.

Besides the use of Pourbaix diagrams to interpret the corrosion potential, other 
relationships with the corrosion potential are also used. An important corrosion 
problem in light water reactors (LWRs) is the sensitivity to SCC of Ni-based alloys 
and irradiated stainless steels. Both corrosion processes have a relationship with the 
corrosion potential. Figure 2.1 shows these relationships schematically.

It is interesting to see that for both systems, the crack growth rate depends on the 
corrosion potential but in a different way. The fi rst example is (irradiated) stainless 
steel in a boiling water reactor (BWR). The crack growth rate decreases signifi cantly 
with decreasing corrosion potential. This behaviour has resulted in the application of 
so-called HWC (hydrogen water chemistry). Hydrogen is added to the primary BWR 
circuit to lower the corrosion potential [31,32]. The second example is the behaviour 
of Ni-based alloys in high-temperature water. There is a particular region where the 

Table 2.3 High-temperature reference electrodes and their potentials at 300°C [25–30]

Reference electrode Electrolyte Potential
(mV vs SHE)

Hydrogen electrode pH 0 and pH2 1 bar 0
Internal silver/silver chloride electrode 0.1 M KCl 7
EPBRE (External Pressure Balanced 
Reference Electrode) silver/silver 
chloride electrode

0.1 M KCl −37

Yttrium stabilised zirconium electrode Ni/NiO −783 (pH 7.3)
Yttrium stabilised zirconium electrode Cu/CuO −1010 (pH 7.3)
Yttrium stabilised zirconium electrode Fe/Fe3O4 −473 (pH 7.3)
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Electrochemical corrosion monitoring techniques  9

crack growth rate is at its maximum. This potential range should be avoided but is by 
accident close to the corrosion potential (ECP) of the primary pressurised water reac-
tor (PWR) water chemistry. Notice that the crack growth rate of the fi rst example 
covers several orders of magnitude. This is not the case for the second example where 
the variation of crack growth is within one order of magnitude. In Ref. 32, Andresen 
combines both curves to obtain a general K versus crack growth behaviour.

The challenges in ECP measurements are related to the development of reference 
electrodes that can survive extreme conditions such as in-core LWR conditions, super 
critical water systems and various chemical process conditions with aggressive solu-
tions at high temperature. Figure 2.2 shows a prototype miniature Yttrium Stabilised 
Zirconia (YSZ) reference electrode for use in high-temperature water [33,34]. 

2.1 Crack growth as a function of corrosion potential. Left-hand side: 
a susceptible stainless steel in high-temperature water; right-hand side: a 
susceptible Ni-alloy in high-temperature water

2.2 YSZ high-temperature reference electrode
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10  Corrosion monitoring in nuclear systems

Alternatively, corrosion sensors that have a (very) long lifetime, for instance, to 
monitor buried pipelines, tanks or concrete structures, are important as well. The 
second step in all corrosion potential monitoring systems is the proper interpretation 
of the results.

2.2.2 Tafel extrapolation

Polarisation is described as the extent of the change in potential of an electrode from 
its equilibrium potential caused by a net current fl ow to or from the electrode. The 
relationship between the current and potential of an electrode can be described by a 
polarisation curve. Consider a corrosion process where both the anodic and cathodic 
processes are activation controlled, the current–potential relationship is then given 
by

i i
b b

= - -corr
a c

exp ln10 exp ln10( )Ê
ËÁ

ˆ
¯̃

( )Ê
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where icorr is the corrosion current density, g the overpotential, ba the anodic Tafel 
parameter and bc the cathodic Tafel parameter. This equation follows from the mixed 
potential theory, fi rst described by Wagner and Traud [35]. It is also common to use 
the inverse function of equation 2.1, resulting in the Tafel equations [36]. The anodic 
Tafel equation for overpotentials larger than the corrosion potential

g g= >>b
i
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a

corr
corrlog for

Ê
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ˆ
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and the cathodic Tafel equation for overpotentials smaller than the corrosion potential

g g=- <<b
i

ic
c

corr
corrlog for

Ê
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ˆ
¯̃

E  [2.3]

where ia is the anodic current density and ic the cathodic current density of the corro-
sion reaction. A Tafel plot is performed on a metal specimen by polarising the speci-
men about 250  mV anodically and cathodically from the corrosion potential. The 
resulting current is plotted on a logarithmic scale as shown in Fig. 2.3. The corrosion 

2.3 Tafel plot with extrapolation to determine the corrosion rate
www.iran-mavad.com 
 مرجع علمى مهندسى مواد



Electrochemical corrosion monitoring techniques  11

current is obtained from a Tafel plot by extrapolating the linear portion of the curve 
to Ecorr, also illustrated in Fig. 2.3. The slope of the anodic part of the Tafel plot is the 
anodic Tafel parameter (often expressed in mV/decade) and the slope of the cathodic 
part of the Tafel plot is the cathodic Tafel parameter.

For corroding systems that do not follow Tafel behaviour, two limiting cases can 
still be described: complete diffusion control of the cathodic reaction, bcm�, and 
complete passivation of the anodic reaction, bam�. For corroding systems that 
do not follow Tafel behaviour more complex modelling of the polarisation curve is 
needed. A common situation is a corroding system with the cathodic reaction under 
mixed control, i.e. both the charge transfer and the diffusion determine the reaction 
rate of the cathodic reaction [37–39]. The equation for this corroding system can be 
described by [40]

i i
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-
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where il is the limiting current density of the cathodic reaction. The measurement of 
a polarisation curve is standardised by the ASTM standard G 5-94, Standard Refer-
ence Test Method for Making Potentiostatic and Potentiodynamic Anodic Polarisation 
Measurements [41]. With Tafel extrapolation the corrosion rate and both the anodic 
and cathodic Tafel parameters can be obtained, but in most cases, it is not suitable 
for instantaneous corrosion rate measurements because the system must be polarised 
over a wide potential range such that the measurement is time consuming and the 
electrode surface is affected during the measurement.

2.2.3 Linear polarisation resistance

With the LPR technique, a polarisation resistance is obtained from a corroding 
system [42–46]. In the vicinity of the corrosion potential, the corroding system is 
polarised over a small potential range (−10 to +10  mV) and the current is measured. 
This results in a linear relationship between the potential and the current. When 

graphically plotted, the slope of this graph dE
di

 is a resistance, called polarisation 

resistance. Figure 2.4 shows the principle.
With the polarisation resistance, the corrosion rate can be calculated with the 

Stern–Geary equation [47]

i
b b

b b Rcorr
a c

a c pln10
=

+( )  [2.5]

where icorr is the corrosion current density and Rp the polarisation resistance. To 
obtain a corrosion rate with LPR, the Tafel parameters are needed. They can be 
determined with Tafel extrapolation or taken (if available) from the literature. Com-
plications for the LPR arise when the electrolyte conductivity is low [48]. The extra 
ohmic resistance that exists between the tip of the reference electrode and the working 
electrode leads to an underestimation of the corrosion rate. Compensation for the 
ohmic resistance is possible by feed backward compensation, if the ohmic resistance 
is known, or by a current interrupt technique, if a proper reference electrode is used. 
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12  Corrosion monitoring in nuclear systems

Corroding systems that do not follow Tafel behaviour require a more complex model-
ling of the polarisation resistance than is achieved with the Stern–Geary equation. 
For example, under activation control of the anodic reaction and mixed control of 
the cathodic reaction, the expression for Rp can be given by [49]

1
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where ik is the corrosion current density, io the exchange current density and id,c

the limiting current density for the cathodic reaction, ac the transfer coeffi cient and 
Zc the number of electrons involved in the cathodic reaction, Ek the corrosion 
potential and Eo,c the reversible cathodic potential. LPR measurements are also 
standardised and described by ASTM standard G 59-91, Standard Practice for 
Conducting Potentiodynamic Polarisation Resistance Measurements [50].

For many practical applications, the anodic and cathodic Tafel parameters are put 
together as a B value:

B
b b

b b
=

+
a c

a cln10 ( )
 [2.7]

2.4 Determination of the polarisation resistance
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i
B
Rcorr

p

=  [2.8]

These B values are available for a number of systems. Table 2.4 summarises a few 
examples taken from the NACE Corrosion Engineer’s Reference Book [51].

2.2.4 Electrochemical impedance spectroscopy

With EIS, a small sinusoidal (potential) perturbation of a certain frequency is used 
to distort an electrochemical system. The (current) response is measured and the 
modulus (|E|/|i|) and phase of the impedance are determined [52–55]. With EIS, infor-
mation regarding electrochemical corrosion phenomena can be obtained in-situ, 
without the use of a reference electrode and with only a small perturbation signal. 
The latter means that this technique is non-destructive and a good candidate for 
on-line measurements. 

Proper experimental data can be obtained from a corroding system if three require-
ments are met: (1) linearity, (2) causality and (3) stability [53]. The fi rst requirement 
is met by using a small potential perturbation so that the system stays in the linear 
region. The second requirement is generally not a problem as long as the background 
noise is small. The third requirement is more diffi cult to satisfy as a corroding system 
is always changing with time. If these changes are slow, the system is assumed to be 
quasi-stable, and good experimental data can be obtained. 

Figure 2.5 shows the principle of this technique. Here the electrochemical system is 
presented as a function between the current i and the potential E. The amplitude of 
the potential perturbation must be small in order not to exceed the linear region of 
the current–potential relationship in the neighbourhood of the open circuit (corro-
sion) potential or the applied dc-potential. Figure 2.6 shows the principle of a sinu-
soidal potential perturbation at an arbitrary dc potential. If the amplitude is too 
large, the linear region is abandoned. The response will contain non-linear elements 
such as a rectifi cation current and higher harmonics, as will be discussed in section 
2.2.5.

The measurements are performed over a wide frequency range and the results can 
be presented in a Bode diagram (modulus |Z| and phase shift Q versus frequency) or 
in a Nyquist diagram (the real part of the impedance versus the imaginary part of the 
impedance). From the potential perturbation DE, current response Di, and phase 
shift Q, the real and imaginary parts of the impedance can be calculated.

Re ImalZ
E
i

agZ
E
i

= =
D

D
Q

D

D
Qcos sin  [2.9]

Table 2.4 B-values for several corrosion systems

Corroding system B (mV)

Iron in 1 N H2SO4 10–20
Carbon steel in seawater 25
Stainless steel 304L in 1 N H2SO4, oxygenated 22
Alloy 600 in lithiated water, 288°C 24
Zircaloy 2 in lithiated water, 288°C 81
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14  Corrosion monitoring in nuclear systems

2.5 Principle of electrochemical impedance spectroscopy, sinusoidal potential 
perturbation with current response and phase shift

2.6 Polarisation curve with perturbation signal DE and response Di at an arbitrary 
dc potential E and corresponding dc-current i
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An example of a Nyquist diagram is shown in Fig. 2.7. The polarisation resistance 
and ohmic resistance can be determined graphically. The ohmic resistance is the high 
frequency intersection with the real axis, the polarisation resistance is the low fre-
quency intersection with the real axis. The frequency in Fig. 2.7 is marked as v, the 
angular frequency in rad/s. 

The polarisation resistance is then obtained according to the following defi nition 
[56,57]

 Rp=|Z(jv)|vm0-|Z(jv)|vm� [2.10]

where Rp is the polarisation resistance, |Z(jv)|vm0 is the low frequency limit of the 
impedance and |Z(jv)|vm� is the high frequency limit of the impedance. To obtain the 
high frequency limit of the impedance is generally not very diffi cult. To determine 
the low frequency limit, however, can give problems as it is not always clear when the 
low frequency limit has been reached. If the polarisation resistance is obtained, 
the corrosion rate can be calculated with the Stern–Geary equation 2.5. As with EIS, 
the ohmi c resistance is determined; EIS is particularly useful for corrosion rate 
measurements in low-conductivity media.

Interpretation of the impedance results can be done by means of an equivalent 
electrical circuit representing the metal–solution interface [58]. An equivalent circuit 
is constructed by resistors and capacitors that represent the different electrochemical 
processes that can occur at the electrode. An example of a simple corrosion system 
where both the anodic and cathodic reactions are controlled by charge transfer is 
shown in Fig. 2.8.

The experimental data of the EIS measurements are fi tted with an equivalent 
circuit to obtain the different circuit elements. Although it is possible to obtain a 
perfect fi t between most of the experimental EIS data and an equivalent circuit, it is 
sometimes diffi cult to relate the circuit elements with the corresponding physical and 
chemical processes at the corroding interface.

A more rigorous approach is the modelling of the EIS data with a transfer function
[54,55,59–61]. Such a function is obtained by solving the appropriate differential 
equation describing the electrochemical (corroding) interface. For example, if the 

2.7 Nyquist diagram corresponding to the equivalent circuit of Fig. 2.8
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current response is dependent on the potential and concentration fl uctuations (DC),
the current response follows from

D D Di
di
dE

E
di
dC

C= +  [2.11]

where C is the concentration and DC the concentration fl uctuation of the species 
involved in the electrode reactions. This equation is solved in the Laplace (frequency) 
domain and used to fi t the experimental data, to obtain the parameters of interest. 

Computerised acquisition of impedance data can be carried out with a variety of 
equipment. For the low frequency measurements, data can be obtained by Fourier 
Transformations. Electronic equipment such as a Frequency Response Analyser 
(FRA) or Lock-In Amplifi er is available for measurements up to 1  MHz.

Two examples will be given here. The fi rst example is the use of EIS to study 
localised corrosion.

EIS to monitor SCC [62]

Impedance measurements have been carried out during a slow strain rate test (SSRT). 
The phase difference between a non-stressed and stressed sample is measured. The 
difference in phase is related to the surface morphology, i.e. smooth, cracked or 
branched surface. Figure 2.9 shows the evolution of the phase shift during the SSRT 
test. The phase shift starts to increase after a certain time suggesting the formation of 
SCC cracks. Figure 2.10 shows SEM pictures of the fracture surface at two magnifi -
cations. It can be clearly seen that the specimen was broken due to transgranular 
SCC.

High-temperature applications [63,64]

A typical EIS application is the monitoring of oxide fi lm properties in high-temperatur e 
water. The following example results from tests with stainless steel in PWR primary 
water (300°C, 150  bar, 2  ppm Li, 400  ppm B and 25  cc/kg H2). Figure 2.12 shows a 
SEM picture of the surface after exposure during a 4-week period. A porous spinel 
type layer is formed. For the interpretation of the impedance data, the equivalent 
circuit shown in Fig. 2.11 is proposed.

Figure 2.12 shows a Nyquist diagram after 2 weeks of testing with a fi t result based 
on the equivalent circuit of Fig. 2.11. A reasonably good fi t is obtained. The fi t result 
can be improved signifi cantly when the number of elements in the equivalent circuit 
model is increased. However, care should be taken not to add circuit elements 
without a sound physical basis. Therefore, we stick to this model realising that 

2.8 Randles equivalent circuit representing a simple corroding system with ohmic 
resistance Rohm, polarisation resistance Rp and double layer capacity Cdl
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172.9 Crack initiation and propagation are related to the evolution in phase shift during a SSRT test of solution annealed Type 304 SS in 
0.01 M Na2SO4 at 300°C
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2.10 Transgranular SCC of the solution annealed specimen of Type 304 SS in 
0.01 M Na2SO4 at 300°C

improvements are still possible, but that additional information is required about the 
nature of the oxide fi lm and the electrochemical processes that take place. Figure 2.13 
shows the evolution of the CPE exponent n with the in- and out-of-core data. It shows 
that there is a clear difference between the morphology of the oxide layer in the 
in- and out-of-core conditions. The low value of n for the in-fl ux data suggests a more 
porous structure of the oxide fi lm.

2.2.5 Harmonic analysis

Due to the non-linear nature of the current–potential relationship of an electroche-
mical system, harmonics are generated when a sinusoidal potential perturbation is 
applied. As shown in Fig. 2.14, a small potential perturbation results in a linear 
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2.11 Equivalent circuit of the metal/oxide/solution interface of stainless steel in 
high-temperature water; Cox is the capacity of the oxide layer; Rox is the resis-
tance of the oxide layer; CPE is the Constant Phase Element associated with the 
electrochemical double layer, Rct the charge transfer resistance, W the Warburg 
impedance and Rohm the electrolyte resistance

current response, a large potential perturbation results in a non-linear current 
response.

Analysis of the harmonics of the ac current response gives the possibility to obtain 
kinetic information of the electrode processes. 

Emphasising an electrochemical corrosion process, analysis of the harmonics of 
the ac current response gives the possibility of obtaining the corrosion rate and both 
the anodic and cathodic Tafel parameters. Theoretical work by Dévay, Mészáros and 
colleagues resulted in mathematical expressions for the corrosion current and Tafel 
parameters [65,66]. For small values of the amplitude of the potential signal and for 
g=0, this resulted in the following equations for the corrosion rate (icorr) and Tafel 
parameters (ba) and (bc) (for ba<bc)
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where i1, i2 and i3 are the fi rst, second and third harmonic current components taken 
from the frequency spectrum of the ac current response. The harmonic equations 2.12 
through 2.14 have been used by different authors to measure corrosion rates in acid 
media with and without the addition of inhibitors [67–72]. Lawson and Scantlebury 
used harmonic analysis (HA) to monitor steel rebar corrosion in concrete [73].
Mészáros et al. measured the rate of underpaint corrosion with HA [74]. For a 
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2.12 Measured and simulated Nyquist diagram after 2 weeks of testing of a 
stainless steel 304 sample + a SEM picture of the structure of the oxide layer

corroding system under mixed control, i.e. both the charge transfer and diffusion 
contribute to the total cell polarisation, equations have been derived for the fi rst, 
second and third harmonic current. Experimental results on mild steel in an aerated 
sodium sulphate solution show that it is possible to obtain corrosion rates that are in 
agreement with the Tafel extrapolation technique [75]. An application in the nuclear 
fi eld is the measurement of corrosion rates of pure copper in a bentonite/groundwater 
environment by Rosborg et al. [76].

A different approach to determine the corrosion rate from the non-linear response 
due to a sinusoidal potential perturbation is Harmonic Impedance Spectroscopy 
(HIS) [77–79]. The higher harmonic currents are transformed to impedances, having 
the advantage that the fi rst harmonic impedance can be analysed by an equivalent 
circuit. This allows stripping off all the non-relevant components (such as the ohmic 
resistance and the double layer capacity) of the fi rst harmonic impedance. Finally, 
a set of three equations similar to equations 2.12 through 2.14 have to be solved 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



Electrochemical corrosion monitoring techniques  21

2.13 Evolution of the CPE exponent from fi t over frequency interval 100–0.01 Hz

2.14 A polarisation curve and non-linear response due to a suffi ciently large 
sinusoidal potential perturbation

to obtain the corrosion rate and Tafel parameters. HIS has been used to measure 
corrosion rates in cathodically protected systems.

HA has also been used in a more phenomenological approach. Kendig and 
Anderson have used HA to investigate the initiation of pitting corrosion [80]. A 
sudden increase in the non-linear behaviour of a corroding system, refl ected by the 
higher harmonics in the frequency spectrum, indicates the initiation of pitting corro-
sion. Kihira et al. developed an instrument to detect the quality of the protective 
properties of rust fi lms on weathering steel [81]. In addition to the ac-impedance, 
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harmonic currents could also be measured. The latter shows that there is a non-linear 
current–potential relationship, indicating a corrosion resistance based on charge 
transfer.

2.2.6 Intermodulation distortion technique

With the Intermodulation Distortion technique, also called EFM (Electrochemical 
Frequency Modulation), a potential signal consisting of two sine waves of different 
frequencies is applied to a non-linear system. The ac-response contains non-linear 
components at harmonic and intermodulation frequencies. Analysis of these compo-
nents can give information about the behaviour of the system under investigation. 
Mészáros and Dévay have made a theoretical study, like their work on HA, for 
the EFM technique [82]. Bosch and Bogaerts have further elaborated on this and 
explored the possibilities for uniform corrosion rate measurements [83,84].

Principle of the EFM technique

With the EFM technique, a potential perturbation by two sine waves of different 
frequencies is applied to a corroding system. The ac-current response due to this 
perturbation consists of current components of different frequencies. As a corrosion 
process is non-linear in nature, responses are generated at more frequencies than 
the frequencies of the applied signal. Current responses can be measured at zero, 
harmonic and intermodulation frequencies. The principle of the EFM technique is 
illustrated in Fig. 2.15.

2.15 Principle of the EFM technique
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They defi ned a potential signal U of two frequencies v1 and v2 and two different 
amplitudes U1 and U2

 U=U1sin(v1t)+U2sin(v2t) [2.15]

For a corroding system that follows Tafel behaviour at the corrosion potential, for 
small values of U1 and U2, the following equations were derived for the corrosion rate 
and Tafel parameters
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The upper signs of equations 2.17 and 2.18 refer to the case where ba<bc, the 
lower signs refer to the case where ba>bc, iv1

 and iv2
 are harmonic currents at 

frequency v1 and v2, iv1Pv2
 is the intermodulation current at v1Pv2 and iv2P2v1

 is the 
intermodulation current at v2P2v1.

Practical application of the EFM technique was fi rst carried out by Bosch and 
Bogaerts [82,83]. Corrosion rates were measured for mild steel in an acidic environ-
ment with and without inhibitors. The corrosion rates measured with the EFM 
technique were in good agreement with more established techniques for corrosion 
rate measurement such as LPR, Tafel and EIS. For corrosion rate measurements in 
neutral environments, the theory for the EFM technique was extended, and experi-
ments were carried out in different neutral solutions. Reasonably accurate corrosion 
rates were obtained, although the modelling of the intermodulation response can get 
quite complicated. This might hamper routine application as shown in a critical 
review of the technique by Kuş and Mansfeld [84].

A schematic of a frequency spectrum of an EFM current response, showing the 
different harmonic and intermodulation frequencies, is shown in Fig. 2.16.

A result obtained from a real corrosion system, i.e. mild steel in sulphuric acid 
solution, is shown in Fig. 2.17, using a perturbation signal with an amplitude of 
20  mV for both frequencies and perturbation frequencies of 0.2 and 0.5  Hz. The 
choice for the frequencies of 0.2 and 0.5  Hz was based on three arguments. First, the 
harmonics and intermodulation frequencies should not infl uence each other. Second, 
the frequency should be as low as possible to avoid the infl uence of the capacitive 
behaviour of the electrochemical double layer. Third, the frequency should be as 
large as possible to reduce the time needed to perform a measurement. While these 
arguments do not allow the selection of ‘perfect’ frequencies, the chosen frequencies 
were considered a reasonable compromise.

The harmonic and intermodulation peaks are clearly seen and are much larger 
than the background noise. Analysis of the peaks at the intermodulation frequencies 
results in the corrosion rate and Tafel parameters. For this example, a corrosion cur-
rent of 5E-4  A/cm2 (5.8  mm/year) has been obtained. Figure 2.18 shows an example 
for the monitoring of corrosion inhibition [85]. There is good agreement among the 
different techniques used.
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2.16 Harmonic and intermodulation frequencies resulting from the basic 
frequencies 2 and 5 Hz

2.17 Frequency spectrum of the current response of mild steel in 0.05 M H2SO4

2.18 Comparison of corrosion rates obtained with the EFM technique, EIS, 
and polarisation curves (Tafel extrapolation) for mild steel in 0.5 M H2SO4 with 
different concentrations of inhibitor
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Kendig and Anderson have used HA to investigate the initiation of pitting corro-
sion [80]. With EFM, a similar approach can be followed. Some attempts have 
been made to establish whether this is possible or not [86]. A sudden increase of the 
non-linear beha viour of a corroding system, refl ected by the intermodulation 
currents in the frequency spectrum, indicates the initiation of pitting corrosion. 
Figure 2.19 shows a calculation example. The polarisation curve showed a large 
passive part and a part (E>0  V) undergoing pitting corrosion. EFM spectra were 
calculated for two different potentials; one in the passive range (E=-0.1  V) and one 
close to the pitting potential. The spectra show a very clear difference in behaviour 
suggesting that this technique might be able to differentiate between a system 
sensitive to pitting or not.

2.2.7 ‘Electrochemical nose’ or artifi cial intelligence corrosivity sensor

This section is based on work carried out by Ferreira, Bogaerts and colleagues [14,15]. 
‘Electronic noses’ are sensor arrays with an incorporated pattern recognition system 
to identify patterns in odours, vapours or gases and automatically identify them. In 
the case of the identifi cation of fl uids, this sensor is usually called an ‘electronic 
tongue’. Based on this concept, the idea was developed to design an electrochemical 
sensor for the assessment of an environment’s corrosivity.

The working principle of this device relies on the potential dependence of a set of 
metals on environmental (i.e. fl uid) characteristics such as pH, conductivity, dissolved 
oxygen and ion concentration (the sensing system). The values of these electroche-
mical potentials are the result of the infl uence of different combinations of these 
environmental parameters. In addition, the parameters that characterise an environ-
ment are a refl ection of its corrosivity. Corrosion and electrochemical tests such as 
LPR and EIS may be performed in selected environments to give an indication of the 
corrosion rate. These measurements refl ect the corrosivities of those particular envi-
ronments. That said, if the electrochemical potential of a set of selected metals in 
different environments is monitored and an indication of some material’s corrosion 
rate in these same environments is known, it should be possible to automatically 
identify the corrosivity of an environment using an appropriate pattern recognition 
system.

An example of a neural network and a possible output is shown in Fig. 2.20.

2.3  Conclusions

In addition to laboratory testing, where real service conditions are only simulated, 
in-situ corrosion monitoring can provide information directly from real components 
under real conditions. This can contribute to the economical and safe operation 
of nuclear plants/systems. However, it is very diffi cult to apply real in-situ monitor-
ing, especially under severe conditions such as are encountered in LWRs. Therefore 
much research work has been carried out on different monitoring methods. Some 
promising (electrochemical) corrosion monitoring techniques have been briefl y 
reviewed in this chapter.

First, some well-known techniques have been described, such as the measurement 
of the ECP, the LPR technique, Tafel extrapolation and EIS. Here we saw that 
the most interesting developments are in the application of these techniques under 
increasingly severe conditions (high-temperature water, up to super-critical water 
and in-core testing).
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2.19 Pitting detection with the EFM technique
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2.20 Illustration of the neural network architecture formed by 10 input neurons (7 electrode potentials, pH, conductivity and logarithm of 
sulphate concentration), one hidden layer with 5 hidden units and 1 output neuron (polarisation resistance values)
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Some really novel techniques such as HA, EFM and ‘electrochemical nose’ were 
discussed. These techniques provide unique features in extracting information from 
a corroding system, but are still diffi cult to apply and interpret.

In reality, at this moment, technological improvements will be benefi cial for exist-
ing measurement techniques, such as high-temperature reference electrodes, signal 
cables, signal cable feed-through, connectors and sensors that can survive severe test 
conditions.
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3.1  Introduction

Electrochemical noise (EN) is a generic term used to describe spontaneous fl uctua-
tions of potential or current, which occur at the surface of freely corroding electrodes 
that can be picked up by a suitable electrode arrangement. Distinction is made 
between electrochemical potential noise and electrochemical current noise. Electro-
chemical potential noise is the fl uctuation in the electrochemical potential of an elec-
trode relative to a reference electrode, whereas electrochemical current noise is the 
fl uctuation in an electrochemical current.

For the case of stress corrosion cracking (SCC), current fl uctuations have been 
associated with the initiation, temporary propagation, and repassivation of inter-
granular cracks under boiling water reactor (BWR) conditions [1]. In this case, the 
initiations of signifi cant cracks were shown as clear transient spikes, which could 
easily be discriminated from plots of the raw data. Under similar conditions (oxygen-
ated, high-temperature water), potential noise measurements have been carried out 
with sensitised SS 304 O-rings. In this case, spikes in the potential time records were 
associated with crack initiation [2]. In addition, electrochemical noise measured 
under BWR conditions showed that different modes of cracking such as ‘fan ribs’, 
transgranular SCC, intergranular SCC and ductile fracture could be distinguished 
[3]. Under pressurised water reactor (PWR) conditions, the number of electrochemica l 
noise tests is quite limited. Tests have been carried at 340°C with Inconel 600 during 
slow strain rate tests (SSRT). Both current and potential noise were measured. Analy-
sis of the noise data revealed that both slip-dissolution and hydrogen embrittlement 
could be possible cracking mechanisms [4].

Electrochemical potential noise measurements have been carried out with sensi-
tised stainless steel pressure tubes under PWR conditions [5]. Very short potential 
spikes, believed to be associated with crack initiation events, were detected when the 
sample was stressed above the yield strength. In this case, it was stated that potential 
noise had to be used, due to the low conductivity of the test solution. Current noise 
would then be mainly related to the IR-drop in the solution. Also the sample sub-
jected to SCC should be completely electrically isolated from the chassis in the case 
of current noise, which would complicate the experimental set-up. On the other hand, 
it is general practice to try to measure both potential and current noise [6]. Current 
and potential noise signals are related to each other. Potential variations are caused 
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by current variations (IR-drops) travelling through the electrolyte solution. In case 
of an environment with a high solution resistance, corrosion processes are very 
localised and in any case, diffi cult to detect with a noise sensor. 

The slip-dissolution model of SCC states that crack-tip advance is based on active 
dissolution of metal atoms after fi lm rupture and until full repassivation has occurred. 
The bulk water chemistry maintains a corrosion potential Ecorr that will not change 
when a small crack due to fi lm rupture is introduced. This bare metal surface will then 
repassivate as if the surface is polarised by Ecorr. The peak current iactive will then expo-
nentially decay to ipassive. This is illustrated in Fig. 3.1. The anodic current associated 
with the metal dissolution causes a potential drop across the electrolyte between the 
crack-tip and the place where this current is compensated by a cathodic reduction 
reaction.

If this potential ‘noise’ can be measured with a suitable electrode (for instance, a Pt 
wire sensor), the onset of SCC can be detected. A prerequisite for this is that part of 
the SCC is associated with repassivation, i.e. an anodic current causing a potential 
drop in the solution needs to be present. This is obvious for the slip-dissolution 
model, but other models might generate potential noise as well, albeit not in the rate 

3.1 Principle of repassivation kinetics
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determining step of the SCC model. For instance, hydrogen-induced cracking (HIC) 
and hydrogen-assisted cracking (HAC) are models that assume a dominant role of 
hydrogen in the cracking mechanism. In both models however, a bare metal surface 
is created after crack advance, which is repassivated before the next cracking event 
takes place.

Therefore, in this chapter, we discuss whether repassivation is the source of 
electrochemical noise (EN) during SCC and if electrochemical noise can be used to:

• Detect SCC
• Distinguish between initiation and propagation (?)
• Reveal the SCC mechanism (?).

For this purpose, results are shown from a scratch technique being a simulation 
for SCC, electrochemical potential noise measured during SCC and mathematical 
simulation of noise based on the repassivation equation. These results are then com-
pared and we discuss whether this repassivation behaviour is indeed the source of 
SCC related electrochemical noise.

3.2  Repassivation with the scratch technique

The repassivation phenomenon can be investigated using a scratch test [7,8]. After a 
stainless steel sample is polarised in the passive part of the anodic polarisation curve, 
a sharp pin makes a scratch on the surface, hereby removing the passive fi lm. Repas-
sivation of the bare metal in the scratch will occur due to the applied potential. The 
current supplied to the metal sample is measured before, during and after scratching. 
A device has been designed that can perform such a test in an autoclave. A ceramic 
pin produces a scratch on a stainless steel sample when a metal bellows expands under 
a burst internal pressure. This principle is shown in Fig. 3.2.

The scratch unit consists of a metal sample connected to a metal bellows. This 
metal bellows moves the sample along three ceramic pins when the bellows is 

3.2 Schematic drawing of the scratch unit showing the metal sample, the 
ceramic scratch pins and their spring loading, the PEEK isolation part and the 
air-driven bellows which can move the sample up and down
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expanding. The three ceramic pins are pushed through the oxide fi lm on the sample 
by a spring. These springs are necessary to maintain a constant ‘pressure’ of the pins 
onto the metal surface. Simultaneously, the springs allow some fl exibility, necessary 
to avoid fracture of the ceramic pins during scratching. The metallic sample is con-
nected to the metal bellows by a PEEK (PolyEtherEtherKetone) transition piece to 
ensure electric isolation of the sample. 

A typical test at high temperature was performed as follows. During heating of 
the autoclave, a bypass between the interior of the autoclave and the bellows main-
tained a pressure balance, preventing the bellows from expanding or contracting 
and making a scratch. After heating to the operating temperature, a stabilisation 
period was maintained for a minimum of 12 hours. Then an overpressure of a few 
bars was applied to move the bellows and produce a scratch on the sample surface. 
The polarisation curves and cyclic polarisation curves were measured on a separate 
sample in a range from -500 to +1500  mV with respect to the corrosion potential 
at a scan rate of 600  mV/h. 

Here we will show some examples of repassivation currents measured after scratch-
ing of the oxidised metal surface. The fi rst example was a test carried out at room 
temperature. Figure 3.3 shows the polarisation curve. From this curve, a passive 
potential was selected to polarise the stainless steel sample. Figure 3.4 shows the 
current-time plot. The potential has been fi xed at +100  mVSHE. Notice that the repas-
sivation time is about 100  s, which seems slow. This relatively slow process is attri-
buted to the measurement technique of scratching, where the measured current is a 
combination of repassivation, double layer charging and the fi nite speed of the 
scratching pin.

Figure 3.5 shows a typical result obtained in a solution of 400 ppm B and 2 ppm Li 
at 300°C in nitrogenated water (PWR primary water). A sharp increase in the current 
can be observed after which repassivation occurred and the current decreased. 
Whether this current can be solely related to repassivation kinetics has been the 

3.3 Polarisation curve for stainless steel in 0.5 M NaCl at room temperature
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3.4 Repassivation current for stainless steel in 0.5 M NaCl at room temperature

3.5 Repassivation current in high-temperature water

subject of some debate [9,10]. Due to the rapid rise in the current, the electrochemical 
double layer can contribute to the current as well. In addition, part of the current can 
be compensated by cathodic reactions at the sample surface and so is not measured 
at all, i.e. the current is not fl owing via the counter electrode that measures the 
current.

The scratch technique is however a good simulation of the EN technique for SCC 
types of events. When the oxide layer at the crack-tip is ruptured, the anodic current 
will fl ow from the crack-tip to the solution. This current will be compensated by 
cathodic reactions at the crack wall and the outer surface of the crack. The potential 
drop caused by the latter reactions can eventually be picked up by a noise sensor, 
when placed at a suitable position.
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3.6 Noise event during SSRT of cold worked stainless steel in oxygenated 
high-temperature water

3.3  Electrochemical noise during stress corrosion cracking

In this part, three examples of electrochemical noise data measured in different SCC 
systems are shown. These systems are

1. Cold worked stainless steel 304 subjected to a SSRT in oxygenated high-
temperature water (280°C)

2. Sensitised stainless steel O-ring shaped samples subjected to constant load tests, 
but stressed at different levels [3]

3. A stainless steel 316 CW C(T) specimen tested under hydrogenated PWR condi-
tions at 300°C.

3.3.1 Example 1

Figure 3.6 shows the fi rst example of electrochemical potential noise measured in 
high-temperature water. When potential noise is measured during a cracking event, 
we would expect a sharp potential drop after which slow recovery of the potential 
will occur. During the test, only a few single crack events, as shown in Fig. 3.6, were 
observed. The fracture surface in Fig. 3.7 shows transgranular fracture. This is asso-
ciated with the fact that the material was in the cold worked condition. With this type 
of SCC, the rate determining step is not necessarily related to repassivation kinetics.

3.3.2 Example 2

The noise pattern of Figs. 3.8 and 3.9 has been obtained with an O-ring compression 
test [2]. Potential noise was measured with a Pt wire of a stressed O-ring. The noise 
pattern does not refl ect the ‘ideal’ shape of a repassivation curve, but could be related 
to the formation of many surface cracks as shown in Fig. 3.10.
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3.7 SEM images of the fracture surface showing transgranular fracture

3.3.3 Example 3

Figure 3.11 shows potential noise measured during a rising load test with a sub-size 
316 CW C(T) specimen in PWR water (2 ppm Li, 400 ppm B, 2 ppm H2, 300°C). The 
noise pattern indicates that a single crack event took place. Although the noise 
pattern is convincing, we might wonder whether it is possible to detect a single event. 
Analysis of the fracture surface after the tests showed little or no cracks related 
to SCC (Fig. 3.12). Some minor features of transgranular cracking can however be 
noticed.
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3.8 Multiple events related to SCC

3.9 Multiple events related to SCC

3.4  Electrochemical noise generator based on repassivation kinetics

Standard deviation, skew and kurtosis are statistical parameters used to analysis 
noise data to identify certain processes such as pitting and SCC events. What would 
happen if we assume that a certain process will take place and, based on this, generate 
noise data? Would it be possible to analyse these ‘ideal’ noise data with these sta-
tistical parameters to retrieve the processes behind? Here we will try to do this by 
generating noise based on repassivation kinetics. The principle of this repassivation 
noise is illustrated in Fig. 3.13.

During repassivation, the current density is a strong function of the time elapsed 
since surface exposure. Generally, one assumes a power-law type function to express 
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3.10 SEM images of the fracture surface showing transgranular fracture

this time dependency. Therefore, for the noise generator, the following equation has 
been used [7,8]

i t i
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where i is the current density, ts is the time elapsed since the surface was exposed, imax

is the instantaneous current density increase at the moment of exposing the surface, 
ipass is the passive current density and, t0 and n are constants describing the repassiva-
tion kinetics. t0 is usually associated with a time delay in the repassivation and n with 
the speed of the current decay under repassivation. Initially, the current density is 
equal to the sum of imax and ipass and at large elapsed time, it decays to ipass.www.iran-mavad.com 
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3.11 Single potential noise event related to SCC
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Another parameter used in the noise generator is the rupture frequency f. This 
value is not present in equation 3.1 but it determines how many rupture events occur 
withi n a certain time frame. So that means that we have three variables for the noise 
generator: the repassivation exponent n, the repassivation time constant t0, and the 
rupture frequency f. In the following fi gures, the noise generated for n=0.5, f=0.1
and t0=0.001 (Fig. 3.14) or t0=0.2 (Fig. 3.15) is shown. Figure 3.14 still shows 
the single noise events related to repassivation currents. Figure 3.15 shows a noise 
pattern where single repassivation currents can no longer be distinguished. Notice 
that both noise patterns have been generated by the same repassivation current in 
equation 3.1.

This noise generator allows us to test different analysis methods to see if useful 
information could be retrieved from the noise data. Therefore we calculated the stan-
dard deviation, skew and kurtosis for each set of data and plotted these values as a 
function of n, t0 and f. The result is shown in Fig. 3.16.

Figure 3.15 shows that different combinations of n and t0 give different values of 
the three statistical parameters standard deviation, skew and kurtosis. For example, 
when we analysed the noise data with n=0.5 and t0=0.01 we did not fi nd any effect 
based on the skew and kurtosis, but did fi nd a signifi cant effect on the standard 
deviation. Alternatively, when we analysed the noise data with n=1.5 and t0=0.010
it was the other way around. We did not fi nd any effect based on the standard 
deviation, but did fi nd a signifi cant effect on the skew and kurtosis.

With this electrochemical noise simulator based on repassivation kinetics, similar 
noise patterns could be generated to those measured in high-temperature water. The 
noise simulator also demonstrated that statistical analysis of the noise could reveal 
the different repassivation parameters used. The scratch technique could be used to 
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3.12 SEM images of the fracture surface showing transgranular fracture

experimentally demonstrate the principle of a single SCC event. This could be related 
to one of our experiments and therefore is useful. The scratch surface is however 
much larger than a real expanding crack. There are also some drawbacks with the 
technique used such as interference by electrochemical double layer charging, con-
sumption of the anodic current by the passivated surface due to the low conductivity 
of the electrolyte solution and local change of the water chemistry due to the high 
local currents. An experiment where the full surface would undergo a fi lm rupture 
would be more representative and is the topic of further investigations.
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3.13 Principle of the repassivation noise simulation model

3.14 Electrochemical noise generated when f=0.1, n=0.5 and t0=0.001

3.5  Conclusions

In this chapter, we tried to create a link between repassivation kinetics, electroche-
mical noise and SCC. To measure an electrochemical noise signal that can be related 
to a cracking event, an anodic current from a bare metal surface is required. This 
anodic current does not necessarily have to be the rate determining step in the SCC 
process, but it has to be related to a cracking event. This anodic current causes 
a potential drop in the electrolyte solution that can be picked up by a suitable 
electrode.

Experimental simulation of this phenomenon can be carried out with a scratch 
test, which generates a single event current response. Some noise tests show similar 
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3.15 Electrochemical noise generated when f=0.1, n=0.5 and t0=0.2

3.16 Statistical analysis of different sets of repassivation-based generated noise 
data; repassivation parameter n had values 0.5, 1.0, 1.5, t0=0.001, 0.01 and 0.1, 
and the rupture frequency was f=0.1

behaviour albeit that a single noise event hardly occurs. In most cases, the different 
repassivation peaks do overlap. Multiple events give a more realistic noise signal.

Simulations based on repassivation kinetics show how artifi cial noise patterns 
can be generated. Different noise patterns can be calculated based on the same 
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repassiva tion equation. These data can be used to test different analysis methods. 
Here it was shown that standard deviation, skew and kurtosis do not give the 
same results and therefore have the potential to differentiate between various SCC 
mechanisms.

References

1. J. Stewart, D. B. Wells, P. M. Scott and D. E. Williams, Corros. Sci., 33 (1992), 73.
2. S. Van Dyck and R. W. Bosch, ‘Stress corrosion cracking initiation in sensitized stainless 

steel 316l exposed to oxygenated water’, in Int. Conf. on Environmental Degradation of 
Materials in Nuclear Power Systems – Water Reactor, Stevenson, USA, 2003.

3. C. R. Arganis-Juarez, J. M. Malo and J. Uruchurtu, Nucl. Eng. Des., 237 (2007), 2283.
4. Y. Watanabe and V. Kain, JSME Int. J. Ser. A, 45(4) (2002), 477.
5. R. Van Nieuwenhove, Corrosion, 56 (2000), 161.
6. R. Cottis and S. Turgoose, ‘Electrochemical impedance and noise’, in Corrosion Testing 

Made Easy, ed. B.C. Syrett, NACE International, 1999.
7. H. S. Kwon, E. A. Cho and K. A. Yeom, Corrosion, 56 (2000), 32.
8. R. W. Bosch, B. Schepers and M. Vankeerberghen, Electrochim. Acta, 49 (2004), 3029.
9. R. P. Wei and M. Gao, J. Electrochem. Soc., 138 (1991), 2601.
10. P. D. Bastek, R. C. Newman and R. G. Kelly, J. Electrochem. Soc., 140 (1993), 1884.

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



46

4
Detection of stress corrosion cracking in a simulated 

BWR environment by combined electrochemical 
potential noise and direct current potential drop 

measurements

Stefan Ritter and Hans-Peter Seifert
Paul Scherrer Institute (PSI), Laboratory for Nuclear Materials, Nuclear Energy and Safety 

Research Department, 5232 Villigen PSI, Switzerland

stefan.ritter@psi.ch

4.1  Introduction

In the chemical and power generation industry, corrosion-resistant, austenitic 
stainless steels are widely used as construction materials for piping, vessels and 
other structural components which enclose or come into contact with aggressive 
or mild environments and are subjected to relevant sustained mechanical loads. 
Intergranular stress corrosion cracking (SCC) in these materials is therefore a com-
mon phenomenon, in particular, if the material is in a susceptible condition (e.g. 
sensitisation, cold work, etc.). In the nuclear industry, intergranular SCC incidents 
have occurred in both boiling water (BWR) and pressurised water reactors (PWR) 
in a wide range of stainless steel and nickel-base alloy components such as reactor 
internals, (reactor) pressure vessel penetrations and nozzles, main coolant piping and 
heat exchanger tubing [1–3]. These SCC incidents have significantly affected plant 
availability/economics and, in some cases, have compromised the integrity of the 
primary circuit and thus plant safety.

The current pressure of competition in the power generation industry requires 
implementation of optimised, strategic and proactive plant ageing and life manage-
ment methods for cost-effective operation of nuclear power plants at high safety 
levels. The ongoing occurrence of SCC in BWRs and PWRs worldwide clearly 
demonstrates a need for the development of advanced, non-destructive, continuous 
monitoring tools for the early detection of SCC initiation in the technical pre-crack 
stage.

The electrochemical noise (EN) measurement technique is a promising tool for 
continuous, in-situ corrosion monitoring in technical systems and has the potential 
to detect the nucleation and initiation of localised corrosion processes [4]. Currently, 
EN seems to be the major promising technique with some potential for the early 
detection of SCC initiation in structural components of BWRs and PWRs, although 
no systematic studies have been performed so far [5,6]. However, the basic and 
quantitative understanding of EN during SCC is rather limited.

Therefore, the feasibility of the EN technique as a corrosion monitoring tool under 
BWR conditions is being investigated at PSI in the framework of the KORA project 
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[7]. The experiments performed so far clearly indicate that early detection of SCC 
initiation by EN might be possible in a simulated BWR/normal water chemistry 
environment under lab conditions and that single, small, semi-elliptical surface 
flaws with a crack length and depth in the range of about 150  µm can be detected 
by EN measurements [7,8]. A big challenge in the evaluation of this monitoring 
technique under high-temperature water conditions is to find an independent SCC 
detection method that could be applied simultaneously to verify the few, but very 
promising, results of EN investigations performed earlier at PSI [7] and elsewhere 
[9–12]. The direct current potential drop (DCPD) method, which has been used for 
online crack growth measurements in compact tension (C(T)) specimens for many 
years, might be such an independent SCC monitoring tool. In the current paper, the 
most important results from combined EN1 and DCPD measurements are briefly 
summarised.

4.2  Material and experimental procedure

4.2.1 Material and specimens

For the SCC initiation tests, a rod material of the high-carbon austenitic stainless 
steel AISI 304 was used, since this could be easily sensitised and showed a sufficient-
ly high susceptibility to intergranular SCC (Tables  4.1 and 4.2). This material was 
used either in the solution annealed state with a rather low degree of sensitisation 
(value from double-loop electrochemical potentiokinetic reactivation (DL-EPR) 
tests f0.3%; measured according to JIS G 0580: 1986) and therefore with a low 
susceptibility to intergranular SCC, or it was sensitised. Heat treatment at 620°C 
for 24  h resulted in a very high degree of sensitisation (DL-EPR value �  28%). In 
the tests, 12.5  mm thick compact tension (0.5  T C(T)) specimens with a machined 
notch (r=0.1  mm) were used (Fig.  4.1a). Two specimens were tested simultaneously 
in a ‘daisy-chain’ arrangement. Additional tests were performed using round bar 
specimens with a U-shaped notch in the centre of the gauge section (Fig.  4.1b, gauge 
length=36  mm, diameter=6  mm, notch depth=0.2  mm). All specimens were elec-
trically insulated from the autoclave and from each other and were instrumented 
for EN and DCPD techniques (see below).

4.2.2 Experimental procedure

Sophisticated, refreshed, high-temperature water loops with autoclaves and inte-
grated mechanical loading systems were used for the SCC initiation studies with 
simultaneous EN and DCPD measurements under simulated BWR conditions 
(Fig.  4.2). This system was optimised for these kinds of measurement in many pre-
tests. Additionally, the EN measurement devices were qualified and characterised by 
suitable electronic circuits and ‘round robin’ tests (e.g. within the European Coop-
erative Group on Corrosion Monitoring of Nuclear Materials – ECG-COMON) 
[13].

The SCC initiation tests were performed in oxygenated, high-temperature water 
(250°C or 288°C with 2  ppm dissolved oxygen (DO) content). The electrochemical 

1  The term electrochemical potential noise (EPN) as used in this paper includes more ‘normal’ 
measurement of electrochemical potential.
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Table 4.1 Mechanical properties and heat treatments of the investigated material

AISI Design. Type Product form YSair
25°C [MPa] UTSair

25°C [MPa] YSair
288°C [MPa] Solution annealing 

heat treatment
Sensitisation heat 
treatment

304 304C High-carbon Rod 291 686 175 1050°C/30  min/WQ –
304 304D High-carbon Rod 291 686 175 1050°C/30  min/WQ 620°C/24 h/WQ

WQ, water quenched.

Table 4.2 Chemical composition of the investigated material in wt.-%

AISI Design. C Si Mn P S Cr Mo Ni Co Cu Nb Ti

304 304C&D 0.062 0.15 0.53 0.023 0.029 18.3 0.273 8.59 0.169 0.296 0.019 0.001
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corrosion potential (ECP) of the specimens and the redox potential of the environ-
ment (Pt-probe) were measured (during the pre-oxidation phase only) with a Cu/
Cu2O/ZrO2-membrane reference electrode. The ECP of the stainless steel was about 
110(250°C) or 160(288°C)  mVSHE

2 and the redox potential was 270(250°C) or 300(288°C)  mVSHE.
In most experiments, 50  ppb sulphate was added to the high-purity water to promote 
SCC in the stainless steel specimens. The specimens were pre-oxidised at a small 
pre-load for at least 1 week before constant pull-rod stroke rates (vpull rod) of 2·10–8 or 
1·10–8  m/s (C(T) specimens) or 7.2·10–9  m/s (round bar specimens) were applied. After 
SCC initiation and a certain amount of crack advance was detected by DCPD and/or 
EN measurement, the control mode was switched from constant extension rate 
testing (CERT) to load control. The specimens were then either directly unloaded, or 
the load was kept constant until unloading at the end of the test. After finishing the 
experiments, the specimens were opened by fatigue (C(T) specimens) or by mechani-
cal overloading (round bar specimens) in air at room temperature for analysis of 
surface/in-depth cracking and of the fracture mode (inter- or transgranular SCC, 
ductile mechanical failure, etc.) using a scanning electron microscope.

Electrochemical noise measurements

The electrochemical potential noise (EPN) was recorded either by a GAMRY

potentiostat (ESA400 software) with a sampling rate of 5  Hz, or by a newly devel-
oped EN measurement device (EcmNoise, IPS) with a sampling rate of 2  Hz. The 
EPN was measured versus a Pt-wire (pseudo reference electrode) which was inserted 
into the notch of the C(T) specimen or aligned around the U-notch of a round bar 
specimen and located as close as possible to the notch-root (Figs.  4.1a and 4.3a) 
or U-notch, respectively. Due to simultaneous use of the EN and DCPD techniques, 
the electrochemical current noise (ECN) could not be measured. Despite a 

4.1 12.5  mm thick compact tension specimen (0.5  T C(T)) with machined notch 
and instrumented with direct current potential drop (DCPD) and electrochemical 
potential noise measurement technique (a); round bar specimen with U-shaped 
notch and schematic of the potential drop (PD) measurement locations (b)

2  The ECP was usually still slowly increasing at the end of the pre-oxidation phase.
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4.2 Schematic of the high-temperature water loop and autoclave with integrated electro-mechanical tensile loading machine with DCPD
system for the SCC initiation studies under simulated BWR conditions
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pre-oxidation phase of more than 1 week before starting the loading phase, the EPN 
signal was still drifting slowly; quasi-stationary ECPs and passive current density 
values on stainless steels are usually achieved only after several thousands of hours of 
exposure in high-temperature water. This slow change in ECP from oxide film growth 
has to be carefully considered in EN analysis. Therefore, the DC part and the trend 
of the EPN signal were removed for evaluation of the data, resulting in a basic EPN 
level of around 0  mV when the loading phase started (t=0  h).

Direct current potential drop measurements

Together with the EPN, crack advance/initiation was continuously monitored using 
the reversed DCPD method with a resolution limit of about 1  µm. Figure  4.3b shows 
a schematic of the DCPD measurement set-up for the C(T) specimens. A current 
of 5  A was sent through the specimen (the polarity was reversed about every 3  s) and 
the potential drop was measured at the front face of the specimen. In the case of 
the round bar specimen, a current of 5  A was also used and the potential drop was 
measured at four locations around the U-notch (Fig.  4.1b).

The geometry change by plastic deformation of the round bar specimens and of 
the base of the notch in the C(T) specimens during the CERT phase resulted in a 

4.3 Schematic of the cell confi guration and experimental set-up for electro-
chemical potential noise (EPN) (a) and reversed direct current potential drop 
measurements (b) with C(T) specimens. The two techniques were combined in an 
autoclave
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change of the potential drop U before crack initiation occurred. A linear relationship 
between change in U and increase in pull rod stroke s (or nominal strain ε) was 
observed during this phase, and the behaviour was also confirmed by Finite Element 
(FE) modelling (Fig.  4.4). The potential drop change δU/δs was much higher 
(typically by a factor of 10) in the round bar specimens with plastic yielding of 
the whole cross-section (SCC initiation was typically observed at nominal stresses 
slightly above the yield strength) than in the notched C(T) specimen, where plastic 
yielding was restricted to the base of the notch (small scale yielding). The SCC initia-
tion point (and potential drop at crack initiation U0) during the CERT phase was 
assigned to the location where the U vs. s (or ε) curve started to deviate from the 
abovementioned linear relationship. The subsequent SCC crack growth was then 
calculated from U/U0 and the analytical Johnson equation [14] for the case of 
C(T) specimens and by using our own calibration curve, which was derived by FE 
modelling (Fig.  4.4), for the round bar specimens. Although the DCPD has a higher 
sensitivity for crack growth δU/δa in the round bar than in the C(T) specimens, 
exact determination of the point of crack initiation was subject to a larger degree of 
uncertainty because of the more pronounced plasticity effects.

4.3  Results and discussion

The first combined EN and DCPD measurements in high-temperature water revealed 
some interference to the EPN signal from the DCPD technique. Figure  4.5 shows the 
disturbances in the EPN signal that disappeared when the DCPD measurement was 
turned off. The steps in the EPN signal appeared synchronously with reversing the 
polarity of the current. This effect was probably caused by imperfect electrical insula-
tion of the specimens and wires leading to very small leakage currents, which resulted 
in relevant ohmic potential drops in the low-conductivity electrolyte. Unfortunately, 
the experimental set-up could not be further improved and periodical interruptions 
of the DCPD measurements would have led to a rather poor resolution limit for the 
detection of SCC initiation. Therefore, some information in the EN signal was 

4.4 Schematic of the course of the potential drop signal during constant 
extension rate testing with point of crack initiation (left) and DCPD calibration 
curve calculated by FE modelling (right)
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lost due to these disturbances. On the other hand, the influence on the EPN signal 
was still at an acceptable level and it was decided to continue with these tests and to 
concentrate on the mean value of the EPN signal by averaging the EPN values over 
periods of 5  min.

Individual potential (and current) transients, as they were observed during SCC 
initiation tests in a similar high-temperature water environment with notched round 
bar and flat tensile specimens without DCPD (Figs.  4.6 and 4.7), could therefore not 
be resolved, but a ‘global’ change in potential was still visible. Such a ‘global’ decrease 
in the potential (and increase in the current) always appeared if SCC initiation 
occurred (Figs.  4.6 and 4.7a) [7,15]. The observed cathodic (or anodic) polarity and 
the shape of individual potential (and current) transients are probably related to 
oxide film rupture and repassivation events during crack initiation at different sur-
face locations, as well as to surface crack growth of previously formed microcracks. 
The initiation process of intergranular SCC thus involves local anodic dissolution, 
which would be in line with a slip dissolution mechanism [16,17]. The superposition 
of such potential (and current) signals from initiation events at different surface loca-
tions and the surface crack growth of microcracks under slow straining conditions 
with increasing plastic strain may result in a quasi-continuous drop in potential 
(and increase in the anodic current). Furthermore, superimposed crevice currents and 
resulting potential changes to the differential aeration cell in the crack-mouth region, 
which vary with the crack-mouth opening, further contribute to these signal changes. 
Individual transients therefore cannot be resolved in every case, in particular, for 
large distances between specimen surface and reference (or counter) electrode. In 

4.5 EPN signal during the pre-oxidation phase of the fi rst experiment with 
reversed DCPD turned on (left) and off (right). An interference of the DCPD to 
the EPN signal could be identifi ed
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Fig.  4.8, another result of an earlier experiment with a round bar specimen is shown, 
where the specimen was unloaded very briefly (3.5  h) after a negative change in the 
EPN signal (and increase in the ECN signal) was observed, thus indicating SCC 
initiation. Post-test analysis with the scanning electron microscope in fact revealed 
one single, small, intergranular, semi-elliptical flaw with a surface crack length of 
about 150  µm and a maximum crack depth of about 100  µm (Fig.  4.8b).

Figure  4.9 shows the result of the first SCC initiation test with combined EN and 
DCPD measurements using a heavily sensitised stainless steel C(T) specimen. After 
about 8  h of constant straining of the specimen, the EPN signal started to drop indi-
cating SCC initiation. This was confirmed by the DCPD technique, which showed 
the onset of crack advance at the same time. Subsequent fractographic analysis by 
scanning electron microscope revealed intergranular SCC initiation and growth 
(along the whole notch-root) in this specimen (Fig.  4.9b). Due to the disturbances of 
the EPN signal, the expected individual potential transients in the EPN from single 
local film rupture/repassivation events related to SCC initiation could not be resolved 
(see above). Investigations in aqueous solutions at room temperature, where a 
comparable cracking mechanism is believed to be active, revealed a similar behaviour 
of the EPN signal level if extensive SCC initiation occurred [16,17]. About 3  h after 
SCC initiation was detected, the loading mode was switched to constant load and 
the crack continued to grow according to the DCPD signal (Fig.  4.9a). Rather sur-
prisingly, the EPN signal rose back close to the original level. The reason for this 
is probably the absence of any further surface crack growth along the notch-root 
and the high-purity water electrolyte with a very low conductivity (κinlet (at 25°C)
=0.19  µS/cm). Once the SCC surface crack had spread out along the whole 

4.6 Potential (EPN) and current noise (ECN) in a constant extension rate test with 
a sensitised stainless steel round bar specimen with U-notch. The decreasing 
EPN and increasing ECN signal as well as some transients indicate SCC initiation
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notch-root, the active crack-tip apparently grew in the depth direction and moved 
away from the surface. Thus the EN signal from the crack front accessible outside 
the crack became small, in good agreement with the limited throwing power of 
the current in the high-purity water. Therefore, only crack initiation and subsequent 
surface (or near-surface) crack growth appear to be detectable by EN measurements 

4.7 Effect of distance between reference electrode and specimen surface on the 
EPN during a constant extension rate test with a fl at tensile specimen and two 
pseudo reference electrodes (Pt-wires) (a). Example of an individual potential 
transient from (a) at higher resolution (b)
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in low-conductivity electrolytes. Recent, preliminary results from experiments in 
high-purity water with multiple reference electrodes investigating the effect of refer-
ence electrode distance to the specimen surface (or ‘location of cracking’) seem to 
confirm this hypothesis (Fig.  4.7). After SCC initiation, the drop in the EPN signal 

4.8 Potential (EPN) and current noise (ECN) in a combined constant extension 
rate (CERT)–constant load (CLT) test with a round bar specimen (sensitised 
stainless steel), which was switched to constant load in the range of the yield 
strength when the potential and current signals started to change and indicated 
SCC initiation (a). The specimen was unloaded after a further 3.5  h. Post-test 
analysis with the scanning electron microscope revealed one single, small 
intergranular semi-elliptical surface fl aw (b)
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(Fig.  4.7a) and single potential transients (Fig.  4.7b) could increasingly be resolved 
with decreasing distance to the specimen surface.

A second SCC initiation test was performed with sensitised (Fig.  4.10) and solution 
annealed (Fig.  4.11) stainless steel C(T) specimens at 288°C and with a slower exten-
sion rate of the pull rod (vpull rod=10–8  m/s). This time, the test was interrupted shortly 
after switching to constant load. SCC initiation was detected in both specimens 

4.9 Mean values of the electrochemical potential noise (<EPN>) and crack 
advance measured by DCPD in a combined constant extension rate (CERT)–
constant load (CLT) test with a sharply notched, sensitised stainless steel C(T) 
specimen (a) with intergranular SCC confi rmed by post-test fractography with the 
scanning electron microscope (b)
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around 18  h after the start of the straining by a drop in the EPN signal and by crack 
advance recorded by the DCPD technique. In the sensitised stainless steel specimen, 
ca. 15  µm average crack advance over the whole specimen thickness was measured 
by the DCPD and the EPN signal decreased by ca. 5.5  mV, whereas in the solution 
annealed specimen, a total crack advance of ca. 9  µm and a decrease in the EPN by 

4.10 Mean values of the electrochemical potential noise (<EPN>) and crack 
advance measured by DCPD in a combined constant extension rate (CERT)–
constant load (CLT) test with a sharply notched, sensitised stainless steel 
C(T) specimen (a) with localised, intergranular SCC confi rmed by post-test 
fractography with the scanning electron microscope (b)
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ca. 3  mV were recorded. In both specimens, surface crack growth along the notch-
root could be followed by the EN measurements. Post-test fractography revealed a 
few, localised, intergranular areas of SCC in the sensitised specimen (Fig.  4.10b) and 
very few, localised, transgranular areas of SCC in the solution annealed specimen 
(Fig.  4.11b). The average extent of crack advance correlated reasonably well with the 
DCPD indications.

4.11 Mean values of the electrochemical potential noise (<EPN>) and crack 
advance measured by DCPD in a combined constant extension rate (CERT)–
constant load (CLT) test with a sharply notched, solution annealed stainless steel 
C(T) specimen (a) with very localised, transgranular SCC confi rmed by post-test 
fractography with the scanning electron microscope (b)
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4.12 Mean values of the electrochemical potential noise (<EPN>) and crack 
advance measured by DCPD during constant extension rate testing (CERT) 
with a notched, sensitised stainless steel round bar specimen (a) with 
intergranular SCC confi rmed by post-test fractography with the scanning 
electron microscope (b)

This second test also showed that similar EN signals are observed for intergranular 
and transgranular SCC in sensitised and solution annealed stainless steels in 
high-temperature water, indicating that the cracking mechanism involves similar 
electrochemical processes. Thus, differentiation between inter- and transgranular 
SCC will hardly be possible based on EN measurements alone.
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To further verify the very promising EN results gathered during many SCC 
initiation tests with round bar specimens (e.g. Figs.  4.6 and 4.8), the EN and DCPD 
techniques were also applied simultaneously using notched round bar specimens. 
The result of one of these tests is shown in Fig.  4.12. After about 20  h of constant 
straining, the typical drop in the EPN signal was observed, whereas the DCPD signal 
indicated the onset of SCC several hours later. The delayed indication of SCC might 
be explained by the more pronounced effect of plastic deformation on the DCPD 
signal in the round bar specimen (see section 4.2.2.2) and by a greater sensitivity to 
small cracks for the EN technique.

Additional SCC initiation tests with combined EN and DCPD measurements on 
C(T) and round bar specimens further confirmed the observations described above 
[8,15]. These SCC initiation experiments with independent on-line crack growth 
monitoring by the DCPD technique verified the general ability of the EN technique 
to detect SCC initiation under simulated BWR conditions. The detection sensitivity 
increases with decreasing distance between specimen surface and reference (or coun-
ter) electrode [18]. Therefore, it is concluded that with suitable positioning of the 
reference (or counter) electrode, early SCC detection by the EN technique is possible 
under stable and stationary laboratory conditions in oxygenated high-temperature 
water.

4.4  Summary and conclusions

A big challenge in evaluation of the EN method as a SCC monitoring tool under 
high-temperature water conditions is to find an independent SCC detection method 
which can be applied simultaneously to verify promising results obtained in earlier 
investigations at PSI [7] and elsewhere [9–12]. Experiments with sharply notched 
compact tension specimens and U-shape notched round bar specimens showed 
that the reversed DCPD technique can be applied together with EPN measurements 
in an oxygenated high-temperature water environment as a second independent 
method to detect SCC initiation. In all investigated specimens, SCC initiation could 
be detected at around the same time by both techniques. Therefore it is concluded 
that early SCC detection by EN is possible under simulated BWR conditions, at least 
under stable and stationary laboratory conditions. However, only crack initiation 
and subsequent surface (or near-surface) crack growth can be detected by EN meas-
urements in high-purity water with very low conductivity and a short distance be-
tween the specimen surface and the reference (or counter) electrode is crucial to 
achieve high sensitivity here. The observed polarity of the potential signal changes/
transients during SCC initiation and growth suggests a mechanism which involves 
film rupture and local anodic dissolution/repassivation. Further investigations are 
still necessary to confirm these preliminary results.
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5.1  Introduction

Until the 1970s, many of the corrosion problems in nuclear boiling water reactors 
(BWRs) were related to stress corrosion cracking (SCC), particularly to intergranular 
SCC (IGSCC). This was explained by the fact that austenitic steels undergo chromi-
um carbide precipitation at grain boundaries when heated in the 600–700°C interval 
for a certain period. This phenomenon is known as sensitisation and such precipita-
tion produces chromium depleted zones next to the precipitates, leading to a higher 
corrosion rate at grain boundaries compared to the steel matrix. This, along with 
the residual and operational stresses and impurities of the demineralised water 
used in this type of reactor at 288°C and 8  MPa pressure, contribute to the IGSCC 
phenomenon.

Even when a number of measures were taken to mitigate this problem, new forms 
of cracking have emerged, particularly in the internal components of the reactor 
pressure vessel. Although these components are built from a low carbon austenitic 
304L steel in which short-term sensitisation is not possible, the fluence of fast 
neutrons above 1  MeV produces radiation induced segregation (RIS), which in 
turn leads to chromium depletion at grain boundaries. Analyses have also predicted 
high residual stress levels, particularly in the core shroud welds. The magnitude can 
exceed the material’s annealed yield strength, in particular, if the surface has any cold 

*  Reprinted from Nuclear Engineering and Design, 237(24), C.R. Arganis-Juarez, J.M. Malo 
and J. Uruchurtu, ‘Electrochemical noise measurements of stainless steel in high temperature 
water’, pp. 2283–91, © 2007, with permission from Elsevier.
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working before final joining. While these factors are important contributors, the very 
high oxidising nature of the core coolant at all elevations also appears to be a very 
strong driver for the cracking of the generally resistant L-grade or stabilised stainless 
steels [1].

In view of the numerous studies on the cracking rate that have been carried out on 
thermally sensitised materials, an equation has been proposed [2] which correlates the 
‘equivalent’ thermal sensitisation, corresponding to the same rate of cracking, with 
the chromium depletion produced by irradiation plus any initial thermal sensitisation 
of the component before exposure to the neutron fluence. Therefore the study of 
cracking of thermally sensitised austenitic stainless steels is still useful because it can 
be related to the ‘equivalent’ fluence (neutron flux  ·  time) that produces the same 
sensitisation.

The electrochemical noise (EN) technique has been used in the nuclear industry to 
detect pitting and crevice corrosion in high conductivity media, such as the service 
water of heat exchangers and steam generators of pressurised water reactors (PWRs) 
[3]. However, in BWRs, the extremely low conductivity of demineralised water, 
as well as the high temperature and pressure, is a problem for the extended use 
of electrochemical methods. This limits the choice of materials for construction of 
electrodes and sensors and consequently available data in the literature of this type 
are rather limited.

In previous works with slow strain rate tests (SSRTs) [4,5] in high oxygen and high-
temperature water environments and low conductivities, EN current signals from 0.5 
to 3  µA with very short rise time from 2 to 60  s and slow decays of 100 to 1000  s were 
observed. However, the authors did not measure potential noise signals. On the 
other hand, Andresen et al. [6] worked with potential signals and used voltage 
standard deviation but did not use current signals. Apparent strain rates of 7.9E-6, 
1E-6 and 3.3E-7  s−1 were used in these investigations.

Wang et al. [7] worked in similar environments with C-ring specimens and 
obtained current and voltage signals. The current signals were about 1  µA, but the 
signals were related to changes in the stress intensity factor K and do not present 
typical transients caused by SCC. Finally Macdonald et al. [3] obtained periodic 
bursts of higher frequency noise of 100  µA amplitude with compact tension 
specimens at 33  MPa  m1/2 with a platinised nickel cathode, also related to changes 
in K.

In all these investigations, the mechanism of IGSCC was related to transients in 
current, but only a few measured electrochemical potential noise, and transgranular 
SCC (TGSCC) or the different sub-type fracture modes, reported in other studies 
with SSRTs [8] in stainless steel in demineralised water at 288°C, were not mentioned 
in these studies.

Due to its online monitoring capabilities, the EN technique has been considered 
by the nuclear industry [2] to be potentially part of smart systems that involve the 
use of predictive cracking models, water radiolysis, electrochemical potential mea-
surements, and the use of sensors and codes to survey the structural integrity of 
BWRs.

5.2  Experimental procedure

5.2.1 Materials

The 304 steel samples were obtained from a 25.4  mm plate that underwent solution 
annealing heat treatment (1  h at 1050°C and water-cooled) to reduce the presence of 
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carbide sensitisation at the grain boundaries as much as possible. Some samples 
underwent a sensitisation heat treatment (4  h at 650°C and water-cooled) to promote 
the precipitation of carbides at the grain boundaries.

Table 5.1 shows the chemical composition of the investigated steel, and Table 5.2 
shows the sensitisation parameters for the steel with the heat treatments.

5.2.2 Slow strain rate tests

Stress probes were prepared from 304 plate, 30  mm long (gauge section) and 3.5  mm
diameter. Due to possible problems with cracking remote from the sensors, a small 
0.5  mm deep notch was machined in the probes with a 60° angle. The SSRTs were 
carried out in a loop, comprising a clean-up and water conditioning unit and 
an autoclave with integrated mechanical test machine, as shown in Fig.  5.1. The inlet 
conductivities were 0.06  µS/cm in all cases and outlet conductivities were also 
reported. The SSRTs were conducted at a displacement rate of 3E-5  mm/s which 
resulted in an ‘apparent strain rate’ of 1E-6  s–1.

Previous calibration was performed with sensitised stainless steel and it was found 
that the water saturated with atmospheric air resulted in a dissolved oxygen content 
of about 4000  ppb at 25°C (3000  m above sea level) and produced an electrochemical 
potential around 200  mVSHE. The measurements were made with an external Ag/AgCl 
reference electrode. This condition was selected for the experiments which simulated 
the environment in the core of a BWR with values near 200  mVSHE due to the water 
radiolysis products.

5.2.3 Electrochemical noise instrumentation

The arrangement for monitoring EN, designed to insulate the working electrode from 
external interference, is shown in Fig.  5.2. Two small area platinum electrodes were 
used as reference and current electrodes, using 2  mm filaments (the low W1/W2 area 
ratio minimised polarisation over the steel probe). An ACM instrument was used for 
recording electrochemical potential and current noise signals at a sampling rate of 
1  reading/s.

Table 5.1 Composition of the investigated steel (in wt.%)

Steel Cr Ni C Mn Si P S.

304 18.39 10.45 0.046 1.65 0.41 0.011 0.001

Table 5.2 Characterisation of the investigated steel

Heat treatment EPR or Pa, coulombs/cm2 Ir/Ia A-262*

304 Solution annealed. (1050oC 1  h+WQ)  0.3547 0.002 Step

304 Sensitised (1050oC 1  h+WQ+650oC
4  h+WQ)

26 0.666 Ditch

*ASTM A-262 Standard Practice A Oxalic Acid Etch Test Microstructures. All present 
delta ferrite ribbons.
WQ, water quenching.
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5.3  Results

Figure  5.3 shows the load–time curve and the potential and current time-series 
obtained for a solution annealed 304 steel. At the initial stage, before the yield point 
was reached, a low noise signal was obtained. This is the typical background noise in 
the absence of any cracking events. Figure  5.4a shows the current signal. Beyond the 
yield point, different shapes of current and potential transients were observed which 
were believed to be related to cracking events. In these time series, passivity break-
down could be observed after yielding as a current spike followed by a slow recovery 
in both current and voltage. The first current pulse (1.7E4  s) had a short rise time, 
typically a few seconds long, and a slow decay; this is magnified in Fig.  5.4b. The 
following pulses were caused by the overlapping of four or more transients which 
formed a ‘tooth shape’ signature, such as in Fig.  5.4c. As the test continued, single 
high intensity transients appeared (8.3E4  s). At a later stage (12E4  s), symmetric 
spikes (with rise or activation time ta similar to recovery time tr) were obtained 
(Fig.  5.4d). In addition, a load transient occurred at 17E4  s due to an interruption of 
the electric power supply to the test system, which demonstrated the sensitivity of the 
technique to detect changes in the test condition, such as removing the load. The EN 
technique was sensitive to crack initiation and the end of the cracking stages, where 
the specimen failed (22E4  s).

5.1 Simplifi ed diagram of the autoclave and water conditioning loop to simulate 
a BWR environment
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5.2 Arrangement with two platinum electrodes used to obtain EN during SS-
RTs. W1=working electrode 1 (counter 2  mm, platinum fi lament), W2=working
electrode 2 (tensile 304 SS probe), REF=reference electrode (2  mm of platinum 
fi lament)

5.3 Load–time curve and EN-time series for 304 solution annealed stainless 
steel, at 288°C, 8  MPa, air saturated water (approximately 4000 ppb oxygen and 
+200  mVSHE), outlet conductivity 0.59  µS/cm
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5.4 Different EN intervals of signatures in 304 solution annealed stainless steel. (a) Without transients, (b) typical SCC transient,
(c) overlapping of three transients forming the ‘tooth shape’ and (d) symmetric spike
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Figure  5.5 shows that the solution annealed material presents initial TGSCC 
similar to the ‘fan ribs’ morphology reported by Newman [9] in alpha brass or 
Transgranular type II with ‘fan ribs line’ proposed by Solomon [8] at the outer cross-
section, followed by a TGSCC similar to Type I reported by Solomon [8] and then 
ductile fracture with microvoids in the centre of the specimen. Relating the sequence 
of events in the test and the fractography, the first signature of transients could be 
explained by the initiation of the cracking and its ‘fan ribs’ morphology. The single 
high intensity transients could be associated with the transgranular cracking, and 
final spikes could be associated with the ductile fracture by overload.

Figure  5.6 shows the load–time curve and time series obtained for 304 steel with 
a thermal sensitisation treatment. As in the previous case, a low noise signal was 
obtained in the period that preceded the yield point (8E3  s) in the absence of cracking. 
Passivity breakdown took place after the specimen reached the yield point, with a 
signal formed by spikes followed by recoveries characteristic of a cracking phenom-
enon. In this case, a quasi-periodic breakdown behaviour was observed, where 
breakdown recovery events are separated by periods of relatively low noise activity. 
During the test, breakdown events took place between crack initiation and the end of 
cracking, where the specimen broke (see Fig.  5.6b).

Figure  5.7 shows the fractographic analysis where the IGSCC initiation can be 
seen, followed by TGSCC type I [8] and finally, in the centre, ductile fracture.

Overall, the signals obtained showed more rapid activation events followed 
by shorter exponential recoveries than in the solution annealed case, which is in 
agreement with the noise signals in similar media for SCC [4,5]. Stewart et al. [5] 
associated the first transients with the advance of short cracks. Other transients 
(3E4  s) comprised a group of overlapping current pulses which finally decayed to the 
baseline, similar to the behaviour reported by Wells et al. [10]. These were associated 
with the movement of the crack across individual grain boundary facets. The single 
transients with high intensity (65E5  s) could be associated again with TGSCC and the 
symmetric spikes (105E5  s) with ductile overload fracture.

The difference in magnitude between the current density signals of the solution 
annealed and sensitised specimens could be attributed to small variations in the posi-
tioning of the platinum electrodes, which was done manually, or may be due to the 
differences in outlet conductivities, 0.59  µS/cm for solution annealed and 0.95  µS/cm
for sensitised 304 SS. 

The 304 solution annealed steel had a more negative potential of –98  mV versus Pt 
at the beginning of the test and finished at –166  mV versus Pt. The sensitised 304 steel 
had a potential of 41  mV versus Pt, and finished at –61  mV versus Pt, which means 
that this probe showed more noble behaviour (positive potential). This means that 
the probes were at different potentials. However, the Pt electrode is not a reference 
electrode, but only a ‘pseudo reference’ electrode and can be influenced by the envi-
ronment and pH. The differences in conductivities could also have contributed to the 
differences of the Pt potential via an effect on the pH. 

In all cases, typical rapid rise and slow recovery transients were present, but with 
differences in amplitude, and sometimes with overlapping of three or more transients 
forming a ‘tooth shape’. The only different pattern was similar to the transients 
reported by Wells et al. [10], but this could also have been caused by overlapping of 
single typical SCC transients. The symmetric spikes could also be well differentiated 
from the SCC transients.
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5.5 SEM fractographs of solution annealed stainless steel 304 after failure. (a) General view showing TGSCC mode of cracking and 
ductile fracture at the centre, (b) initiation by ‘fan ribs’, (c) other general view of the fracture shows ‘fan ribs’ + TGSCC and (d) secondary 
cracking and necking
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As mentioned by Dawson [11], anodic transients can also be the result of metal 
dissolution at the crack wall and therefore, similar to pit initiation. Therefore in 
many cases, it is difficult to discriminate between anodic SCC, pitting and crevice 
corrosion.

5.6 (a) Load–time curve and EN-time series for 304 sensitised stainless steel 
at 288°C, 8  MPa, air saturated water (approximately 4000  ppb oxygen and 
+200  mVSHE), outlet conductivity 0.95  µS/cm. (b) EN-time series for 304 sensitised 
stainless steel at 288°C, 8  MPa, air saturated water (approximately 4000  ppb
oxygen and +200  mVSHE), conductivity 0.95  µS/cm, with trend and background 
removal
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5.7 SEM fractographs of sensitised 304 stainless steel after failure. (a) General view showing IGSCC and TGSCC modes of cracking and
ductile fracture at the centre, (b) initiation by IGSCC, (c) sensitised 304 showing change in fracture mode from IG SCC to TGSCC and (d) 
change in fracture mode from TGSCC to ductile fracture (‘fan ribs’ are not well defi ned)
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An advantage of the EN technique is that it can detect events that occur sequen-
tially, including the absence of events as shown by periods without transients; in this 
case, these are related to the different mechanisms of cracking, e.g. ‘fan ribs’ before 
TGSCC, or IGSCC before TGSCC, and TGSCC before ductile fracture.

Unfortunately, the amplitude of the signature also depends on differences in the 
experimental set-up, such as the distance between electrodes. In this case, it is difficult 
to associate the amplitude and the integrated ‘electric dissolution charge’ with the 
depth of the crack. For example, the larger transients with high amplitude and high 
dissolution charge (Table  5.3) were attributed to TGSCC in the solution annealed 
steel with 484  µm crack depth (see Fig.  5.5a), and large cracking with approximate 
965  µm depth (see Fig.  5.7a) was attributed to IGSCC and TGSCC with small charge 
transients (Table  5.4).

Watanabe et al. [12] and Wells et al. [10] obtained a good relationship between 
the number of transients and the number of cracks and found a direct correlation 
between current pulses and crack initiation. Figure  5.8 shows the time series for a 
304 SS tested in a SSRT at 1.5E-7  s–1 and stopped at 0.44  mm extension. In this case, 
Fig.  5.8b and c only show one zig-zag shaped crack, which gave rise to five transients. 
This shows that perhaps the transients are more related to the growth and repassiv-
ation of the crack as proposed by the slip-dissolution model [2] and that one crack 
can produce more than one transient compared with the ‘one to one’ correlation 
proposed by Watanabe et al. [12] and Wells et al. [10].

Table  5.3 shows six time intervals selected to obtain the power density spectrum 
(PDS) shown in Fig.  5.9a for the solution annealed 304 SS. Figure  5.9b shows the 
standard deviation (STD) as a function of time for the same set of intervals. Interval 
one was taken from the elastic zone, without any electrochemical transients and 
presumably no SCC. It presents three regions, the first with a plateau zone and a 

Table 5.3 Intervals selected for the time series of EN in solution annealed 304 SS

Interval Comments n Decay
rate

Ta, s Tr, s Amplitude 
I, mA/cm2

Amplitude
E, mV

Q µC

I1
0-8192 (s)

Without
transients
No SCC

– – – – – –

I2
16443-24635(s)

Typically
SCC
Fan ribs

0.16 429 2526 1.03E-5  8 107

I3
25861-34053(s)

Overlapping
tooth shape
Fan ribs

– – 1.4E-5 17.6 170

I4
81722-
89914(s)

Individual
transient
TGSCC

0.15 389 11260 7.06E-5 48 478

I5
108539-
116731(s)

Individual
transient
TGSCC

0.21 338 7635 5.43E-5 48 507

I6
118504-
126696(s)

Spikes
(ductile)

0.38 768 1537 2.7E-5 30  78
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slope of –0.375 log(PDS i)/decade, the second a roll-off slope of –2.20 log(PDS i)/
decade and a third region with a slope of –3.08 log(PDS i)/decade. In the interval with 
transients associated with ‘fan ribs’, corrosion processes should be indicated by the 
increasingly negative or sharper roll-off slopes and higher noise amplitudes. The 
maximum amplitude values reached in interval four were associated with TGSCC. 
After these, the amplitudes decreased, indicating that the SCC process was less 
severe. This is in agreement with the increase in the STD versus time from interval 
one to four and the decrease in the STD in intervals five and six. The relatively small 
transients correlated with the initial ‘fan ribs’ mode of fracture, the increase in the 
signals with the TGSCC mode and the decrease in the signals with ductile fracture 
and necking.

In Table  5.3, the values of charges associated with the noise transients are in agree-
ment with those obtained by Stewart et al. [5] from 10 to 200  µC in sensitised 304 SS 
under similar conditions.

Table  5.4 shows a set of intervals selected to obtain the PDS plot shown in 
Fig.  5.10a for the sensitised 304 SS. Figure  5.10b shows the STD as a function of time 

Table 5.4 Intervals selected for the time series of EN in sensitised 304 SS

Interval Comments n Decay
rate

Ta, s Tr, s Amplitude 
i mA/cm2

Amplitude
E mV

Q µC

I1
0-8192 (s)

Without
transients
No SCC

– – – – – –

I2
8619-16731(s)

Typically
SCC
IGSCC

0.3  182  949 6.19E-6 26 28.2

I3
16811-
25003(s)

Typically
SCC
IGSCC

0.17 1076  2472 4.6E-6 23 29.64

I4
27003-
35195(s)

Typically
SCC
IGSCC

–  508  1654 4.3E-6 20

I5
37990-
46182(s)

Overlapping
(Well’s type)
IGSCC
Movement of 
the crack across 
individual grain 
boundary facets

0.14 – – 1E-6  6.8

I6
61007
69199(s)

Individual
transient
TGSCC

0.51   93  3341 5.43E-5 48 16.92

I7
74080
82272(s)

Individual
transient
TGSCC

0.31 1143  4484 3.6E-6 31 12.9

I8
104512
112704(s)

Spikes
(ductile)

0.49  631 10388 6.2E-6 16.92 20.02
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5.8 (a) Load–time curve and EN-time series for 304 sensitised stainless steel at 288°C, 8  MPa, air saturated water (approximately 
4000  ppb oxygen and +200  mVSHE), tested at 1.5E-6  s–1 stopped at 0.44  mm. (b) Lateral view shows only one crack. (c) Detail of the zig-
zag shape of the crack
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for the chosen set of intervals. In Fig.  5.10a, interval one, which is related to the 
time before SCC initiated, also shows three regions. The first one with a slope of 
–0.25 log(PDS i)/decade, the second one of –2.21 log(PDS i)/decade and finally a 
region of –4.51 log(PDS i)/decade. In the intervals associated with SCC, the process 
should be indicated by the increasingly negative or sharper roll-off slopes and higher 
noise amplitudes. In this case, there is no direct relationship between STD and PDS 

5.9 (a) Spectra of time intervals in a time series of current densities in solution 
annealed 304 stainless steel. (b) STD vs. time for the same time intervals in 
solution annealed 304
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5.10 (a) Spectra of several time intervals in time series of current densities in 
sensitised 304 stainless steel. (b) STD vs. time for the same time intervals in 
sensitised 304

spectrum. This is because IGSCC was beginning with small amplitude transients 
which increased, but after that the intensity decreased in irregular transients associ-
ated with the arrest of this fracture mode. Later, the current density signal increased 
again associated with the TGSCC transient, and then finally the failure mode was 
more abrupt and ductile fracture produced big spikes.

In Table  5.4, the values of charges associated with transients are in agreement 
with those obtained by Wells et al. [10] from 1 to 25  µC in sensitised 304 SS, in dilute 
thiosulphate solutions at room temperature.
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The intensity of the pulses, and the dissolution charge Q, depend on the differ-
ences in potential between the steel and the Pt pseudo reference electrode. For 
example, the solution annealed 304 SS had a larger potential difference and produced 
larger pulses with more charge Q. The sensitised 304 SS had smaller differences in 
potential and produced low amplitude pulses with a small charge Q. Decay behaviour 
of current or current density in a repassivation process is usually expressed by the 
exponential form:

i i
t
to

o

n

=
Ê
ËÁ

ˆ
¯̃

-

 [3.1]

where t is the time for new exposure of a bare metal surface, i0 the peak current den-
sity and t0 is the lead time for the current to start decaying. The values of n for decay 
kinetics obtained by log–log plots of the decay sections of the transients, in the region 
from 100 to 1000  s, show that for 304 solution annealed steel in intervals 2 and 4 
(associated with ‘fan ribs’ and TGSCC), n=0.16 and 0.15. For interval 5 (TGSCC), 
n=0.21 and for interval 6 (spike due to ductile fracture), n=0.38. By comparison, for 
sensitised 304 steel, in interval 2, n=0.3, for interval 3, n=0.17 and for the decay 
after irregular transients in interval 5, n=0.14 (all attributed to IGSCC). For interval 
6 associated with TGSCC, n=0.51, but interval 7 has n=0.33. For a spike in interval 
8, n=0.49. This shows that the repassivation rate is similar for ‘fan ribs’ and IGSCC, 
n=0.15, and between some IGSCC and TGSCC transients, n=0.33. Some of the 
transients associated with TGSCC had slower repassivation rates with n=0.41.
Spikes attributed to ductile fracture had the highest n value between 0.38 and 0.49.

The similar values of n between different types of cracking in this case show that it 
is difficult to distinguish the two cases (IGSCC and TGSCC) without supporting 
information from other techniques. Furthermore, it is possible that overlap of signals 
occurs between the main crack and secondary crack, or that the main crack is in the 
TGSCC mode and a secondary crack with ‘fan ribs’ mode occurs simultaneously and 
the total signal is then a mixture of the two cracking modes.

The types of fracture observed were clearly related to the sensitisation. If the 
material was heavily sensitised, the corrosion rate of the grain boundaries was 
higher and the fracture mode became intergranular. For the material with only slight 
sensitisation, a crack propagated along some crystallographic planes where slip 
and favoured by dynamic strain. When the corrosion rate of grain boundaries was 
comparable to that of slip planes within a grain matrix, the fracture mode became 
a mixture of trans- and intergranular. If the environment was too mild for the slip 
surface to corrode preferentially, a crack could not propagate along the slip surface 
and the fracture mode became ductile.

The current transients may be more related to the repassivation of a bare surface 
than to the way this bare surface is created, because in all of the cases, the increase in 
current is linear (only in a few cases are symmetric spikes increasing exponentially). 
However, the repassivation kinetics might be different along grain boundaries and in 
the grain matrix and therefore depend on the cracking mechanism. The corrosion 
rate and therefore the repassivation kinetics occur slowly at grain boundaries due 
to the Cr depleted zone in IGSCC or by hardening due to enrichment of impurity 
elements, such as phosphorus, sulphur and silicon, and the decay rate is small. Wata-
nabe et al. [4] found n=0.3 for IGSCC in similar media. For TGSCC, the kinetics 
are related more to the strain rate and the slip of planes. There is no big chemical 
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difference between these planes and the grain matrix and there is also sufficient Cr to 
form a passive layer. The decay rate is expected to be higher under these conditions.

The ‘fan ribs’ mechanism is more complicated to explain, but there is a front at 
180° that advances in a radial and then in a circumferential way. This requires that 
the crack stops growing in depth, but continues to advance laterally and therefore the 
repassivation occurs more slowly and the decay rate is low.

There is not a definitive method to distinguish between the different cracking 
modes by EN signals because both produce bare surfaces, but the repassivation 
processes are different in IGSCC and TGSCC.

The differences in potential transients are more evident than the current transients 
as shown in Tables 5.3 and 5.4. It is possible to associate the potential amplitude with 
the type of transitory (e.g. 8–18  mV to ‘fan ribs’, 31–48  mV to TGSCC, and 20–26  mV
to IGSCC, but there is no rule) and symmetric spikes (attributed to ductile fracture) 
are better distinguished by the signal shape.

5.4  Summary and conclusions

EN measurements were performed during slow strain rate tests with 304 stainless 
steel in oxidising high-temperature water at 288°C.

Characteristic EN signals were obtained corresponding to crack initiation and 
propagation under similar conditions to those reported favouring SCC. A number of 
current transients were observed from the austenitic stainless steel specimens under 
constant straining in the simulated BWR environment. No transients were detected 
before the yield point. The shape and polarity of the transients indicated that they 
corresponded to slip-dissolution events. 

For the solution annealed 304 steel, multiple cracking occurred with a ‘fan ribs’ 
morphology, followed by TGSCC and finally ductile fracture in the centre section of 
the specimen.

The cracking mode for the sensitised 304 condition was intergranular, followed by 
a transition to transgranular cracking and finally ductile failure in the centre section 
of the specimen.

It turned out that one of the great advantages of the EN technique, compared 
to other techniques, is that it can detect fracture events that occur sequentially, 
separated by low-noise intervals. The transients can be related to the different 
cracking modes, e.g. ‘fan ribs’, TGSCC, IGSCC and ductile fracture.
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6.1  Introduction

Although Alloy 600 has been used as the steam generator (SG) tubing material in 
pressurised water reactors (PWRs) due to its high corrosion resistance, many types 
of corrosion have occurred in environments containing some oxidising impurities 
in SG sludge piles. In particular, Pb is a well-known impurity that assists in stress 
corrosion cracking (SCC) of SG tubing in caustic environments [1–7]. Many authors 
have reported on the cracking modes of SCC in Pb-contaminated solutions and 
the role of Pb on the passive films formed on Alloy 600 to explain the mechanism, 
and the crack growth kinetics of PbSCC in various aqueous environments [2–7]. 
However, there are few reports that successfully distinguish between the initiation 
and propagation stages of PbSCC because it is difficult to detect them separately with 
conventional techniques.

Since electrochemical noise (EN), a fluctuation of the electrochemical potential 
and current, has been observed experimentally to be associated with localised 
corrosion processes, it has become a useful tool for monitoring localised corrosion 
such as pitting corrosion, crevice corrosion and SCC [8–16]. It has been reported that 
this technique is powerful enough to distinguish between different types of localised 
corrosion using a stochastic theory with the probabilities of the EN parameters such 
as the frequency of events, noise resistance, average charge of events [10–12] and 
mean free time-to-failure [14–16].

The purpose of the present work is to examine the initiation and propagation 
processes of PbSCC in Alloy 600 using the EN technique and stochastic theory. 
The electrochemical potential noise (EPN) and electrochemical current noise (ECN) 
were measured simultaneously from Alloy 600 C-ring specimens stressed to 150% of 
their room temperature yield strength (YS) in caustic solutions containing oxidising 
impurities. The EN parameters such as the frequency of events and the mean free 
time-to-failure were obtained from the EN data, and then the shape parameters 

*  Reprinted from Corrosion Science, 51(1), Sung-Woo Kim and Hong-Pyo Kim, ‘Electro-
chemical noise analysis of PbSCC of Alloy 600 SG tube in caustic environments at high 
temperature’, pp. 191–6, © 2009, with permission from Elsevier.
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were calculated from the Weibull probability function. Analyses were performed for 
test solutions with different impurities. The experimental data and calculations are 
discussed in terms of the stochastic characteristics of the uniform corrosion, initiation 
and propagation of PbSCC.

6.2  Experimental

Alloy 600 SG tubing (Valinox Heat No. NX8527) was used for this study: 22.23  mm
outer diameter, 1.27  mm thickness. The chemical composition of the materials is 
given in Table  6.1. The tubing was pilgered by the manufacturer, and heat treated 
in our laboratory at 920oC for 15  min in an Ar-filled quartz capsule in a furnace, 
followed by water quenching, to simulate low-temperature mill-annealing (LTMA). 
The C-ring specimens were fabricated from the Alloy 600 SG tubing in accordance 
with the ASTM G38 standard. The outer diameter (OD) surface of the specimens 
was ground with #1000 emery paper, and then cleaned with ethanol and water in 
sequence. The C-ring specimen was stressed to 150% of its room temperature YS at 
the apex using an Alloy 600 bolt and nut.

The test environments were an aqueous solution of 40  wt.% NaOH solution 
containing 0.01  wt.% PbO (leaded caustic solution), plus up to 500  ppm CuO. It has 
been reported that highly caustic conditions can be developed in the heated crevices 
of PWR SGs where Alloy 600 may become susceptible to SCC [17]. The Pb and Cu 
species are frequently found in SG sludge piles [17]. In the present investigation, CuO 
was added to the leaded caustic solution to accelerate PbSCC. CuO is a well-known 
oxidising species that increases the corrosion potential and promotes PbSCC [17,18]. 
It has been reported that an acceleration of PbSCC can also be accomplished by 
the potentiostatic method by maintaining the electrochemical potential in the active-
passive range, 0.1–0.2  V anodic to the open circuit potential (OCP) for Alloy 600 in 
caustic environments [18]. The potentiostatic method is not an option for the present 
EPN experiments.

Figure  6.1 is a schematic of the C-ring test facility and the EN experiments. The 
EPN and the ECN measurements were carried out with a Zahner IM6e equipped 
with a Zahner NProbe. The experiments were performed on a galvanically-coupled 
pair of stressed (150% YS) and unstressed C-ring specimens. The galvanic coupling 
was accomplished using the zero-resistance ammeter (ZRA) mode of the IM6e. The 
reference electrode was an external Ag/AgCl/KCl (0.1  M) electrode, specially 
designed and constructed for high-temperature and pressure applications (Toshin-
Kogyo Co., UH type). For reliable measurements of the electrochemical potential, 
the reference electrode was reassembled and recalibrated frequently during the 
interruption of the test series described below. The current transients between the 
two specimens of the pair, and the potential transients of the stressed specimen versus 
the reference electrode were monitored simultaneously. The sample interval and the 
frequency bandwidth were 0.5  s and 0.001–1  Hz, respectively. The power spectral 
density and the frequency of events were calculated from each set of time records that 
consisted of 2048 data points acquired for 1000  s.

Table 6.1 Chemical composition of the Alloy 600 materials (in wt.%)

C Mn Si P S Ni Cr Ti Al Co Cu Fe

0.024 0.23 0.13 0.005 <0.001 74.90 15.37 0.28 0.20 0.016 0.009 8.84
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The tests were performed at 290oC for a total accumulated immersion time 
of 400  h, and consisted of three phases of immersion in sequence; (1) 264  h in the 
leaded solution (40  wt.% NaOH with 0.01  wt.% Pb), (2) 14  h in the leaded solution 
plus 200  ppm CuO, and (3) 122  h in the leaded solution plus 500  ppm CuO. The 
200  ppm of CuO was added at 264  h, and then an additional 300  ppm at 278  h. The 
addition of CuO caused an increase in the electrochemical potential by 0.15–0.2  V.
The tests were interrupted a number of times and the surfaces of the specimens were 
examined for cracking using an optical stereo-microscope, at accumulated immersion 
times of 50, 144, 264, 278 and 400  h. The test solution was de-aerated with 99.99% 
nitrogen gas for 20  h before the tests began.

After the entire immersion test, the specimens were chemically etched with a 
solution of 2% bromine + 98% methanol, and then examined with a scanning electron 
microscope (SEM, JEOL JSM-6360) equipped with an energy dispersive spectrome-
ter (EDS, Oxford-7582).

6.3  Results and discussion

6.3.1 Microscopic analysis

Figure  6.2(a) is the optical stereo-micrograph of the OD surface of the stressed C-ring 
apex immersed for 264  h in the leaded caustic solution and Fig.  6.2(b) is an oblique 

6.1 Schematic of the C-ring test system and the EN experiment (from S. W. Kim 
and H. P. Kim, Corr. Sci., 51(1) (2009), 191, with permission)
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6.2 Optical stereo-micrograph of (a) the OD surface and (b) the corresponding oblique view of the C-ring apex immersed in the leaded
caustic solution at 290oC for 264  h, and (c) the OD surface and (d) the corresponding oblique view of the C-ring apex after the entire im-
mersion test at 290oC for 400  h (from S. W. Kim and H. P. Kim, Corr. Sci., 51(1) (2009), 191, with permission)
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view corresponding to Fig.  6.2(a). Figs.  6.2(a) and (b) show a feature that may indi-
cate a surface film breakage or local corrosion. However, extensive examination of 
the cross-section of the specimen ruled out any cracking. After the entire immersion 
test in the leaded caustic solution with CuO for 400  h, several cracks were propagated 
as shown in Figs.  6.2(c) and (d).

Figure  6.3 presents the SEM micrograph of the cross-section of the C-ring speci-
men after the entire immersion test. The crack was propagated in an intergranular 
(IG) mode and the crack mouth and tip were covered with a surface film. The chem-
ical composition of the surface film was analysed by energy dispersive spectroscopy 
(EDS), and summarised in Table  6.2, along with the chemical composition of the 
Alloy 600 matrix. Pb was detected in the oxide film at both the crack mouth and the 
crack tip. This is typical of PbSCC in Alloy 600 in leaded caustic solutions [3–7].

After the entire immersion test, many cracks were initiated at micron-scale through 
the grain boundary at the C-ring apex surface as shown in Fig.  6.4. Those crack 
initiations were not able to be detected at the intermittent crack inspection using 
optical stereo-microscopy.

6.3.2 Electrochemical noise analysis

Figure  6.5 demonstrates the time records of the EPN and ECN measured from the 
C-ring specimens at 290oC for 400  h with different additives. There were abrupt 
changes in the EPN or ECN at an interruption for crack inspection (points A, B, C, 
D and E in Fig.  6.5). These may be attributed to fluctuations of the test environment 
such as temperature, pressure and water chemistry at the interface between the 
solution and specimen exposed to the room temperature atmosphere for crack 
inspection.

There were also rapid increases in the EPN by 150 and 50  mV in sequence due to 
the increase in the corrosion potential of the specimens with additions of 200 and 
300  ppm CuO, respectively, to the leaded caustic solution. It is well known that the 
addition of CuO to a caustic solution as the sludge constituent in the SG, increases 
the corrosion potential of Alloy 600 and hence its SCC susceptibility at high 
temperature [17,18].

Separately, there were typical potential decreases in the EPN concurrent with 
the current rises in the ECN, which have generally been observed during localised 
corrosion such as pitting corrosion, crevice corrosion, intergranular corrosion and 
SCC [8–13]. Figures  6.6(a) and (b) present in detail these typical EPN and ECN 
values recorded for the leaded solution for the time period from 720  000 to 770  000  s,
and for that solution plus CuO for the time period from 1  330  000 to 1 436  000  s,
respectively. The current transient accompanied by a random potential drop in 
Fig.  6.6(a) revealed a repetitive increase and decrease in a stepwise manner at a lower 
amplitude and at a shorter time interval compared to the current transient exhibiting 
a rapid rise and a slow fall in Fig.  6.6(b).

From the microscopic analysis, it is easily anticipated that the current transient 
behaviour in Fig.  6.6(a) is mainly due to the local breakdown and repassivation of 
the surface oxide film; the increase in the current corresponding to the potential 
decrease means a local breakdown of the oxide film and hence an exposure of the 
metal surface, whereas the decrease in the current accompanied by the potential 
recovery indicates a repair of the oxide film. Similar transient behaviours have been 
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6.3 SEM micrograph of (a) the cross-section of the C-ring apex, (b) the crack mouth and (c) the crack tip after the entire immersion test at 
290oC for 400  h (from S. W. Kim and H. P. Kim, Corr. Sci., 51(1) (2009), 191, with permission)
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reported for a passivity breakdown triggering the initiation of localised corrosion 
[9,13,19].

On the other hand, the current transient in Fig. 6.6(b) revealed a more localised 
behaviour, that is, a larger amplitude with a longer time interval, indicating a larger 
exposure of the metal surface with a lower event frequency, compared to that of 
the current transient in Fig.  6.6(a). Anita et al. [13] reported a similar difference in 
the potential and current transients for the propagation of SCC from those for 
metastable pitting. Consequently, it is strongly suggested that the potential decrease 
in the EPN concurrent with the current rise in the ECN in Fig.  6.6(b) is due to the 
propagation of PbSCC, while that in Fig.  6.6(a) is attributable to the initiation of 
PbSCC.

Figures  6.7(a) and (b) present plots of the power spectral density (PSD) vs. the 
frequency calculated from each time record by a fast Fourier transform (FFT) algo-
rithm for the time period from 720 000 to 770 000  s and from 1 330 000 to 1 436 000  s,
respectively. In Fig.  6.7(a), it is clearly seen that the PSD obtained at points A, C and 
D, where the EPN reveals the potential decrease accompanied by the current increase 
in the ECN, is higher than that obtained at points B and E, where the EPN reveals 
the potential recovery corresponding to the current decrease in the ECN. Similar 
behaviours were found in Fig.  6.7(b), that is, the PSD obtained at points A, B, D 
and E is higher than that obtained at point C. The PSD increases remarkably at a 
low frequency limit in Figs.  6.7(a) and (b), which strongly indicates the increase in 
the number of localised corrosion events, that is, the initiation and propagation of 
PbSCC, respectively, in the present work.

It has been proposed that a shallow roll-off slope of the power spectra density plot 
of –20  dB/decade or less is indicative of pitting corrosion whereas a steep roll-off 
slope of more than –20  dB/decade represents general corrosion or passivation [20,21]. 
In contrast to the previous results, the roll-off slope for the propagation of PbSCC 
is steeper than the slope for the uniform corrosion in this work: the roll-off slopes of 
the power density spectrum were –18  dB/decade for uniform corrosion (B and E 
in Fig.  6.7(a) and C in Fig.  6.7(b)), –20  dB/decade for initiation of PbSCC (A, C and 
D in Fig.  6.7(a)) and –22  dB/decade for propagation of PbSCC (A, B, D and E in 
Fig.  6.7(b)). Similarly, Fukuda and Mizuno [22] and Anita et al. [13] reported a steep-
er roll-off slope for pitting corrosion of stainless steels than the slope for passivation. 
Since the type of corrosion cannot be reliably distinguished on the basis of the roll-off 
slope [10,13], it will not be considered as indicative of localised corrosion in this 
work.

Based on a shot-noise theory [10–12], the frequency of events fn of the localised 
corrosion is estimated for each time record as given by

Table 6.2 Chemical composition of the matrix and surface fi lm of the crack mouth and 
tip after a whole immersion test for 400  h at 290oC (in wt.%)

Position O Ti Cr Mn Fe Ni Pb

Matrix ND 0.22 14.49 0.47 7.96 76.05 ND
Crack mouth 8.39 0.19 13.80 0.17 6.97 70.40 0.94
Crack tip 8.25 0.25 13.95 0.25 7.26 70.04 0.40

ND, not detectable.
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6.4 SEM micrograph of the cracks initiated through the grain boundary at the 
C-ring apex surface in cross-sectional view after the entire immersion test at 
290oC for 400  h

f B
An

E
=

2

Ψ  [6.1]

where B is the Stern–Geary coefficient, ΨE the PSD value of the EPN obtained by 
averaging several low-frequency points using the FFT algorithm and A represents 
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the exposed electrode area. From a set of fn calculated from the PSD plots according 
to equation 6.1, the cumulative probability F(fn) at each fn is determined numerically 
by a mean rank approximation [10]. In this work, to understand the stochastic 
characteristics of PbSCC, the probability of fn was analysed using the Weibull distri-
bution function [14–16,23]. The Weibull distribution function, one of the most 
commonly used cumulative probability functions for predicting a life and failure rate, 
is expressed as

 ln{ln[1/(1-F(t))]}=m ln t-ln n [6.2]

where t is the mean free time which corresponds to 1/fn, and m and n represent the 
shape and scale parameters, respectively. 

Figure  6.8 depicts the plots of ln{ln[1/(1-F(t))]} vs. ln t determined numerically 
from the sets of fn which were calculated for the same time period as Figs.  6.6(a) and 
6(b). For a comparison, the plot of ln{ln[1/(1-F(t))]} vs. ln t obtained from the 
EN measurement of two identical unstressed Alloy 600 wire specimens in a 
40  wt.% NaOH solution without impurities at 290oC is also given in the figure. It was 
observed that the unstressed specimen in the 40% NaOH solution revealed uniform 
corrosion without any cracking. In Fig.  6.8, the shift of the mean free time t to 
a higher value, that is, the shift of fn to a lower frequency, was found in the plots 
obtained from the stressed specimens, compared to that obtained from the unstressed 
specimen where only uniform corrosion occurred. This also means that there were 
localised corrosion events occurring in the stressed specimens.

6.5 Time records of EPN and ECN measured from the stressed C-ring 
specimens at 290oC for 400  h with different additives. 200  ppm of CuO was 
added at 264  h (C), and then an additional 300  ppm at 278  h (D). The tests were 
interrupted a number of times and the surface of the specimen was examined 
for cracking at points A, B, C, D and E (from S. W. Kim and H. P. Kim, Corr. Sci.,
51(1) (2009), 191, with permission)
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In previous works [14–16,23–25], the conditional event generation rate r(t) of a 
localised corrosion was introduced as a failure rate using the values of m and n as

r t
m
n

tm( ) 1= -  [6.3]

Depending on the corrosion mechanism, the value of r(t) was regarded as the rate of 
localised corrosion events such as pit generation [24], pit growth [25] and propagation 
of SCC [16]. In a similar way, to employ the aforementioned concept in this work, 

6.6 Time records of EPN and ECN measured from the stressed C-ring speci-
mens (a) in the leaded caustic solution from 720 000 to 770 000  s, and (b) in that 
solution plus CuO from 1 330 000 to 1 436 000  s, respectively (from S. W. Kim 
and H. P. Kim, Corr. Sci., 51(1) (2009), 191, with permission)
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the value of m was determined from Fig.  6.8 by a linear curve fitting method and is 
given in Table  6.3. For the stressed specimens, the value was calculated from the plots 
where the probability deviates considerably from that of the unstressed specimen. 
Bearing in mind that the unstressed specimen revealed uniform corrosion without 

6.7 Plots of the power spectral density (PSD) vs. the frequency calculated from 
each time record of the EPN measured from the stressed C-ring specimens (a) 
in the leaded caustic solution from 720 000 to 770 000  s, and (b) in that solution 
plus CuO from 1 330 000 to 1 436 000  s, respectively (from S. W. Kim and H. P. 
Kim, Corr. Sci., 51(1) (2009), 191, with permission)
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any cracking, the m value of 1.46 can be regarded as a kinetic parameter mainly 
related to uniform corrosion. From the microscopic and EN analysis, the m value of 
0.59 for the stressed specimen in the leaded caustic solution can be regarded as a 
kinetic parameter mainly related to the initiation of PbSCC, and the m value of 0.17 
for the stressed specimen in the leaded caustic solution plus CuO can be assumed to 
be the kinetic parameter closely related to the propagation of PbSCC.

There are few reports in the literature on the stochastic approach for the localised 
corrosion of Alloy 600 materials at high temperature. For stainless steels, Shibata 
[19,26] reviewed the stochastic studies on a passive film breakdown triggering 
the initiation of localised corrosion. He analysed the stochastic characteristics of the 
local breakdown and repair of the passive film using the Poisson stochastic theory by 
assuming a completely random occurrence. For the Poisson process, the value of m
in the Weibull probability is unity. In a real situation, however, there is a distortion 

6.8 Plots of ln{ln[1/(1-F(t))]} vs. lnt determined numerically using the sets of fn

for the stressed C-ring specimens in the same time period as Figs. 6.6(a) and (b). 
The plot obtained from the unstressed wire specimen in a 40  wt.% NaOH 
solution at 290oC is also given in the fi gure (from S. W. Kim and H. P. Kim, 
Corr. Sci., 51(1) (2009), 191, with permission)

Table 6.3 The value of the shape parameter m determined in various solutions

Solution m

40  wt.% NaOH 1.46P0.02
40  wt.% NaOH + 0.01  wt.% PbO 0.59P0.02
40  wt.% NaOH + 0.01  wt.% PbO + 500  ppm CuO 0.17P0.01
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in the Poisson probability, and hence, a deviation of the value of m from unity, caused 
by a difference in many experimental conditions such as the chemistry of the test 
solution, the applied potential and the interactions between localised events.

On the other hand, Pyun et al. reported that the value of m increases from 0.7 up 
to unity with a decreasing applied potential [23] for pit generation at the surface of Al 
alloy at room temperature, and the value of m decreases from 0.4 to 0.1 with the ad-
dition of SO4

2– and MoO4
2– ions to a 0.1  M NaCl solution [14] and with the addition 

of SO4
2–, NO3

– and PO4
3– ions to a 1  M HCl solution [15] for pit initiation at the sur-

face of pure Al at room temperature. Interestingly, they also reported that the value 
of m is 0.33 for the SCC propagation of Alloy 600 in a neutral solution containing 
PbO at room temperature [16].

Figure  6.9 depicts the plots of ln{ln[1/(1-F(t))]} vs. ln t determined numerically 
from the sets of fn for all of the time records measured from the stressed specimens 
in the leaded caustic solution, and in that solution plus CuO. The plot obtained for 
the leaded caustic solution consists of three parts with different m values of 1.70, 0.78 
and 0.16 for a short, medium and long mean free time period, respectively, whereas 
the plot obtained for the leaded caustic solution plus CuO is divided into two main 
parts with different slopes, that is, m values of 1.51 and 0.18 for a short and long mean 
free time period, respectively.

From the results that the m values of the stressed specimens for a short mean free 
time period are similar to the m value of the unstressed specimens where only uniform 

6.9 Plots of ln{ln[1/(1-F(t))]} vs. lnt determined numerically using the sets of fn

for the stressed C-ring specimens for the whole time records measured from the 
stressed specimens in the leaded caustic solution and in that solution plus CuO. 
The plot obtained from the unstressed wire specimen in a 40  wt.% NaOH solu-
tion at 290oC is also given in the fi gure (from S. W. Kim and H. P. Kim, Corr. Sci.,
51(1) (2009), 191, with permission)
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corrosion occurred, it is confirmed that uniform corrosion also occurs in the stressed 
specimens exposed to leaded caustic solution, and to that solution plus CuO.

For the stressed specimen in the leaded solution, there is another localised 
corrosion event with m value of 0.78 for the medium mean free time period, closely 
related to the local breakdown and repassivation of the surface oxide film, that is, the 
initiation of PbSCC. For the stressed specimen in the leaded solution plus CuO, 
the localised corrosion events with the m value of 0.18 would correspond to the 
propagation of PbSCC. Interestingly, the plot of the stressed specimen in the leaded 
caustic solution also revealed the long mean free time period with m value of 0.16. 
This indicates that there may also be a micro-scaled growth of the cracks at the 
surface of the specimen which is hardly detectable during crack inspection in this 
work. From the results, it is concluded that the EN analysis technique is applicable 
to distinguish between uniform corrosion, and initiation and propagation of PbSCC 
at high temperature.

6.4  Concluding remarks

From the microscopic and EN analysis of Alloy 600 SG tube materials in the 
simulated caustic solution environment of SG sludge piles at high temperature, it 
is strongly indicated that the random potential decrease with shorter time interval 
accompanied by the repetitive current increase with lower amplitude in a stepwise 
manner is attributable to initiation of PbSCC composed of the local breakdown and 
repassivation of the surface oxide film. The potential drop with longer time interval 
accompanied by the current increase with larger amplitude is mainly due to the 
propagation of PbSCC. In addition, it was found that initiation of PbSCC in the 
medium mean free time period and its propagation in the long mean free time period 
were clearly distinguishable from uniform corrosion in the short mean free time 
period with different m values in the Weibull probability plots.

The EN technique, with the help of the stochastic approach using the Weibull 
distribution function, is one of the powerful tools for in-situ monitoring of crack 
initiation as the direct-current potential drop (DCPD) method for in-situ crack 
growth rate testing of crack propagation. To establish a reliable in-situ technique 
for monitoring of crack initiation, the reproducibility of EN signals and their rela-
tionship to the Weibull parameters for crack initiation should be carefully checked 
further under various conditions of primary and secondary water chemistries of 
PWRs.
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7.1  Introduction

Growth of thermally formed oxides, dissolution of oxides and deposition of corro-
sion products play an important role in the performance of power cycles. Regarding 
the secondary side of PWR plants, corrosion concerns are typically associated with 
the integrity of the steam generator. Localised forms of corrosion in crevices and 
under deposits are considered to be potentially hazardous and are directly related 
to secondary circuit chemistry. The contribution of in-situ applied electrochemical 
techniques, especially corrosion potential and polarisation measurements, for corro-
sion studies in the light water reactor environment is covered in the comprehensive 
review of Turnbull and Psaila-Dombrowski [1]. AC techniques can provide addi-
tional information about the electronic properties and morphology of the oxide layer 
and about charge and mass transfer phenomena [2]. New techniques such as contact 
resistance (CR) or contact electrical impedance (CEI) [3] enable in-situ estimation 
of oxide resistivity, while controlled distance electrochemistry (CDE) and its deriva-
tive thin layer electrochemical impedance spectroscopy (TLEIS) allow for electro-
chemical measurements in high resistivity media such as boiling water reactor (BWR) 
coolant [4]. Electrochemical noise (EN) is another prospective electrochemical 
technique employed for characterisation of corrosion phenomena in the high-
temperature environment. EN measurements were used, for example, to detect stress 
corrosion cracking initiation in BWR media [5].

The impact of impurities on the corrosion of steam generator (SG) tubes made 
from 08CH18N10T stainless steel was studied in-situ by cyclic voltammetry, CR and 
electrochemical impedance spectroscopy (EIS) measurements [6]. It was found that 
sulphate ions may behave more aggressively towards oxide film than chloride. In-situ 

*  Reprinted from Electrochimica Acta, 51(17), Jan Macák, Petr Sajdl, Pavel Ku�era, Radek 
Novotný and Jan Vošta, ‘In situ electrochemical impedance and noise measurements of cor-
roding stainless steel in high temperature water’, pp. 3566–77, © 2006, with permission from 
Elsevier.
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EIS measurements were performed to study the formation of porous magnetite [2] 
(connected to the phenomenon known as ‘denting’), or the effect of alumino-silicate 
deposits on corrosion of SG tubes [7]. 

The chemical composition and electronic structure of thermally formed oxides 
were studied by Montemor et al. [8] using ex-situ impedance measurements, photo-
electrochemical measurements and Auger analysis. It was shown that chromium 
and iron oxides formed under high temperatures exhibit semi-conductive properties 
similar to those of the thin passive films formed at room temperature. The influence 
of the composition, structure and morphology of the oxide layer on stainless steel 
corrosion in high-temperature water is discussed in numerous studies [9–11]. Such 
oxide layers generally have a duplex character: their internal part grows in a topot-
axial way and is formed by chromium rich spinel oxide. The external part grows in 
an epitaxial way, is less compact and its composition is similar to magnetite and its 
structure is predominantly formed by inverse spinel. It is generally accepted that the 
internal layer is responsible for slowing down the corrosion reaction.

In the presented work, in-situ electrochemical impedance spectroscopy and noise 
measurements were used to monitor corrosion behaviour during exposure of austen-
itic steel 08CH18N10T to high-temperature alkalised water in the presence and 
absence of chloride and to characterise the properties of the oxide layer formed.

7.2  Experimental

The experimental instrumentation used for in-situ measurements included an 
autoclave system and pressurised loop with facilities for temperature, pressure and 
chemistry control and a Gamry PC4/750 for electrochemical measurements and data 
acquisition (Fig.  7.1).

The autoclave body was constructed from Hastelloy C-276, and the fittings and 
autoclave lid bushings for the electrode system accommodation were made from 316 
stainless steel. All EIS and polarisation measurements were performed in a three-
electrode arrangement. The working electrode (WE) was machined from Ti-stabilised 
austenitic steel 08CH18N10T (Table  7.1). The working electrodes were tubular 
segments 1  cm high. Only their outer surface was exposed; each electrode thus had 
5  cm2 of exposed area. The WE holder was designed to accommodate two electrodes 
insulated from each other and from the holder body by PTFE spacers. The specimen 
surface was polished with a series of silicon carbide papers down to 1200 grit. Up 
to six identical samples in PTFE holders were separately placed in the autoclave 
and used in subsequent ex-situ measurements. The counter electrode (CE) was Pt 
wire wound coaxially around the WE. The end of the wire was anchored in a PTFE 
holder that was part of the bottom of the WE body. The external pressure-balanced 
Ag/AgCl electrode, filled with saturated KCl was used as the reference electrode 
(RE). To prevent leakage of chloride from the RE to the autoclave, the reference 
electrode bridge was equipped with two porous zirconia liquid junctions. The 
compartment between the junctions was filled with the autoclave electrolyte. 

All reagents used were of analytical grade. Deionised water was prepared with a 
IWA20iol demi station and its conductivity was 0.055  µS  cm–1. Two electrolytes were 
used in the experiments: (i) deionised water with pH adjusted to 9.5 (at 25°C) with 
KOH and (ii) the same electrolyte but containing 200  ppm of chloride added as 
KCl.

The electrolyte was de-aerated by purging the storage vessel with argon and 
simultaneously circulating it through the autoclave. After the oxygen concentration 
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7.1 Autoclave and pressurised loop: 1, autoclave and electrode system; WE1,2,
working electrodes; CE, counter electrode; RE, reference electrode; 2, storage 
vessel (glass); 3, high-pressure pump; 4, pressure argon bottle; 5, water seal; 
6, hydro accumulator; 7, pressure gauge; 8, safety valve; 9–11, high-pressure 
valves; 12, oxygen meter; 13, heating; 14, thermocouples

Table 7.1 Nominal composition of the steel 08CH18N10T (in wt. %)

steel C Mn Si P Cr Ni Ti Fe

08CH18N10T < 0.08 < 2 < 1 < 0.045 17–19 9.5–12 > 5 x C balance

dropped below 40  ppb, heating was started. When the required temperature and 
pressure were reached (280°C and 8  MPa) the measurements were started. All of 
the measurements were performed under stagnant conditions. To ensure a stable 
electrolyte level in the autoclave, a constant pressure level of 8P0.2  MPa was main-
tained during the experiments by pumping a small amount of de-aerated electrolyte 
into the autoclave between the measurements. The oxygen concentration in the 
make-up water was kept between 5 and 40  ppb except during periods of time when 
higher concentrations were maintained to study the effect of oxygen on the electro-
chemical parameters. Each experiment was run for approximately 300  h, during 
which time 20–40 EIS and EN measurements were performed. EIS measurements 
were carried out at the open circuit potential (OCP) in the frequency range from 
100 000 to 0.001  Hz at an amplitude of 5  mV. After a sufficient exposure time (usu-
ally about 40  h) sufficiently stable conditions were reached and EIS measurements 
could be run to very low frequencies (40–60  µHz).
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EN measurements were also performed in a three-electrode arrangement – with the 
two identical working electrodes and the platinum wire as a reference electrode. 
Potential and current noise signals were measured simultaneously. Noise data were 
then processed by discrete Fourier transformation to identify the DC or slow oscilla-
tion part of the signal, corresponding to phenomena other than corrosion (e.g. heat-
ing cycles). The analysis of the noise data was then performed in the time domain and 
standard deviations of both signals were calculated. 

At the end of the experiments, polarisation measurements were performed using a 
100  mV/h scan rate. The polarisation data were post-run compensated for ohmic 
drop.

Alternatively, capacitance (or Mott/Schottky) measurements were performed at 
frequencies of 100, 500 or 1000  Hz. The polarisation was applied in 50  mV incre-
ments, starting from cathodic potentials, in the potential range ±1  V vs. corrosion 
potential. At each potential, the impedance was measured successively at the given 
frequencies. The polarisation time at each potential was as short as possible (max. 
12  s) to keep the electric charge low and to minimise possible chemical changes in the 
oxide due to the applied polarisation.

7.3  Results and discussion

7.3.1 Electrochemical noise measurements

In the presented work, EN data were used to calculate noise resistance Rn. The 
equivalence of noise resistance and polarisation resistance, Rp, was confirmed by 
the work of Chen and Bogaerts [12]. Therefore, the noise resistance represents a cor-
rosion parameter which could be compared directly with corrosion data obtained 
from impedance measurements, namely with polarisation resistance. Noise resistance 
was calculated as the ratio of standard deviations of the simultaneously measured 
potential and current noise signals:

R
V
In=

s

s

( )
( )

 [7.1]

In Fig.  7.2, the noise resistance and polarisation resistance values obtained from 
impedance measurements are compared. Clearly, good agreement was reached 
between the two values for both of the cases (the presence and absence of chloride). 

7.3.2 Impedance measurements

The impedance spectra for a system without chloride are shown in Fig.  7.3. From 
the Nyquist plot (Fig.  7.3a), it is evident that the general shape of the spectra includes 
the impedance response of a corrosion process at higher frequencies and a mass 
transfer process at lower frequencies. Such a shape of impedance dispersion can be 
characterised by a –Re[(RpZw)CPEdl]-equivalent circuit (Fig.  7.4a), where Re is the 
solution resistance, the serial combination RpZw corresponds to the faradaic electrode 
process and includes the polarisation resistance Rp and the Warburg impedance Zw

associated with semi-infinite diffusion. CPEdl is connected in parallel to RpZw and 
represents a part of non-faradaic electrode phenomena – namely the response of a 
non-ideal (dispersive) double layer capacitance. CPE is a common abbreviation for 
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the constant phase element, the impedance of which is expressed as ZCPE=Q–1(jv)–n

where Q is the CPE coefficient, n the CPE exponent, j the imaginary unit and ω the 
angular frequency. The CPE exponent n is a measure of the capacitance dispersion 
having values between 1 (ideal capacitance) and 0.5 (highly dispersed capacitance, 
e.g. at porous electrodes).

The other part of electrode capacitance is represented by the response of the oxide 
layer. It does not form a distinct shape in Nyquist or Bode plots and cannot be 
derived from overall impedance spectra fitting. The method used for its estimation 
will be described in the next subsection.

In the presence of chloride ions (Fig.  7.5), a slightly different picture can be seen. 
From the Bode diagram in Fig.  7.5b, it is evident that another capacitive time 
constant appears in the mid-frequency range (1–100  Hz). Because this time constant 
is linked to the presence of chloride, it is likely related to the adsorption of surface 
active chloride anions on the electrode surface. Therefore, the experimental imped-
ance spectra were fitted by the equivalent circuit containing two additional elements 
– Re(RaCPEa)[(RpZw)CPEdl] (Fig.  7.4b), where Ra and CPEa are adsorption resistance 
and adsorption dispersive capacitance, respectively. The resistance Ra remained 
almost unchanged over the whole exposure time and had relatively low values 
between 50 and 150  Ω  cm2 compared to the polarisation resistance (in the case of 
Cl– presence usually 2000 to 4000  Ω  cm2). Such low resistance values could corre-
spond to a local corrosion process proceeding at a very high rate (e.g. active pitting 
corrosion). A careful ex-situ examination of the electrode surface after the experi-
ment did not show any local corrosion attack during the experiment. An adsorption 
impedance of a similar type has not been documented yet on steel or oxide surfaces 
but has often been observed in the presence of specifically adsorbed anions on various 
metals [13,14]. However, a detailed discussion of Ra and CPEa is beyond the scope of 
this paper.

7.2 Time dependence of noise resistance Rn and polarisation resistance Rp

estimated from EIS data
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The frequency dispersion of impedance can also be described by a complex 
capacitance vs. frequency plot. It should be mentioned that, in the presented case, 
the transformation of impedance into ‘capacitance’ should only be considered as a 
formal tool because other impedance contributions are also present in the experimen-
tal spectra. The complex capacitance is related to the impedance as C*(v) = [jv(Z*(v)–
Z(v)]–1, where j and v have the usual meaning, Z*(v) is the complex impedance 
and Z(v) is the high frequency limit of the electrode impedance, which is usually 
equivalent to the solution resistance. In the complex ‘capacitance’ plot shown in 
Fig. 7.6, four distinct areas can be recognised. The high frequency part of the spec-
trum is dominated down to the ~5  kHz level by a very low capacitance (∼500  pF),
which was practically ideal (not-dispersive) and remained constant during the whole 
exposure. This is apparently a measurement artefact resulting from the responses of 
the leads, liquid junction, counter electrode arrangement, etc. The oxide capacitance 

7.3 Nyquist (a) and Bode (b) representations of impedance spectra. Measured in 
alkalised water at OCP. All of the spectra in Bode diagram are normalised using 
Re=1  kΩ
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is hidden in the flat part of the capacitance spectrum between ~10  kHz and 100  Hz.
Its occurrence in the higher frequency domain is probably a consequence of its 
low values and its association with an oxide (or space charge layer) resistance. The 
resulting time constant is rather low due to the small magnitudes of both elements. In 
the absence of chloride, the oxide response extends down to <10  Hz. Another region 
(~10  mHz to ~100  Hz) corresponds to the response of the double layer formed at the 
oxide–electrolyte interface. In the presence of chloride, the adsorption capacitance is 
dispersed in a very similar way to the double layer capacitance and cannot be clearly 
separated from it in the complex capacitance plot (the values of the exponents n of 
the corresponding CPE elements are very close).

The low frequency range (below ~10  mHz) is dominated by the Warburg imped-
ance that is associated with mass transfer phenomena. A more detailed discussion of 
the single impedance contributions follows in the next subsections.

Impedance of oxide layer

Oxide layer capacitances are generally very low and the impedance response of oxide 
layers is usually located in the high frequency domain of the impedance spectra. In 
this study, the oxide layer impedance spreads over 2–3 decades of the frequency range 
(103–101  Hz or 104–102  Hz for the absence or presence of chloride, respectively) and 
is limited from the high frequency side by the parasitic impedances and from the low 
frequency side by the impedance of the double layer. 

For high and medium frequency domains, where capacitive contributions to 
the electrode impedance are dominant, the complex impedance Z*(v)=Zp-jZq can 
be taken as equal to a serial combination of complex capacitance C*(v)=Cp-jCq
and pure resistance Re (which includes electrolyte resistance and parasitic resistance 
contributions). In such a case

7.4 Equivalent circuits used for the data fi tting: Re[(RpZw)CPEdl] (a) and 
Re(RaCPEa)[(RpZw)CPEdl] (b)
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7.5 Nyquist (a) and Bode (b) representations of impedance. Measured in 
alkalised water, in the presence of 200  ppm Cl–. The spectra in Bode diagram are 
normalised using Re = 10  Ω
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From equations 7.2 and 7.3, it follows that the Re value must be estimated very 
carefully as it significantly affects the shape of the high frequency part of the complex 
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capacitance plot [15]. Figure  7.7 shows a part of the complex capacitance plot 
(Cole–Cole plot) obtained after 30  h in the system without chloride. The cluster 
of points at the highest frequencies (>∼kHz) corresponds to the parasitic high 
frequency end of the impedance spectrum. The linear part, which extends over almost 
3 frequency decades is associated with the dielectric dispersion of the oxide film and 
can be described by a universal law of the dielectric response [16,17]

C C
C

j n*( )
( )

v
v

= +∞
∆

 [7.4]

where C*(v) is complex capacitance, DC is a constant associated with dielectric dis-
persion, the exponent n represents the extent of dielectric dispersion and corresponds 
to the angle W between the real axis and the experimental curve, W=n. 90°, and C∞ is 
a parameter estimated from the high frequency intercept of the linearly extrapolated 
experimental curve and the real axis and meaning pure, non-dispersed capacitance. 
The second term in equation 7.4 can be considered as a form of the CPE, hence equa-
tion 7.4 expresses the capacitance of a parallel combination of an ideal capacitance 
C∞ and CPE. This concept was used to analyse data obtained in studies of corrosion 
layers on zirconium alloys [18–20]. In the case of zirconium oxide, which behaves 
more or less as an insulating dielectric, the C∞ value can be related directly to the total 
oxide layer thickness. However, oxides formed on stainless steels are known to be 
n-type semiconductors and homogeneous dielectric behaviour of the entire oxide 
layer cannot be expected. Instead, the dielectric response to a potential perturbation 
is usually localised in the external part of the oxide at the oxide/electrolyte interface, 
which is called the space charge layer. Applying the relationship for a parallel plate 

7.6 Bode representation of complex capacitance, measured after 265  h (chloride 
absence) and 260  h (chloride presence) of exposure. The arrows mark the 
breakpoints of different capacitance dispersion domains
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capacitor, one can relate the values of C∞ directly to the thickness of the space charge 
layer

d
rA

CW
r o=
e e

•

 [7.5]

where dW is the thickness of the space charge layer, eo is the vacuum permittivity, er is 
the relative permittivity of the oxide (dielectric constant), r is the roughness factor 
and A is the electrode geometric area.

Values of er for oxides formed on stainless steels reported in the literature [21–24] 
are generally between 10 and 30. For thermally grown oxides and oxides formed in 
hot water, er=12 is often used [8,24] and this value is also used in this study. When 
higher values (er=40) are considered [25], usually the effect of soaking the oxide in 
water at ambient temperature is taken into account. Water at 280°C and 8  MPa has 
er=22.9, therefore its presence in the oxide pores will affect the overall dielectric 
constant much less than soaking at ambient temperature [26] (er=80 at 20°C).

A more significant effect can be expected from the surface roughness, which is 
likely to increase during the experiment due to external oxide formation. Roughness 
factors were obtained from ex-situ double layer capacitance measurements performed 
in borate buffer. The Cdl value of highly polished steel samples (diamond paste grit, 
0.1  µm) was about 20  µF  cm–2 while Cdl of experimental samples was between 80 and 

7.7 Cole–Cole diagram of steel electrode capacitance, measured in alkalised 
water at 280°C after 30  h of exposure
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180  µF  cm–2, which gives a roughness factor between 4 (Cl– absence, shorter exposure 
in autoclave) and 9 (Cl– presence, longer exposure). For given r values and values of 
C∞ presented in Fig. 7.8, dW values of about 12–21  nm were obtained for oxide formed 
in the absence of chloride and 3–5  nm in the presence of chloride. Comparing these 
numbers with the total oxide thickness of 2.7–3.2  µm estimated by SEM, the space 
charge layer occupies less than 0.7% of it. From Fig.  7.8, it is also evident that the 
value of C∞ is almost constant during the whole exposure time and close to the value 
obtained under the same conditions before heating was started. On the other hand, 
in the presence of chloride, a large increase in C∞ was seen after heating was started 
and the C∞ values correspond to the oxygen ingress to the autoclave.

The thickness of the space charge layer is related to the density of dopants (in our 
case donors) in the oxide. The potential distribution across the space charge layer can 
be expressed as [27]

w( )sc
e N

dW=- o

2
2

e

Ê
ËÁ

ˆ
¯̃

 [7.6]

where eo is the electronic charge, e is the dielectric constant and N is doping density. 
For a slightly doped oxide, the magnitude of dW must be larger to provide for the 
same φ(sc). The doping density is equal to the charge carrier concentration in oxide, 
which plays a crucial role in oxide growth models [28,29] and together with other 
electronic properties, is correlated with oxide/passive film protectiveness [30,31]. 
Thus one could conclude that the oxide formed in the presence of Cl– has a higher 
concentration of defects, which would mean worsening of its protective properties. 

7.8 Time dependence of C∞ capacitance, measured in alkalised water at 280°C. 
Full points – measured at ambient temperature
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Unfortunately, there are some indications showing that correlating C∞ values 
estimated in-situ in the presence of chloride with dW could be incorrect. First, the 
magnitude of C∞ rises immediately with oxygen ingress and thus with the corrosion 
rate (Fig. 7.8) and this rise is reversible. Second, the in-situ measured values do not 
match the ex-situ values measured in borate buffer [32] (the former being 18–34  µF  cm–2,
while the latter is 3–4  µF  cm–2). Both facts indicate that the real reason for the 
increase in in-situ measured capacitance is not connected with the bulk oxide 
electronic properties. The in-situ measured C–2 vs E plot (or Mott-Schottky plot) 
presented in Fig. 7.9 together with the polarisation curve gives the same indication. 
The doping density can be estimated from the linear part of the plot according to the 
Mott–Schottky equation

1 2
2 2C e r N

E E
kT
esc o r o

fb
o

= - -
e e

Ê
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ˆ
¯̃

 [7.7]

where Csc is the space charge layer capacitance, E the applied potential, Efb the 
flat-band potential, k the Boltzmann constant, and T the temperature. The Boltz-
mann term kT/e0 is equal to 0.046  V at 280°C. The shape of the curve is very similar 
to the ex-situ measured Mott–Schottky plots of 08CH18N10T steel [32] or 316L 
steel [8] pre-exposed in an autoclave in alkalised water but there are two significant 
differences – values of capacitance are more than one order of magnitude higher and 
the curve is shifted to more positive potential values.

Two marked changes of slope can be observed in the Mott–Schottky plot 
(Fig. 7.9): the first one at E ≈ –0.7  V and the second one at E ≈ –0.1  V (vs. Ag/AgCl). 
Both potentials coincide with potentials of the current increase in the polarisation 
curve and correspond approximately to the high-temperature equilibrium potentials 

7.9 Plot of C–2 and i vs. applied potential E. Measured at 280°C after 307  h of 
exposure in alkalised water in the presence of 200  ppm Cl–
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for Fe(III)/Fe(II) and Cr(VI)/Cr2O3 couples [33,34]. Fe(II) species formed at cathod-
ic potentials and Cr(VI) formed at anodic potentials can be partially incorporated in 
the oxide and affect its electronic properties by functioning as the doping species. 
Because the potential scan was started at cathodic potentials, Fe(II) species formed 
may contribute to the high doping density N=1.7x1022  cm–3 which was estimated 
from the slope of the Mott–Schottky plot in the potential range –0.7<E<–0.1  V.

The high magnitude of N corresponds to high C∞ values and exceeds values 
obtained in ex-situ experiments [8,31] by more than two orders of magnitude. How-
ever, the contribution of the Fe(II) species formed at negative potentials could not be 
the sole reason for very high N and capacitance values, because comparable C∞ values 
were observed in experiments performed at OCP. Another reason for high N values 
may be associated with the surface phenomena rather than bulk oxide properties, 
especially with physico-chemical processes at the oxide/electrolyte and oxide/metal 
interfaces. Both oxide dissolution and metal oxidation in the presence of chloride 
are accelerated by increased concentration of dissolved oxygen. The oxide dissolution 
leads to a higher density of surface heterogeneities (cationic vacancies). Both 
cationic vacancies and chloride ions adsorbed on the oxide surface [36], may cause 
generation of surface states at the oxide/electrolyte interface. Surface states on the 
semiconductor surface take part in charge transfer and cause an excess capacitance. 
That is often a reason why capacitance measurements cannot be used in the determi-
nation of the bulk electronic properties of semiconductors [34,35]. Surface states were 
also reported to cause a notable deviation from linearity of Mott–Schottky plots of 
iron oxide passive films due to the increase in oxide capacitance [30]. The surface state 
density can be calculated according to the equation [36]

e N q C dE
E

E

o ss ss ss= =
0

1

Ú  [7.8]

where Nss is the surface states density, eo the electronic charge, qss the charge density 
associated with surface states, Css the surface state capacitance and E is potential. 

In our case it is not exactly clear where the relevant potential range E0–E1 lies; 
integration, if performed between –0.7  V and –0.1  V vs Ag/AgCl, gives Nss ≈  2·1014  cm–2.
Just for comparison, the calculated Nss magnitude is almost 50 times higher than for 
surface states on anodically formed iron oxide [30]. Such a high value, if interpreted 
as surface oxide cationic vacancies, can still have physical meaning as it is certainly 
lower than the surface density of iron atom sites of external oxide (e.g. surface 
density of Fe sites on ideal (001) magnetite plane is approximately 2.2·1014  cm–2).

Polarisation resistance and double layer capacitance

From the corrosion standpoint, the most important contribution to the overall elec-
trode impedance is the polarisation resistance Rp=(dE/di)i=0. Its relationship to 
the corrosion current has the following form for the case of the diffusion controlled 
cathodic reaction [37]

i
R

B
R

a
corr

P P

= =
b

2 303.
 [7.9]

where ba is the Tafel parameter for the anodic reaction.
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The polarisation resistance values obtained by analysing impedance spectra are 
presented in Fig. 7.2. Both in the absence and presence of chloride, a steep increase 
in Rp values can be seen at the beginning of the experiment that corresponds to the 
formation of a dense and homogenous oxide layer, which is able to slow down the 
corrosion rate. After reaching a certain exposure time (30–70  h), the increase in 
polarisation resistance in the absence of chloride is rather slow (13.8  kΩ  cm2 at 48  h
to 15.9  kΩ  cm2 at 288  h). The corrosion behaviour was found to be markedly depend-
ent on the oxygen concentration and the local maxima and minima in the Rp profile 
were associated with variation of the residual dissolved oxygen concentration in the 
feed water. 

The variation of Rp with time is more pronounced in the presence of chloride. 
The deep local minimum of Rp at ~190  h (Fig.  7.10) corresponds to the peak ingress 
of oxygen during the water pumping. From the oxygen concentration in the feed 
water (272  ppb) and the amount of water pumped in the autoclave, it can be 
concluded that the amount of oxygen was ~15  µg and the increase in the autoclave 
oxygen concentration was ~50  ppb. The oxygen ingress also influenced other electro-
chemical parameters. There was a steep increase in the corrosion potential profile and 
a gradual increase in conductance Re

–1 with time. As the geometry of the electrode 
system and the temperature remained constant throughout the experiment, conduct-
ance changes have to be related to the variation in the solution composition. The 
conductance increase over time is caused by the increase in concentration of soluble 
corrosion products in the autoclave. It can be seen that the Re

–1 increase is steeper 
after the oxygen ingress and continues until the residual oxygen in the autoclave has 
been consumed. In the final phase of the experiment, Re

–1 decreases as a consequence 
of the drop in solubility of iron corrosion products (oxide deposition reaction prevails 
over oxide dissolution). 

A relatively high solubility of iron in alkalised high-temperature water in the 
presence of chloride was confirmed by inductively coupled plasma–optical emission 
spectrometry (ICP-OES) at the end of the experiments. The results presented in 

7.10 Infl uence of the increase in oxygen concentration CO2
 in autoclave 

feed water on electrode potential E, polarisation resistance Rp and solution 
conductivity Re

–1. The arrow denotes the point where CO2
 = 272  µg  l–1
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Table  7.2 also indicate a very low solubility of iron in pure alkalised high-temperature 
water which is in good agreement with literature data [11,38]. The concentration of 
iron in the autoclave solution was only ~20  ppb, contrary to its high solubility in the 
system with chloride (~1500  ppb). The solubility of chromium and nickel remains 
very low in both cases. 

Regarding the low solubility of corrosion products in pure alkalised water, the 
deposition of iron oxides on the autoclave surfaces should also be relatively insig-
nificant. It should then be possible to obtain at least a rough correlation between the 
corrosion rate estimated from electrochemical data (instantaneous rate) and from 
oxide thickness (integral rate). It was assumed that the oxide is compact magnetite of 
specific density equal to 5.2  g  cm–3. The average oxide thickness estimated by ex-situ 
scanning electron microscopy (SEM) performed on cross-section samples was 3.3  µm
which gives 1.72  mg  cm–2 of overall mass of magnetite formed per unit area. It cor-
responds to 1.24  mg of reacted Fe per cm2. From Faraday’s law, a rough estimate of 
the charge density passed due to corrosion (oxide formation) can be made

q i t
zFm
M

= =corr  [7.10]

where q is the charge density, icorr the corrosion current density, t the exposure time 
(t=290  h=1.044·106  s), z the number of electrons (z=2.667 for oxidation of Fe to 
magnetite), F the Faraday’s charge (96 484  C  mol–1), and M the molar mass of 
Fe (55.8  g  mol–1). Using m=1.24·10–3  g  cm–2, the corrosion charge density q=5.5  C  cm–2

is obtained, which corresponds to an average corrosion current density icorr=5.3  µA  cm–2.
As stoichiometric, compact magnetite was assumed, which is not true especially for 
the external part of the oxide, it can be concluded that the above value of corrosion 
charge represents the upper limit and the real value should be lower.

To convert the instantaneous corrosion parameters to the integral ones, the mean 
integral value of polarisation resistance Ri is introduced as
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R dt
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 [7.11]

where Rp is the polarisation resistance and t the total exposure time. The steady 
corrosion current density can then be calculated using equation 7.9. The B value of 
37  mV calculated from literature data [39] can probably also be used in our case. The 

Table 7.2 Oxide thickness estimated by SEM (mean values in brackets) and soluble 
corrosion product concentrations obtained by ICP-OES analysis of autoclave content 
after 300 h of exposure at 280°C. In the case of Fe, the concentrations are the results of 
three independent analyses.

Cl— content oxide thickness soluble corrosion products

µm Fe µg/l Cr* µg/l Ni** µg/l

0 ppm 3.2–3.4 (3.3) 20±3 <5 <10
200 ppm 2.1–2.9 (2.7) 1500±300 <5   14

* – below the detection limit 
** – possible interference from internal autoclave surfaces
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B values obtained from our polarisation measurements performed after 300  h expo-
sure on electrodes covered with thick oxide layers are higher, B ≈70  mV [31]. The 
difference is probably caused by the modification of the electrode surface, which has, 
in the second case, much lower corrosion activity. For B values 37  mVfBf70  mV,
an average corrosion current between 2.6 and 5.1  µA  cm–2 can then be obtained. This 
corresponds to the mean corrosion charge density values 2.7fqf5.3  C  cm–2. It can 
be seen that the upper charge density limit of 5.5  C  cm–2 calculated from the compact 
oxide layer thickness was not exceeded. 

In the presence of chloride, the iron solubility was much higher. As the dissolved 
iron can readily scale on the internal autoclave surfaces, it was not possible to make 
any comparison between instantaneous and integral corrosion rates.

Together with polarisation resistance, double layer capacitance forms a time con-
stant in the middle and low frequency domain between approximately 101 and 10–1

Hz. The capacitance values were estimated by fitting the experimental data with the 
impedance of equivalent circuits described in section 7.3.2. Double layer capacitance 
exhibited a highly dispersive character and was approximated by the CPE. The 
results are presented in Fig.  7.11. The value of CPE coefficient Qdl was between 1.7 
and 2·10–4  V–1  sn  cm–2 during the first 2 days, then decreased slowly to approximately 
1.4·10–4  V–1  sn  cm–2 and remained almost unchanged until the end of the experiment. 

A similar time profile can also be seen in the case of CPEdl exponent ndl. The mag-
nitude of ndl indicates a relatively high degree of capacitance dispersion on the surface 
(0.59fnf0.67), an increase of which occurred during the first 48  h, most probably 
due to the formation of an external oxide layer having a higher degree of surface 
roughness than the original steel surface. Normalisation of CPE values to the ‘loss 
capacitance’ can be performed using the following formula [40]
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where ZCPE is CPE impedance, V is loss capacitance and v0=2pf0 is the normalisa-
tion frequency, which should be chosen from a frequency range where the given 
capacitance has the highest significance. If normalised to f0=1  Hz, a double layer 
capacitance in the range of 60 to 100  µF  cm–2 was obtained, which is relatively close 
to the values measured in the studied system at ambient temperature.

Similar data for the ingress of oxygen in the presence of chloride during the 
experiment show more dramatic evolution in time (Fig. 7.11b). It is evident that Qdl

values are much higher in this case and that both Qdl and ndl respond distinctly to the 
ingress of oxygen described above. The steady value of Qdl reaches approximately 
1.5·10–3  V–1  sn  cm–2 and is one order of magnitude higher than in the absence of chlo-
ride. During a period of increased corrosion (the early stages of the experiment and 
following the ingress of oxygen), its value almost doubled (up to 2.5·10–3  V–1  sn  cm–2).
The corresponding loss capacitance (again normalised to f0=1  Hz) was ~900  µF  cm–2

during the steady state and rose to 1500  µF  cm–2 when the corrosion rate increased. 
A significant decrease in the exponent ndl occurred in the final part of the experiment 
when oxygen was consumed and the balance between oxide/steel dissolution and 
oxide deposition was shifted in favour of deposition. The dissolved iron is deposited 
as external oxide crystallites and this process leads to an increase in the surface rough-
ness and thus capacitance dispersion. The values of capacitance are too high to 
be considered as a mere double layer capacitance – if the prevailing part of the 
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capacitance increase had occurred in the compact (Helmholtz) layer, its thickness 
would have become too small to be reasonable (H ≈  10–11  m). The contribution of 
increased ionic concentration to the diffusion (or Gouy–Chapman) layer capacitance 
can be quantified using the following relationship [41]
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 [7.13]

7.11 Time dependence of CPEdl parameters. Measured in alkalised water at 
280°C in the absence (a) and presence (b) of 200  ppm of chloride
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where CG is the capacitance of the Gouy–Chapman layer, zi the charge of an ion i, ci

its concentration and other symbols have their usual meaning. For the potassium 
chloride added, we can estimate the sum Σzi

2ci ≈  1.1·10–5  mol  cm–3 and thus CG ≈
7  µF  cm–2. Therefore, it can be seen that the contribution of CG is relatively unimpor-
tant and the most probable reason for the capacitance increase in the presence of 
chloride is the coupling between the faradaic corrosion process and the non-faradaic 
interface charging process and the resulting faradaic pseudocapacitance, which is 
often associated with surface relaxation phenomena. Pseudocapacitance and double 
layer capacitance contributions to electrode impedance clearly overlap which 
makes evaluation of Cdl impossible. It is worth noting that a significant increase in 
capacitance also causes the overlap with the diffusion time constant and may cause 
problems in obtaining a reasonable magnitude of polarisation resistance [31,42].

Diffusion impedance

A mass transfer process dominates the electrode impedance below 10–1  Hz. The 
corresponding impedance dispersion has the form of a half-line and can be expressed 
as semi-infinite Warburg diffusion impedance connected with diffusion of dissolved 
oxygen from the bulk to the electrode surface

Z j j
j

W= - = - =
s

v

s

v

s

v

s

v
( )1

2
 [7.14]

where ZW is the Warburg diffusion impedance and s is the Warburg coefficient which 
in the case of a surplus of one component in a redox system is often presented as

s=
RT

z F A c D2 2 2
 [7.15]

where c is the bulk concentration of a reactive species, and D its diffusion coefficient. 
From equation 7.14, it follows that the type of ZW dispersion is formally identical 
to that of ZCPE for n = 0.5 and the Warburg coefficient can be related to the CPE 
coefficient

s=
1

2QW

 [7.16]

where QW is the coefficient of the constant phase element used for the description of 
diffusion impedance and formally substituting ZW in equivalent circuits used for data 
fitting. In alkalised water, nW is close to the theoretical value of 0.5 for the major part 
of the experiment. Its gradual increase in time up to ~0.6 was observed after longer 
exposure times (200  h) and should be ascribed to the surface modification due to 
external oxide deposition. The same reason also applies for the increase in nW values 
obtained in the presence of chloride. The nW values are generally higher in this case 
(0.55–0.78) and their increase after long exposure time is steeper due to the greatly 
enhanced dissolution/deposition reaction and consequent increase in surface rough-
ness. Similar changes in the slope of the Warburg line were proved to be linked to 
fractal geometry effects of the electrode surface [43,44].

The semi-infinite diffusion is a consequence of static conditions in the autoclave. 
The thermal convection was limited because the autoclave walls were heated and its 
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lid and bottom were carefully insulated which minimised the thermal gradient. After 
the surface oxide was formed and the corrosion rate stabilised, it was possible to 
measure the impedance down to very low frequencies (e.g. 4·10–5  Hz). However, due 
to very long measurement times, the reliability of the data at the lowest frequencies 
was rather limited and s estimated from equation 7.16 usually depended on the value 
of the low frequency limit set for the impedance data fitting. In such a case, s was 
determined more accurately from the Warburg plot as the slope of the linear part 
of Zq=f (ω–0.5) dependence (Fig.  7.12). The linearity was usually observed at higher 
frequencies of the relevant frequency range. The deviation from linearity in the lowest 
frequency range was related to the drop in oxygen concentration due to its consump-
tion during the measurement. Sometimes only an estimate of an instant s value from 
a tangent to the experimental curve could be performed. A rough estimate can also 
be obtained from the low frequency limit (Fig. 7.12) taking into account that the drop 
in the oxygen concentration is relatively slow and will affect the Zq values at higher 
frequencies only negligibly. 

To evaluate oxygen concentration in the autoclave, the diffusion coefficient D is 
needed. As no literature data on oxygen diffusion coefficient in water at 280°C were 
available, they were estimated from the Einstein–Stokes equation [45]

D
RT
N r

=
6pg A o2

 [7.17]

where R is the gas constant, T the temperature, g the dynamic viscosity of water at 
280°C (9.4·10–5  Pa  s [24]), NA is Avogadro’s number, and rO2

 the molecular diameter 
of oxygen (here 1.09·10–10 m was used). The calculated value of D was approximately 
4·10–4  cm2  s–1. Using this value in equation 7.15, the oxygen concentration in the 

7.12 Warburg plot of the imaginary part Z´´. Measured in alkalised water, 
t = 280°C, exposure time 192  h
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autoclave was found to be between 5 and 30  ppb. These values are reasonable consid-
ering the usual oxygen concentration in the feed water (5–40  ppb). In the specific case 
shown in Fig.  7.12, the oxygen concentration drop from ~30  ppb (s=1200  Ω  s–0.5·cm2)
to ~15  ppb (from a low frequency estimate of s=2000  Ω  s–0.5·cm2) during about 18  h
of impedance measurement can be estimated. Figure 7.13 shows a comparison 
between the oxygen concentration in the feed water and the range of values 
calculated from the Warburg coefficient range. Unfortunately, the estimate of s
immediately after the ingress of oxygen was not possible because the conditions were 
not sufficiently steady to allow measurements at low frequencies.

7.4  Conclusions

The following are the main conclusions from the experiments performed in high-
temperature water

1. A good agreement was obtained between the polarisation resistance values 
estimated from impedance data and noise resistance.

2. The instantaneous corrosion rate obtained from electrochemical measurements 
correlates well with the integral corrosion rate estimated from the oxide thick-
ness.

3. The application of the universal law of dielectric response allows the separation 
of oxide layer and double layer capacitances.

4. The dielectric thickness of the oxide estimated from the oxide capacitance is 
approximately 0.7% of the total oxide thickness and was interpreted as the 

7.13 Time dependence of oxygen concentration in feed water, Warburg 
coeffi cient and calculated oxygen concentration in autoclave, 200  ppm of 
chloride

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



116  Corrosion monitoring in nuclear systems

space charge layer thickness. The observed space charge layer capacitance values 
were very stable during the experiment in pure alkalised water. Consequently, no 
signifi cant changes in the charge carrier concentration in the oxide layer could be 
expected.

5. In the case of increased corrosion and oxide dissolution rates in the presence 
of chloride, it was not possible to associate the oxide impedance response with 
bulk oxide electronic properties. A large increase in the oxide layer capacitance 
was attributed mostly to the effect of surface states formed due to the oxide 
dissolution.

6. A similar effect of the presence of chloride was seen in the case of double 
layer capacitance. Its signifi cant increase was attributed to the faradaic 
pseudocapacitance effect associated with a higher dissolution rate. 

7. All impedance parameters respond sensitively to the changes in oxygen 
concentration and therefore also to the changes in corrosion rate.

8. The observed semi-infi nite type diffusion impedance was associated with 
dissolved oxygen molecular diffusion. The calculated range of autoclave oxygen 
concentrations correlates with feed water concentrations.

List of symbols

A geometric area (cm2)
B constant, equation 7.9 (V)
c, ci concentration (mol  l–1, mol  cm–3)
Cdl double layer capacitance (µF  cm–2)
C∞ high frequency capacitance limit, equation 7.4 (µF  cm–2)
Cp real part of capacitance (µF  cm–2)
Cq imaginary part of capacitance (µF  cm–2)
C* complex capacitance (µF  cm–2)
CPE constant phase element
CPEa constant phase element describing dispersive adsorption capacitance
CPEdl constant phase element describing dispersive double layer capacitance 
CPEW constant phase element describing non-ideal diffusion impedance
CG capacitance of Gouy–Chapman layer (µF  cm–2)
CSC space charge layer capacitance (µF  cm–2)
CSS surface state capacitance (µF  cm–2)
dW space charge layer thickness (cm)
D diffusion coefficient (cm2  s–1)
E potential (V)
Efb flatband potential (V)
eo electronic charge (1.602x10–19  C)
F Faraday constant (96 484  C  mol–1)
fo normalisation frequency (Hz)
i current density (µA  cm–2)
icorr corrosion current density (µA  cm–2)
j imaginary unit, j=�-1
k Boltzmann constant (1.3807x10–23  J  K–1)
m mass (g)
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M molar mass (g  mol–1)
n exponent of constant phase element
ndl, nW exponents of CPEdl and CPEW

N doping density (cm–3)
NA Avogadro’s number (6.022x1023  mol–1)
NSS surface state density (cm–2)
q charge density (C  cm–2)
qSS charge density associated with surface states (C  cm–2)
Q coefficient of CPE (Ω–1  sn  cm–2, where n is CPE exponent)
Qdl,, QW coefficients of CPEdl and CPEW (Ω–1  sn  cm–2)
r roughness factor
rO2 oxygen molecular diameter (m)
R universal gas constant (R=8.314 41  J  K–1  mol–1)
Ra adsorption resistance (Ω  cm2)
Re solution resistance (Ω  cm2)
Ri mean integral value of polarisation resistance defined by equation 7.11 

(Ω  cm2)
Rn noise resistance (Ω  cm2)
RP polarisation resistance (Ω  cm2)
t time (s)
T absolute temperature (K)
V loss capacitance equation 7.12 (µF  cm–2)
z electrons transferred in corrosion reaction
zi charge of an ion i
Z* complex impedance (Ω  cm2)
Zp real part of impedance (Ω  cm2)
Zq imaginary part of impedance (Ω  cm2)
ZCPE impedance of constant phase element (Ω  cm2)
ZW Warburg impedance (Ω  cm2)
Z(∞) high frequency limit of electrode impedance (Ω  cm2)
ba, bc anodic and cathodic Tafel slope (V  dec–1)
DC constant, equation 7.4 (Ω–1  sn  cm–2)
eo dielectric permittivity of vacuum (8.854x10–14  F  cm–1)
er dielectric constant (relative permittivity)
g dynamic viscosity (Pa  s)
s Warburg coefficient (Ω  s–0.5  cm2)
s(I ) standard deviation of current noise signal (µA)
s(V) standard deviation of potential noise signal (mV)
W phase shift of impedance (deg)
w(sc) potential distribution across the space charge layer (V)
v angular frequency, v=2p f (s–1)
vo normalisation angular frequency (s–1)
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Monitoring of stress corrosion cracking of sensitised 

304H stainless steel by electrochemical methods and 
acoustic emission
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Serco Assurance, Walton House, Risley, Warrington, Cheshire, WA3 6GA, UK
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8.1  Introduction

Stress corrosion cracking (SCC) is one of the most damaging corrosion problems in 
a variety of industries including the nuclear industry. Unpredicted failures in service 
may cause safety, economic, environmental and health consequences. In many cases, 
SCC has a relatively long initiation stage followed by an early stage of short crack 
growth and coalescence; finally, large cracks appear and rapid crack propagation 
may lead to a catastrophic failure [1]. Lifetimes of structural components subject to 
SCC exhibit a large degree of scatter under the same conditions since initiation of 
SCC is dominated by localised surface condition and localised stress, solution and 
material conditions, thus presents stochastic characteristics. Development of in-situ 
monitoring methods, which can detect SCC in its initiation stage and the early stage 
of short crack growth, can make a considerable contribution to safety management 
of critical components in plants. Developing experimental methodologies that enable 
real time monitoring of SCC initiation and early stage propagation is also highly 
desirable from a mechanistic research point of view. 

The thiosulphate/sensitised 304 stainless steel cracking system is interesting 
for both mechanistic research and practical failure and lifetime evaluation [1–7]. The 
present research focuses on the SCC initiation and propagation of sensitised 304H 
stainless steel in dilute tetrathionate solutions at ambient temperature using hybrid 
electrochemical methods and Acoustic Emission (AE) monitoring techniques.

Useful correlations between Electrochemical Noise (EN) and SCC behaviour have 
been reported in a number of studies [4–10]. Such correlations could be utilised 
for detection and evaluation of SCC events. However, automatic real time transient 
detection as the test unfolded and calculation of associated charge have not been 
reported.

The research described in this paper employed the Localised Corrosion Monitor-
ing (LCM) analysis software developed by ACM Instruments to detect potential 
transients and calculate charges while electrochemical measurement is running. 
The LCM technique records and detects potential transients associated with localised 
corrosion, including SCC. The advantage of LCM is that it detects and analyses 
potential transients automatically. Therefore, it has the potential to be developed to 
a simple method to achieve in-situ real time monitoring of localised corrosion 
events.
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The AE technique provides a unique method of recognising when and where active 
defects are growing; it has been widely utilised in both laboratories and field applica-
tions [10,11]. In the area of SCC study, AE has been used to monitor a large variety 
of materials including stainless steels, high strength steels, mild steels, as well as alu-
minium, magnesium, titanium, zirconium and uranium alloys [10–14]. The present 
research employed two AE sensors with the aim of detecting the timing and location 
of SCC initiation and propagation.

8.2  Experimental set-up

Commercial-purity 304H stainless steel was used in this study. The chemical 
composition of the material is shown in Table 8.1.

The material contains a relatively high level of carbon (0.059  wt.%) and is suscep-
tible to thermal sensitisation. After solution heat treatment (1050°C/0.5  h, nitrogen 
cooling), the material was sensitised at 600°C for 100  h. The specimens were then 
machined out of 20  mm diameter sensitised 304H rods. The gauge section of the 
specimen includes two 20x20  mm flat surfaces and two 20x6.38  mm curved side 
surfaces, the total gauge section surface area being approximately 1055  mm2. There 
are four sharp edges between the flat and side surfaces. The specimens were coated 
with Lacomit lacquer to mask the surface of the round rod sections and the shoulders 
between the round rod and the gauge section. This ensured that only the gauge 
section was exposed to test solution. 

Figure 8.1 shows the experimental set-up. The load machine is an INSTRON 
50  kN materials test machine. For LCM and EN monitoring, a Gill 8 from ACM 
Instruments was used. The specimen was used as working electrode 1 and connected 
to the WE1 input. The WE2 input was connected to a 6.3  mm diameter sensitised 
304H rod acting as working electrode 2. The surface area exposed to test solution was 
approximately the same for WE1 and WE2. The reference electrode (RE) was an 
unsensitised 304 wire with PTFE sheath. The counter electrode (CE) was a Pt flag 
which was optional for LCM. The sampling rate for potential and current recording 
used throughout the tests was 5  Hz.

A PCI-2-based AE system from Physical Acoustics Corporation with two R15 AE 
sensors was used for AE monitoring. The two AE sensors were pressed onto the 
two ends of the specimen with two PTFE sheaths and were housed in two high 
strength steel specimen grip tubes. Sensor outputs were amplified to 40  dB by 
pre-amplifiers.

The specimen was normally first loaded to about 2  MPa stress to engage the load 
fixture, then test solution was added to the PTFE container. Shortly after, the stress 
was increased to either 180  MPa or 90  MPa and kept at constant load. The test 
solution was 0.5  wt.% potassium tetrathionate (pH at about 2.96 adjusted with 
H2SO4). All of the tests were run at room temperature.

Table 8.1 Chemical composition of 304H (in wt.%)

C Si Mn P S Ni Cr Mo Cu Fe

0.059 0.35 1.10 0.028 0.021 8.55 18.11 0.44 0.49   Bal.
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8.3  Results and analysis for electrochemical noise

8.3.1 Potential and current transient response to SCC initiation and 
propagation

A typical result of a sensitised 304H specimen is shown in Fig.  8.2. The specimen 
(designated as R614) was tested at 23  kN constant load, equivalent to a 180  MPa
stress for the cross-section of the specimen in the central exposed section.

The upper diagram in Fig.  8.2 is the recording of current (mA) versus time. The 
bottom diagram of Fig.  8.2 is the recording of potential (mV) versus time (s). It should 
be noted that the LCM software allows the detection and charge calculation for each 
transient to be done while the test is running as well as after the test. 

From Fig.  8.2, it can be seen that, firstly, a number of relatively small potential 
transients were detected. Then, a relatively large potential drop (about 200  mV) and 
current jump (about 15  µA) were observed at around 18  000  s followed by seven 
other large potential drops and corresponding current jumps. Between these eight 
relatively large transients, several smaller transients were also detected. At roughly 
67 000  s, the potential started to decrease steadily whilst the current steadily increased. 
At about 84 000  s, the specimen broke, in correspondence to a sharp potential drop 
and current jump which happened over a very small timescale. 

Figures 8.3 to 8.6 show enlarged views of interesting sections of the EN/LCM 
record in Fig.  8.2. Figure 8.3 shows that, when the specimen was loaded to 23  kN,
a small potential drop (about 10  mV) and a small current jump (about 0.25  µA)
were detected. From Figs 8.2 to 8.6, it can also be seen that potential drops and 
current jumps were always detected simultaneously. 

8.1 Experimental set-up
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8.3.2 Interpretation of R614 results

The potential and current transients are all linked with the electrochemical reactions 
that take place on the material surface and the aspect of the EN records in Figs 8.2 
to 8.6 can be explained as follows. 

8.2 Potential and current transient recorded for specimen R614

8.3 Details of EN when R614 was loaded to 23  kN and the following 3000  s

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



124  Corrosion monitoring in nuclear systems

8.4 Details of EN for R614 from 31 000 to 36 000  s

8.5 Enlarged view from 42 000 to 49 000  s

When the electron consumption speed of cathodic reactions is in balance with the 
speed of electron generation by anodic reactions, as is the case for uniform corrosion, 
the corrosion potential remains relatively stable, or goes up slowly and smoothly 
because of passivation. However, when localised corrosion events happen, as in SCC, 
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the excess electrons produced by a localised corrosion event will disturb the balance, 
producing a sudden burst of potential transient. 

In general, excess electrons produced by localised corrosion (anodic reactions) are 
either directly consumed by the cathodic reactions or accumulated temporarily in the 
double-layer capacitance. When the electron consumption rate of cathodic reactions 
is slightly behind the rate of electron generation by the anodic reactions, a slow 
potential drop occurs to balance the two rates. 

The rate of electron production by localised corrosion can be relatively fast and, 
in this case, the cathodic reactions cannot consume the excess electrons immediately, 
so the excess electrons charge up the double-layer capacitance rapidly and cause a 
steeper potential drop. In the case of SCC, if a large fresh metal surface is suddenly 
exposed to solution, the excess electrons produced by anodic reactions are sufficient 
to cause an abrupt potential drop. From Fig.  8.4, it can be seen clearly that the 
large potential transients always start with a slow potential drop followed by a faster 
potential drop, and some of them end with an abrupt potential drop, which may 
indicate that an SCC event involved a relatively large area. 

This suggests that the SCC event might start with a relatively slow anodic dis-
solution reaction, followed by the anodic reaction speeding up, and, in some cases, 
a relatively large cracking event occurs which causes a large and abrupt potential 
drop. A potential drop of this magnitude may be due either to SCC crack coalescence 
or to propagation of a relatively large crack whereby a large area in front of the crack 
tip becomes weak enough for the stress to cleave it apart suddenly. Depending on the 
corrosion or re-passivation processes at the freshly cleaved surface and on the mass 
transportation effects in the solution local to the crack, the anodic reactions after 
an SCC event would normally dampen down. The excess electrons stored in the 
double-layer capacitance are then gradually consumed by cathodic reactions which 

8.6 Details of longest transient until R614 breaks at 84 000  s
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in turn would cause the potential to recover. Conversely, when there is continued 
supply of excess electrons produced by localised corrosion events or fresh cracking 
surface areas, the potential will drop steadily as is suggested in Fig.  8.6. It is likely 
that, at this stage, crack propagation was rapidly producing fresh crack surfaces on 
a continuous basis with excess electrons to charge up the double-layer, so in this case 
the cathodic reactions could not keep pace with the anodic reactions continuously, 
thus the potential dropped steadily and current increased continuously.

Considering that 180  MPa is less than the 0.2% yield stress at room temperature 
of 205  MPa for the material of interest, one could suggest that the EN records are 
indicative either of stress intensification where localised stress was above yielding or 
of brittle cracking without apparent yielding. The sharp corner edges between flat 
and side curved surfaces and scratch-like defects on side surfaces within the area 
exposed to the solution may be amongst the possible causes of stress intensification. 

8.3.3 Estimate of charge transferred during localised corrosion events for 
R614

Since the material and surface area of WE1 and WE2 are the same and the solution 
conductivity is high, it would be expected that half of the excess electrons produced 
by localised corrosion events on WE1 will move to WE2 through the Zero Resistance 
Ammeter (ZRA) which measures the current transients. Electrode WE2 was not 
subjected to stress and had a better polished surface, thus it can be expected to have 
had a much smaller tendency for localised corrosion. The charge transferred during 
the transients could be directly linked with the amount of consumed metal in the 
specimen during the detected localised corrosion events. Figure 8.7 shows the number 
of detected current transients and their calculated charges.

8.7 Number of current transients and their associated charges for R614
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The notional ‘pit depth’ in µm can be calculated from the corresponding charge 
transferred in an event based on a simple pit corrosion model defined in the LCM 
software. For example, a charge between 0.001 and 0.01  Coulombs corresponds to a 
pit depth of roughly 30–80  µm, e.g. an average pit depth of approximately 60  µm,
which means such detected charge is expected to produce on average a pit of 60x60
x60  µm3, or expressed in another way, a volume of dissolved metal that can produce 
a current transient with such a charge is 2.16x10–4  mm3. Obviously, it is virtually 
impossible to produce such a large pit in one single corrosion event. It is likely, 
therefore, that events involving this amount of charge are SCC events.

Adding together all of the detected transients and their charges, an estimated 
0.0172  mm3 volume of metal was consumed. On the further assumption that an 
SCC crack of 6.38  mm in length, that is spanning the full width of the curved side of 
the specimen, and 80  µm in width, corresponding to roughly the average grain size, 
the calculated penetration depth of the SCC crack will be approximately 33.7  mm.
Figure  8.8 shows a image of the broken specimen R614. 

There is one main through crack and over 20 much smaller cracks, which are visible 
to the naked eye. If the 20 smaller cracks are counted roughly as half a through 
crack, the total penetration depth of these visible cracks amounts to about one and 
half times the width of the flat surface, e.g. 1.5x20=30  mm, which is close to the 
calculation given above based on charge estimation. 

8.3.4 Additional tests interrupted after fi rst large transient

Since a large transient corresponded to SCC with a volume of about 60x60x60  µm3,
which would be a practical detectable crack, the following test (specimen R628) was 
stopped as soon as the first large potential drop and associated current transients 
were detected.

One of the curved side surfaces of specimen R628 was photographed before the 
test. The image is shown in Fig.  8.9. Some light scratches can be seen clearly on the 
side surface. Figure 8.10 shows an enlarged view of a few of the scratches.

8.8 Photograph of specimen R 614 after SCC test
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Figure 8.11 shows the recorded potential and current transients for this specimen 
with Fig.  8.12 showing sections of the records in greater detail. From Figs 8.11 and 
8.12, it can be seen that, when loading to 23  kN at around 1700  s, a small potential 
drop (about 20  mV) and a small current jump (about 0.28  µA) were detected. A 
relatively large potential drop (about 125  mV) and current jump (about 4.5  µA)
were detected at around 4000  s.

The large transient in Fig.  8.11 indicated that the potential started to drop slowly 
at around 3300  s, and that after a further 500  s, the potential drop became faster. 
After another 250  s, the potential dropped abruptly. This was interpreted as indicat-
ing a fast SCC event at around 4150  s which was probably the result of the gradual 
build up of a slow process which had started at about the 3300  s.

An interesting finding from Fig.  8.12 is the relatively small transient (a potential 
drop of about 0.3  mV and a current jump of about 0.05  µA) that was observed before 
the load was applied. This is likely to have been caused by inter granular attack 
(IGA) alone, with no contribution of any SCC mechanism. When the following 

8.9 Scratch-like defects on one of the curved sides of specimen R628 before 
test

8.10 Enlarged view of defects on specimen curved side
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transient, caused by applying the load, was still in the recovery stage, a relatively 
small transient was detected at around 2100  s. This transient is noteworthy because 
it is quite different from other transients: it shows an abrupt current drop rather than 
the usual jump, which suggests that it may have been caused by an IGA event on 

8.11 EN records (potential and current transients) for R628

8.12 Details of selected transients from R628 ECN record
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the second working electrode WE2, whereby this electrode supplied electrons rather 
than taking electrons up. Although this transient is identified as a negative current 
transient, the LCM software counts this as a normal current transient because LCM 
software only detects and counts potential drops, irrespective of current direction. 
This example shows how important it is to choose the second working electrode 
carefully ensuring that local corrosion on it is minimised so as not to interfere with 
monitoring of the main WE1 electrode (the specimen under study).

8.3.5 Analysis of charge associated with transients for R628

Figure 8.13 shows the number of detected transients and their calculated charges 
from the EN record of specimen R628.

The 0.0001 to 0.001  Coulomb charge transients with a frequency of 2 correspond 
to the two major transients detected; one is caused when applying load, and the 
other is likely to have been caused by SCC. Although the transient caused by apply-
ing the load is small in magnitude, because of its long duration, it has been associated 
with a total charge comparable with the much more dramatic potential transient 
observed later. The other three very small transients with charges less than 
0.00001  Coulombs are most likely caused by IGA, with one such event occurring on 
WE2 as discussed before.

For the two major transients, the 0.0001 to 0.001  Coulombs charge corresponds 
to an average penetration depth of approximately 25  µm, that is an estimated 25x
25x25  µm3=1.56x10–5  mm3 of metal was consumed to produce a current transient 
with such a charge.

The test was stopped when the first large correlated potential and current transient 
was detected and the specimen surface was examined under the optical microscope: 

8.13 Number of current transients and their associated charges for R628
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only one significant crack was found. Figure 8.14 shows the crack found on the 
specimen surface, which was on one of the curved sides of the specimen. 

It can be seen clearly from Fig.  8.14 above that a stress corrosion crack initiated 
from the sharp tip of a pre-existing defect. Measured from the tip of the defect, the 
crack is approximately 80  µm in length and 1–3  µm in width. Ahead of this crack, 
there are a few much smaller cracks with width less than 1  µm and total length of 
about 80  µm.

If we assume that the crack initiated when load was applied and it had undergone 
an early stage growth or coalescence when the first relatively large transient was 
detected, then the volume of the cracks would be approximately 2x25x25  µm3 or 
3.13x10–6  mm3. If we use 160  µm as the crack length and 1  µm as the crack width, 
the estimated penetration depth of the cracking is approximately 98  µm, which is 
about one or two grains in depth. This compares well with other published results 
[5,6], which reported cracks of length between 60 and 300  µm for similar material in 
a similar test solution. This corresponds to a crack of the size of one or more grains 
for a single crack event, which is considerably larger than would be expected for 
cracks resulting from slip-dissolution mechanisms, estimated to be of the order of 
0.001 to 0.1  µm [5]. This crack size is consistent with the size of a crack one could 
expect to be produced because of a hydrogen-induced brittle fracture event occurring 
across the crack front, e.g. due to hydrogen embrittlement [5,6].

8.14 Crack found on one curved side of specimen R628
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8.3.6 Mechanisms at play in the observed SCC cracks

Considering in detail the chemical nature of the solution used in the tests, it is noted 
that tetrathionates and thiosulphate are coupled by the following redox reaction 
[15]

S4O6
2-+2e−=2S2O3

2- [8.1]

The nature of the thiosulphate anion is such that it supplies sulphur near an 
incipient crack, where it is adsorbed and accumulates, via chemical disproportion-
ation or electrochemical reaction [5,6,15]

S2O3
2-+H+=S+HSO3

2- [8.2]

or

 S2O3
2-+6H++4e−=2S+3H2O [8.3]

The detailed analysis of the potential transients above, in combination with what 
was reported in a number of published papers [5,6], points to the following mecha-
nism. First, the SCC starts with slow anodic dissolution at the chromium-depleted 
grain boundaries. Subsequently, elemental sulphur is adsorbed on the surface 
around the crack tip and catalyses the entry of hydrogen atoms produced by the 
hydrogen reduction reaction into the steel matrix ahead of the crack tip where it 
accumulates gradually over several hundred or thousand seconds. This eventually 
causes hydrogen-induced brittle fracture in the steel. Strain-induced martensite 
ahead of the crack tip may contribute to the enhanced hydrogen atom diffusivity and 
permeability [16]. Hydrogen may also locally enhance the plasticity of the matrix 
ahead of the crack [17]. Hydrogen may be preferentially trapped at the carbide/matrix 
interface thus reducing the strength of the interface [18]. Complex stress/strain 
con ditions caused by pre-existing defects might favour the trapping of hydrogen. All 
of these factors may contribute to the hydrogen-induced brittle fracture in the steel.

8.3.7 Interrupted test completion for R628

Following the microscopic examination, specimen R628 was put back on the test rig. 
Figure 8.15 shows the full EN record of transients detected for this specimen. After 
resuming the test and reloading to 11.5  kN, which is only half the load applied before 
the test was interrupted, a significant potential drop and a current increase were 
detected. This again indicated a possible stress intensification effect. The specimen 
was maintained at a load of 11.5  kN (or 90  MPa stress) for a period of time when a 
series of potential drops and current jumps of varying sizes were detected. It should 
be noted that the LCM software counted the stoppage time from about 4400 to about 
21 000  s together with the first detected large transient as a single transient with a long 
duration. This is an artefact of the LCM software which will be corrected in charge 
calculation. When smooth and continued potential drop and current increase started 
to appear, the experiment was stopped again and the specimen was again examined 
under the microscope.

Two large cracks and nine small cracks were found on the side surfaces, and 
front and back flat surfaces. The large cracks were imaged using an Alicona 3D 
microscope, as shown in Figs 8.16 and 8.17. Figure 8.16 shows clearly the presence of 
several of the cracks which initiated from the pre-existing defects, but not all of them 
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initiated SCC. The widest crack was the one found when the test was interrupted at 
about 4400  s.

8.3.8 Analysis of charge sizes for specimen R628

Figure 8.18 shows the number of detected current transients with their associated 
calculated charges. 

As already mentioned above, the LCM software detected a transient of 0.1 to 
1  Coulombs combining the stoppage time, which is one of the transients counted 
in this charge range. This should have been measured as a transient with charge of 
between 0.0001 and 0.001  Coulombs. After correction and adding together the 
detected transients and their charges, it was estimated that a 0.0174  mm3 volume of 
metal was consumed in this transient. As before, assuming that the SCC crack was 
6.38  mm in length, that is the width of the curved side surface, and 80  µm in width, 
which is about an average grain size, the calculated penetration depth of the SCC 

8.15 Full EN record of transients detected for specimen 628

8.16 Large cracks on the curved side of specimen 628
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crack would be approximately 34  mm. The two large cracks and nine small cracks 
observed were found to have roughly such a depth. 

From Fig.  8.18, it can be seen that small transients, associated with charges less 
than 10–8  Coulombs and corresponding metal dissolution of about 0.125  µm3, could 
be detected. For transients this small, it would be difficult to claim that it is possible 
to distinguish SCC from other localised corrosion events due to other mechanisms. 

When the charge estimated exceeds 10–5  Coulombs in one single event, it is quite 
likely that a SCC event has taken place, because this can be associated with metal 
dissolution of over 1000  µm3 in a single event.

It is noted that in such a corrosive solution as used in our tests, it takes several 
hundred seconds for hydrogen atoms to accumulate ahead of the crack tip in 
sufficient quantity to cause hydrogen-induced cracking. It can be envisaged that, in 
real conditions with much less corrosive environments, it would take much longer to 
accumulate enough hydrogen for this mechanism to operate. There should also be 
sites such as the carbide/matrix interface or complex stress/strain areas available 
for preferential trapping of hydrogen to cause hydrogen-induced brittle fracture, 
otherwise hydrogen will not accumulate but will diffuse away rapidly.

8.17 Large cracks on fl at surfaces, seen from either side of specimen R628
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8.4  Results and analysis for acoustic emission

8.4.1 AE results for R614

Typical AE results for a sensitised 304H specimen are shown in Figs 8.19–8.21. The 
specimen is R614 and, as previously mentioned, it was tested in 0.5  wt.% potassium 
tetrathionate solution, at pH 2.96 and room temperature, and under a 23  kN
constant load (180  MPa stress). 

8.18 Number of detected current transients and their calculated charges

8.19 AE hits, their amplitude and energy versus time for specimen 614
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The diagram in the left half of Fig.  8.19 shows the number of AE hits and the 
amplitude of individual hits versus time recorded through channel 1 (AE sensor 1). 
There are three diagrams in the right half of Fig.  8.19. The top one shows the cum-
ulative number of AE hits and energy versus time recorded through channel 1. 
The middle one shows cumulative number of AE hits and energy versus time 
recorded through channel 2. The bottom one shows cumulative counts of AE hits 
and cumulative amplitudes versus channel 1 and channel 2. The total numbers of hits 
and the total amplitudes recorded by channels 1 and 2 are almost the same, and 
this was taken to indicate that both AE sensors worked at similar sensitivity such 
that most of the AE signals could be detected by both sensors.

8.20 Location of AE events within the area exposed to the solution for R614

8.21 Cumulative counts, energy vs time and amplitude distributions for both 
sensors
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From Fig.  8.19 it can be seen that, when loading to 23  kN and when the specimen 
was approaching fracture, bursts of AE hits were detected but in between, only a few 
scattered AE hits were recorded. 

8.4.2 Analysis of event location for R614

Figure 8.20 shows the location of AE events recorded. Only AE hits which can be 
picked up by both sensors within a specified time delay are counted as ‘events’. This 
time delay is calculated based on the travel time required for sound to reach the 
sensors from the exposed area of the specimen along the specimen length so that noise 
signals generated by equipment fixtures and the surrounding laboratory could be 
easily filtered out. 

The top diagram in Fig.  8.20 shows the relative position of sensor 1 (20  mm) and 
sensor 2 (180  mm) with respect to the exposed area of the specimen (from about 
90 to 110  mm). In the bottom diagram of Fig.  8.20, the bars on the left show the 
number of events detected by sensor 1 first, whilst the bars on the right show the 
number of events detected by sensor 2 first. 

From Fig.  8.20, it can be seen clearly that the majority of AE events detected 
were at the end of the exposed area nearest to sensor 1. The microscopy image of the 
specimen after test has been shown in Fig.  8.8. Considering that sensor 1 was fixed to 
the left end of the specimen shown in Fig.  8.8, the location of AE events indicated by 
Fig.  8.20 is in good agreement with the location of the cracks observed on specimen 
R614.

8.4.3 Interpretation of AE results for R614

Our test results indicate that AE seems sensitive to rapid crack propagation but 
not to SCC initiation and early stage propagation for this kind of material–
environment–load combination. Figure 8.21 shows the accumulated number of 
AE events and their energies versus time (the left half of the figure) as well as the AE 
event amplitude distributions (the right half of the figure) for both sensors. 

It can be seen from Fig.  8.21 that AE events started being picked up from around 
70 000  s and the specimen fractured at around 84 000  s. In comparison with the LCM 
result for the same specimen shown in Fig.  8.2, it can be seen that a continuous stream 
of AE events start to be detected when the potential starts to drop steadily whilst 
the current steadily increases. This suggests that a stream of AE events can only be 
detected when a crack has reached the stage of continuous propagation with large 
scale plastic deformation. 

It is postulated that the AE technique is sensitive to SCC events when these involve 
relatively large plastic deformation ahead of the SCC crack tip and not to SCC events 
involving extremely small area or virtually no plastic deformation. At the later stage, 
SCC crack advance can be expected to have reduced the cross-sectional area at the 
level of the exposed section of the specimen to a point where the stress across 
the ligament has exceeded yielding stress values. This is where AE events start to be 
detected in a continuous stream. The AE event amplitude distribution also gives a 
clue in this direction since peak amplitudes below 48  dB have been linked with AE 
signals originating from plastic deformation [13].
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8.4.4 AE results for specimen R628

Figures 8.22 to 8.24 show the AE results for the interrupted test of specimen R628. 
From Figs 8.22 and 8.23, it can be seen that bursts of AE hits and a few AE events 

were detected during the increasing of load to 23  kN. During the period at constant 
load of 23  kN, when there was a first large potential drop and corresponding current 
jump, as detected using LCM and EN at around 4000  s (Fig.  8.11), there were no 
corresponding AE hits or events at this time. When the test was resumed, loading the 
specimen to 11.5  kN, bursts of AE hits were detected. In a period of constant load at 
11.5  kN, when a series of potential drops and current jumps of varying sizes were 
detected (Fig.  8.15), only scattered AE hits could be detected with no AE events 
at all.

8.22 AE hits, their amplitude and energy versus time for specimen R628

8.23 Cumulative AE events, energy vs time and AE amplitude for both sensors
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Comparing Fig.  8.15 with Fig.  8.23, it can be seen that, when a continuous 
potential drop and current increase were detected by LCM and EN at about 80 000  s,
the accumulated number of AE events began to increase steadily. Figure 8.24 shows 
the location of AE events for R628 and from this figure, it can be seen clearly that the 
majority of AE events were detected in a location near the middle of the specimen. 

When the experiment was stopped following detection of these large signals, two 
large cracks were found near the middle of the specimen as shown already in Figs 8.16 
and 8.17. Again the location of AE events is in good agreement with the observed 
location of specimen fracture. 

Although there were quite a number of AE hits recorded on both AE sensors whilst 
the load was kept at 11.5  kN, most of them were not counted as AE events. To see 
whether increasing the assumed specimen gauge length for accepting more AE hits as 
events could give useful insight into the results of the tests, the filter thresholds were 
adjusted so that acoustic emissions anywhere within the specimen would count 
as events. It was found that many of the AE signals were produced in locations 
corresponding to the thread connection of the specimen in the cell grips, as can be 
seen in Fig.  8.25. 

8.4.5 Analysis of acoustic emission results for R628

The finding in Fig.  8.25 can be explained considering that acoustic emissions are 
mainly stress waves produced by sudden movement in stressed materials. In our tests, 
the applied stress was well below the yielding stress, so we can assume that, at the 
early stage of SCC initiation and propagation, the specimen was experiencing an 
elastic stress regime. Although extremely small areas ahead of the crack tips might 
have experienced intensified stress reaching values above yielding, these could not 
produce strong enough AE signals above the detection threshold. When SCC crack-
ing had reached a sizeable length, the loading fixture would have to adjust the tension 
to maintain the load constant, and at this stage the grips moved to adjust their 
position giving rise to the detected AE hits. 

8.24 Location of AE events within the exposed section of specimen R628
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The lack of detection of an AE event in the gauge section of the specimen during 
the slow SCC propagation stage suggests that there was no large scale plastic defor-
mation during this stage. The plasticity of a small area ahead of the crack tip may be 
enhanced by hydrogen atoms; stress intensification may cause an extremely localised 
area of plastic deformation ahead of the crack tip; but AE signals from them were 
below the detectable threshold. It has been reported that the AE technique is sensitive 
to a variety of localised phenomena such as: hydrogen evolution on the specimen 
surface, cracking of corrosion products and grain detachment [8,11]. We can specu-
late that hydrogen evolution, cracking of corrosion products and grain detachment 
did not occur during the SCC initiation and early stage propagation in our tests. 
This is considered likely because sulphur is an element which catalyses hydrogen 
atom production but hinders the evolution of hydrogen gas; the acidity of the solu-
tion would promote metal dissolution rather than producing a thick layer corrosion 
product.

Conversely, when SCC crack propagation had reached a stage where the stress 
across the ligament had exceeded yielding, it can be expected that relatively large 
scale plastic deformation and rapid crack propagation started to occur, giving rise to 
the continuous stream of AE events which was observed within a period before 
specimen fracture. 

8.5  Conclusions

The findings of this work on sensitised 304H stainless steel in dilute tetrathionate 
solutions may be summarised as follows:

1.  EN measurements: Correlated potential and current transients which are linked 
with localised corrosion events can be detected using LCM and EN methods. 
By examining these records, it is possible to separate SCC events from other types 
of localised corrosion events, as SCC is characterised by relatively large scale 
drops in potential and simultaneous jumps in current. The potential drop and 
current jump correlated with SCC events take a relatively long time to recover 

8.25 Location of AE events over the whole length of the specimen
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and in some cases the potential does not recover to the original values, depending 
on the corrosion or repassivation processes at the newly formed crack faces, on 
mass transportation phenomena in the local environment close to the crack and 
on the speed of cathodic reactions which consume the excess electrons produced 
by the anodic reactions of the SCC events.

2.  Detection of distinct SCC crack evolution stages: LCM and EN methods are 
highly suitable for the detection of SCC crack initiation and the early stage of 
propagation. The size of the crack can be estimated based on the estimation of 
the charge involved in the detected transients. Calculation assuming the spanning 
of the curved side surface of the specimen as crack length and the average grain 
size as the crack width yields an estimated penetration depth in relatively good 
agreement with the crack penetration depth observed. The ‘wriggling’ nature of 
the SCC paths was taken into account by assuming the average grain size as the 
SCC width.

3.  The unique shape of large potential transients: The shape of the LCM signal at 
the start of a dramatic potential drop suggests that this kind of SCC event may 
start with a relatively slow anodic dissolution reaction, then the anodic dissolu-
tion speeds up, and in some cases, a relatively large cracking event occurs which 
causes an abrupt potential drop.

4.  Filtering of AE signals and events location: Filtering of AE events from AE hits, 
through imposing that only signals reaching both sensors within a given window 
of time related to specimen gauge size and signal flight times, can effectively elim-
inate AE signals generated by the load fixtures and the surrounding laboratory. 
The location of the AE events determined by the two sensors is in good agreement 
with the location where the final cracks have been observed in the specimen. 

5.  Specific suitability of AE technique: The AE technique is sensitive to rapid 
cracking propagation but does not appear to be sensitive to SCC initiation and 
early stage propagation for the kind of material–environment–load combination 
used in this study. It is postulated that the AE technique is sensitive to SCC 
propagation involving relatively large areas of plastic deformation and not to 
SCC with extremely small areas or virtually no plastic deformation.

6.  Mechanism of sensitised 304 SCC in acidic conditions: A mechanism for SCC 
initiation and early propagation has been proposed, based on the analysis of our 
experimental results and information from the literature. This postulates that 
SCC starts with a slow anodic dissolution at the chromium-depleted grain bound-
aries. Subsequently, elemental sulphur is adsorbed on the surface around the 
crack tip and catalyses the entry of hydrogen atoms produced by the hydrogen 
reduction reaction into the steel matrix ahead of the crack tip, where it accumu-
lates gradually over a relatively long time and preferentially at the carbide/matrix 
interface. This eventually causes hydrogen-induced brittle fracture alongside 
grain boundaries.

7.  Simultaneous use of diverse techniques: Simultaneous use of LCM, EN and AE 
has proved to be a powerful tool for the detection of SCC initiation and propaga-
tion. In addition, it also offers potential for supporting the interpretation of the 
phenomena which give rise to these records.
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9.1  Introduction

The French Agency for Nuclear Waste Management (ANDRA) has proposed 
several concepts to dispose of nuclear wastes inside stable geological layers. For 
one of these concepts, nuclear waste could be put in a canister in a carbon steel pipe. 
This pipe would be set in a hole excavated in the host rock. The space between the 
walls of the hole and the pipe could be filled with engineered sintered clay.

To prevent release of radionuclides, several barriers would be assembled. Stainless 
steel canisters, carbon steel overpacks, carbon steel pipes and sintered clay are can-
didate barriers. As carbon steel will corrode in groundwater, the overpack and the 
pipe could prevent radionuclide release only for a limited time. As clay can trap some 
radionuclides inside its stacked structure, the sintered clay could act as a barrier after 
canister–overpack–pipe corrosion breakdown. Since clay exhibits reasonable trap-
ping features for temperatures lower than 80°C, the canister–overpack–pipe system 
has to act as a barrier until the temperature around the canister decreases sufficiently. 
For reprocessed waste and spent fuel, the corresponding time needed is at least 
1000 years.

This arrangement assumes that the corrosion rate of carbon steel over long periods 
of time could be estimated and also that the corrosion products should not destroy 
the trapping features of the sintered clay barrier.

The purpose of this chapter is to give some qualitative features for the corrosion 
process of carbon steel under conditions similar to those assumed for long-term 
geological disposal. Qualitative aspects for corrosion monitoring and formation of 
corrosion products are presented here. In the second part, impedance modelling will 
be reported and related to quantitative corrosion monitoring.

This work was initiated, followed and supported by ANDRA in the framework of 
its project on deep geological disposal of nuclear wastes.

9.2  Experimental procedures

9.2.1 Materials and solutions

The working electrodes were made of 1050 carbon steel. The metallurgical structure 
consists of two phases: ferrite and pearlite grains. Pearlite grains appear striated. It is 
a lamellar structure consisting of stacked ferrite and Fe3C thin planes.

The solutions were mixtures at 50% in weight made of ‘FoCa’ clay and synthetic 
groundwater. The mineralogical composition of the ‘FoCa’ clay is given in Table 9.1. 
This swelling clay is a natural raw material from Normandy, France. Two types of 
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solution were used. One corresponds to a granitic groundwater, the other to a clayey 
groundwater. The chemical compositions of these solutions are given in Table 9.2.

9.2.2 Reference electrode

Mixtures of clay and groundwater used in this study are pasty. They contain colloids 
and solid grains of sub micrometric to millimetric size. Colloids and small grains 
can block the sintered material ending the reference electrode, leading first to the 
development of an unknown junction potential and second to the breakdown of the 
liquid junction between the mixture and the internal part of the reference electrode. 
Consequently, the use of standard reference electrodes is practically impossible for 
long-term experiments in this pasty mixture.

In a potentiostatic set-up, the reference electrode is used as a voltage probe to 
control the working electrode potential. These electrodes are connected to a high 
input impedance voltmeter and a probe current has to pass through the reference 
electrode but its absolute value does not exceed 0.01  nA (voltage lower than 1  V and 
input impedance greater than 1011  Ω). As the exchange current of a reference elec-
trode is several orders of magnitude greater than 0.01  nA, the probe current passing 
through the reference electrode does not change its potential significantly, i.e. this 

Table 9.1 Mineralogical composition of ‘FoCa’ clay

Bentonite (Si3.6Al0.4) (Al1.75Mg0.15Fe0.15  
+ � )O10(OH)2 Ca0.2 80%

Kaolinite Si2Al2O5(OH)4 4%
Quartz SiO2 6%
Calcite CaCO3 1.4%
Goethite FeO(OH) 6%
Hematite Fe2O3 0.25%
Gypsum CaSO4 · 2H2O 0.4%
Water H2O ≈ 9%a

aDepending on the atmospheric hygrometry.

Table 9.2 Chemical composition of synthetic granitic and clayey groundwater

Element        Groundwater (concentration in mmol/l)

        Granitic      Clayey

Na+ 117.5 23.57
K+ 0.768 0.11
Ca2+ 7.487 8.094
Mg2+ 4.115 5.848
Si 0.333 0.071
Al 0.011
Cl– 112.8 38.46
HCO–

3 1.536 1.309
SO2–

4 13.53 5.859
F– 0.157
pH 8.0 (22°C) 8.5 (23°C)
Resistivity (Ω.cm) 81.6 (22°C) 222 (23°C)
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potential can be considered as constant. This set-up can also work in replacing 
the reference electrode by a corroding electrode as long as the corrosion current is 
several orders of magnitude greater than the probe current (0.01  nA). Consequently 
for practical reasons, a corroding electrode can replace the reference electrode. 
This gives us a three-electrode cell consisting of a counter electrode and two identical 
corroding electrodes: one is used as a voltage probe, whereas the other is used as 
a working electrode. This arrangement has two drawbacks: (i) the evolution of the 
actual corrosion potential is unknown and (ii) stationary voltage does not imply 
stationary corrosion potential. Nevertheless, this arrangement can be used for 
corrosion monitoring over long-term experiments (several hundred hours) in pasty 
mixtures.

9.2.3 Electrochemical autoclave

All of the experiments were carried out in a 316L autoclave under a pressure of 
5  MPa. Three temperatures were tested (150, 90 and 50°C). The experiments 
presented here were performed without oxygen. The air contained in the autoclave 
gas phase was removed by rough pumping (≈ 1300  Pa). Dissolved oxygen disap-
peared by natural oxidation of the 316L autoclave, so that the mixture remained 
oxygen-free for the whole duration of the experiment, which was carried out under 
an inert atmosphere. Two initial redox potentials of the pasty mixture were tested. 
One was obtained by introducing a mixture of argon and 0.3% CO2 in the gas phase. 
The other was obtained by introducing a gas mixture of argon containing 4% H2 and 
0.3% CO2. The CO2 was introduced to buffer the pH of the mixture by equilibrium.

The autoclave itself (w=100  mm, height=135  mm) was used as the counter 
electrode. It was filled with 880  ml of pasty mixture. The carbon steel electrodes 
were rods (w=16  mm, height=16  mm). The upper face of each rod was screwed to 
the autoclave cap by means of an insulating waterproof connector. This set-up pre-
vents any electrical short circuit between the electrodes and the autoclave. The active 
surface of each electrode was 10  cm2. The two identical carbon steel electrodes 
(working electrode and voltage probe) were immersed in the upper part of the pasty 
mixture. Rotating propellers in the lower part of the autoclave provided continuous 
stirring (60  rpm) of the mixture.

9.2.4 Corrosion product analysis

After several hundred hours of immersion in the autoclave, the carbon steel 
specimens were embedded in pasty clay. This pasty clay was removed by several 
ultrasonic cleanings in deionised water. Then the plane section of the rods was 
observed by scanning electron microscopy (SEM). When a thick corrosion product 
layer was observed, the X-ray diffraction technique was used to try to identify 
the corrosion products and finally SEM observations of the cross sections were 
performed.

9.3  Experimental results

9.3.1 Corrosion monitoring

At the beginning of the experiment, during the temperature increase, the absolute 
voltage between the two identical carbon steel electrodes showed a rise of a few tens 
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of mV. When the operating temperature was reached, the absolute voltage decreased 
to zero within the next few hours and remained at this value except in experiments 
performed at 90°C. For these latter experiments, a long transitory period was 
observed, during which the absolute voltage first increased and then decreased to 
zero. An explanation for this transitory period is given in section 9.3.3.

The corrosion monitoring was performed by electrochemical impedance spectros-
copy (EIS). In most cases, the impedance spectrum was collected at zero voltage in 
the 50–10  kHz to 10–0.2  mHz frequency range. Every spectrum exhibited a capacitive 
loop. For experiments carried out at 50 and 90°C before the transitory period, the 
spectra obtained were very similar. The capacitive loop was distorted in the high 
frequency range but exhibited no distortion in the low frequency range (see Fig.  9.1). 
For the experiments carried out at 150 and 90°C after the transitory period, a similar-
ity between the graphs is also clear, but this time the capacitive loop corresponded to 
a depressed semicircle (see Fig.  9.2).

An estimation of the transfer resistance (Rt values) was achieved in using the 
complex capacitance spectrum C(v). This spectrum is calculated from the impedance 
spectrum Z(v) after correction for the solution resistance Re

C( )
1

( )
( ) ( )

e

v
v v

v v=
-

= +
i Z

C iC
R[ ] p q  [9.1]

where v=2pf is the pulsation (f the perturbation frequency) and i is the pure imagi-
nary. For a Rt parallel Co equivalent circuit, the complex capacitance C(v) is given 
by

C( )
1

o
t

v
v

= +C
i R

 [9.2]

9.1 Capacitance and impedance (insert) spectra obtained on 1050 carbon steel 
corroded in a de-aerated granitic mixture at 50°C after 330  h
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This relationship shows that the imaginary part of the complex capacitance Cq(v)
exhibits a linear relationship in log Cq–log f representation. The slope of the straight 
line is –1. The use of the complex capacitance spectrum allows the determination of 
the frequency range where the Rt parallel Co equivalent circuit is valid. Then in using 
a linear regression, the estimation of the Rt value can be obtained. As can be seen in 
Fig.  9.1, this procedure has worked very well for experiments carried out at 50 and 
90°C before the transitory period.

The impedance spectra obtained at 150 and 90°C after the transitory period exhib-
ited a depressed semicircle as shown in Fig.  9.2. In these cases, the Rt estimation 
procedure presented above may still stand. Generally, a depressed semicircle is linked 
to a Constant Phase Element (CPE). Introducing a CPE in relation 9.2 leads to

C( ) ( )
1n

t

v D v
v

= +-C i
i R

 [9.3]

DC and exponent n can be obtained from linear regression of log Cp vs. log f. In 
Fig.  9.2, the real part of the CPE is represented by the continuous line, whereas the 
imaginary part is represented by the dashed line.

The difference between the imaginary part Cq(v) and DC sin n
2
p
v−n gives a remain-

der, which can be plotted in log–log scale. For all depressed semicircles obtained in 
this study, a slope of –1 was obtained for the logarithm of the remainder versus log f.
The estimation of Rt was then performed as explained above. This procedure has 
confirmed that the depressed semicircle was linked to a CPE in the low frequency 
range.

9.2 Capacitance and impedance (upper right insert) spectra obtained on 1050 
carbon steel in a de-aerated clayey mixture at 90°C after the transition. Lower left 

insert shows the variations of Cq(v)-DC sin 
n

2

p
v−n in a log–log plot
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In summary, for all impedance spectra obtained in this study, an evaluation for Rt

was possible in the low frequency range, even if the imaginary part of the impedance 
did not tend towards zero (see insert in Fig.  9.2). Furthermore, corrosion monitoring 
was performed as time evolution of transfer conductance st, which is defined as the 
inverse of Rt, because st can be regarded as proportional to the corrosion current 
density.

9.3.2 Time evolution of the transfer conductance at 150°C

The results obtained for time evolution of transfer conductance st at 150°C are 
presented in Fig.  9.3. For all of the experiments carried out at this temperature, the 
transfer conductance has decreased over the first hundred hours, indicating some 
kind of passivation process. All of the spectra exhibited a depressed semicircle 
(see Fig.  9.2). For longer exposure times, the transfer conductance was stationary 
and roughly independent of the redox conditions and solution compositions. As will 
be detailed explained in section 9.3.6, the ‘passivation’ was due to the formation of a 
thick corrosion layer.

9.3.3 Time evolution of the transfer conductance at 90°C

The results obtained for time evolution of transfer conductance st at 90°C are 
presented in Fig.  9.4. For short times, transfer conductance values were high and the 
impedance spectra exhibited shapes similar to those shown in Fig.  9.1. For longer 
times, transfer conductance values have decreased by about one decade and depressed 
semicircles were observed (see Fig.  9.2). The transition between these two situations 
occurred after 100 to 200  h of exposure, depending on the experiments. Two similar 

9.3 Time evolution of the transfer conductance σt for 1050 carbon steel 
immersed at 150°C in a mixture of clay and solution (Table 9.2)
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experiments have been carried out in a granitic de-aerated mixture. The time 
evolutions for the transfer conductance were similar but shifted in time (about 
80  h).

As will be shown in section 9.3.6, the transition corresponds to the formation of a 
stacked bi-layered structure: a calcium siderite FexCa1-xCO3 outer layer on an iron 
oxide inner layer. A specific experiment has been carried out in granitic solution 
without ‘FoCa’ clay. In this case, no transition has occurred even after 700  h. Only 
iron calcium carbonate dispersed on the steel surface was observed (see Fig.  9.9). The 
transfer conduction has remained at the value obtained for short time experiments in 
clay. The shape of the impedance spectra corresponded to those presented in Fig.  9.1. 
This suggests that for the experimental conditions used in this work, the depressed 
semicircle was related to a thick corrosion layer.

The two results obtained for the granitic de-aerated water–clay mixture have 
suggested that the formation of two stacked layers did not always occur at the same 
time. Therefore it is believed that the formation of these stacked layers did not occur 
at the same time for the two identical carbon steel electrodes immersed in the 
autoclave. This could explain the observed non-null voltage between the carbon steel 
electrodes during the transitory period: the formation headings for stacked layers 
were not identical at the same exposure time on the two carbon steel electrodes. 
When the stacked layers were completely formed on both carbon steel electrodes, the 
corresponding voltage became zero.

9.3.4 Time evolution of the transfer conductance at 50°C

Results obtained for time evolution of transfer conductance st at 50°C are presented 
in Fig.  9.5. The value for the transfer conductance has decreased with time but this 

9.4 Time evolution of the transfer conductance σt for 1050 carbon steel 
immersed at 90°C in a mixture of clay and solution (Table 9.2) and in granitic 
solution without clay
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decrease was less extensive than for higher temperatures. For longer exposure times, 
the values obtained for clayey solutions (0.15  mS/cm2) seemed to be lower than those 
obtained for granitic solutions (0.3–0.4  mS/cm2). It is believed that this trend could 
be linked to the chloride concentration, which was greater in the granitic solution 
than in the clayey solution (Table 9.2).

9.3.5 Corrosion products at 150°C

SEM observations and Energy Dispersive X-ray Spectroscopy (EDS) revealed a thick 
iron oxide layer containing silicon. X-ray diffraction analysis showed relevant peaks 
at d-spacings around 0.8–0.7, 0.35–0.40 and 0.26–0.30  nm (see Fig.  9.6). Other peaks 
corresponded to Fe3C and ferrite a. Assuming that these three peaks corresponded 
to a single compound, the oxide layer would be Cronstedtite-1M [1] or Greenalite-
1M [2]. All are ferro silicate oxyhydroxides. Several formulae have been proposed: 
Fe3

�(Fe �Si)O4(OH)5 [1], (Fe
��
Fe �)(Fe �Si)O5(OH)4 [3], Fe �Si2O5(OH)4 [4].

Taken as a whole, they form a ‘family of compounds’ with similar structure, i.e. 
stacked large oxygen sub-lattice containing cations. This sheet structure is revealed 
by a shoulder at d ≈ 0.7–0.8  nm. Depending on the radii of the cations but also on 
their localisation in the oxygen sub-lattice, some distortions exist, leading to shifts of 
some spectral peaks for low values of d-spacing. A full identification could be possi-
ble thanks to these extra peaks. Unfortunately, Fe3C exhibits many major lines in this 
d-spacing range, preventing any sure identification of this oxide (see Fig.  9.6).

A cross-sectional observation is presented in Fig.  9.7. Steel was covered by a 10  µm
thick oxide layer. The outer part of the oxide layer exhibited a dark colour, which is 
relevant with some doping by silicon.

9.5 Time evolution of the transfer conductance σt for 1050 carbon steel 
immersed at 50°C in a mixture of clay and solution (Table 9.2)
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9.3.6 Corrosion products at 90°C

SEM observations of plane sections showed that carbon steel specimens were com-
pletely covered by a well crystallised layer. EDS analysis indicated that this layer 
contained Fe, Mn, Ca, C and O. X-ray diffraction indicated that the layers were made 

9.6 X-ray diffraction spectrum obtained on 1050 carbon steel corroded at 150°C 
in a de-aerated clayey mixture after 333  h

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



152  Corrosion monitoring in nuclear systems

of iron carbonate substituted by calcium FexCa1-xCO3. Substitution of Fe by Ca shifts 
the peaks toward higher d-spacing values [5]. As substitution of Fe by Mn does 
not significantly affect the d-spacing values, it seems likely that the layers were 
rather made of (Fe, Mn)x Ca1-xCO3 (x ranging from 0.95 to 0.6 and depending on 
experimental conditions).

SEM cross-sectional observations revealed a stacked bi-layered structure (Fig.  9.8). 
The outer layer consisted of substituted iron carbonate  (Fe, Mn)x Ca1-xCO3. The 
inner layer consisted of iron oxide with carbon content (EDS analysis). Detailed 
analysis of X-ray scattering spectra showed minor peaks due to Fe3C. It is well known 
that an iron oxide layer formed on iron in borate buffer has a spinel-like structure 
[6,7]. Unfortunately, the main peaks for Fe3O4, c-Fe2O3 and Fe3C are located 
roughly on the same d-spacing values. It was thus impossible to identify the iron 
oxide from X-ray scattering spectra.

SEM observations of a carbon steel specimen corroded in granitic solution without 
clay are presented in Fig.  9.9. A dispersed iron calcium carbonate deposit was 
observed. The shape of the crystallites was similar to those observed in the experi-
ments with clay. This suggested that, in the presence of clay, a continuous layer has 
been able to form whereas only a scattered deposit has been formed without clay.

9.7 SEM cross-sectional observation of carbon steel corroded in a mixture of 
clay and de-aerated granitic solution at 150°C after 232  h
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Spot EDS analysis on areas lying between the deposits exhibited a low intensity 
X-ray emission for oxygen (0.52  keV), indicating the presence of a thin oxide layer on 
carbon steel. This suggests that at 90°C, the growth of a thick oxide layer (Fig.  9.8) 
was linked to the formation of a continuous carbonate outer layer.

9.3.7 Corrosion products at 50°C

SEM observations revealed only the structure of carbon steel, i.e. ferrite and pearlite 
grains. EDS analysis showed a low intensity X-ray emission for oxygen, indicating 
that the steel was probably covered by a thin oxide layer.

9.4  Discussion

It is well known that iron corroded in neutral solutions is covered by a thin oxide 
layer [8–12]. Using ellipsometry, Lukac et al. [13] have measured thicknesses of a few 
nanometres on iron potentiostatically corroded in borate buffer in the 0–80°C 

9.8 SEM cross-sectional observation of carbon steel corroded in a mixture of 
clay and de-aerated granitic solution at 90°C after 550  h
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temperature range. From EDS oxygen analysis, the results obtained at 50°C were in 
qualitative agreement with these observations.

At 150°C, thick oxide layers were formed. It must be noted in Fig.  9.7 that a straight 
outer interface and a rough inner interface were observed. This difference in shape 
has suggested that the interfacial processes were not similar. Using iron reoxidation 
in H2

18O borate buffer solution and SIMS analysis, Graham et al. [9] have shown that 
the film oxide growth takes place at the inner interface. So it is believed that the oxide 
layer growth could take place at the inner interface whereas the oxide layer dissolu-
tion could take place at the outer interface. This observation well illustrates the basic 
assumptions of the Point Defect Model [14–16].

At 90°C, a bi-layer stacked structure was observed consisting of an inner oxide 
layer and an outer carbonate layer. It must be noted in Fig.  9.8 that, once more, the 
steel/oxide inner layer interface was rough whereas the inner/outer layer interface was 
straight. Moreover, the outer layer/solution interface was rough. Also, this observa-
tion well illustrates the Point Defect Model in the case of the formation of a bi-layer 
passive film [17–19]. Interface shapes suggest that the inner oxide layer has grown at 
the steel/oxide interface whereas the outer layer has grown at the carbonate/solution 
interface.

The formation of this bi-layer stacked structure could be explained in the frame-
work of the Point Defect Model. This model assumes that the metal is covered by a 
barrier layer, which grows at the metal/layer interface (inner interface) and dissolves 
at the layer/solution interface (outer interface). It is also assumed that direct metal 
oxidation and cationic transport can occur through the barrier layer (vacancy or 
interstitial hopping transport). On iron, this leads to production of iron cations at 
the outer interface. In de-aerated or hydrogenated conditions, the predominant 
oxidation state for iron cations is Fe2+.

9.9 SEM observation of carbon steel surface corroded in granitic solution without 
clay at 90°C after 700  h
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Cathodic reduction of water produces hydrogen and hydroxyl anions. The latter 
can react with bicarbonate to produce CO 3

2- ions at the outer interface. So the iron 
carbonate corrosion product can be formed. As groundwater contains Ca2+ and 1050 
carbon steel contains Mn, mixed {Fe, Mn, Ca} carbonates have been formed in 
practice.

A higher corrosion rate leads to higher rates of CO 3
2- and Fe2+ production at the 

outer interface. In granitic solution without clay, only dispersed deposits have been 
observed because diffusion convection in solution was sufficient. In the pasty mix-
ture, diffusion convection was less efficient. The outer interface was more confined 
than in solutions without clay. Thus a continuous and probably porous carbonate 
layer has been formed. This outer layer could act as a natural paint in decreasing 
the dissolution rate of the barrier layer (inner layer). In the Point Defect Model, the 
barrier layer growth is assumed to be independent of the outer interface processes. 
Therefore the barrier layer (inner layer) could have grown. This could explain why 
a thick inner layer has been observed. On the other hand, without clay, dispersed 
deposits did not change the rate of dissolution of the barrier layer significantly. In this 
case, a thin barrier layer was probably formed.

EIS has clearly given two kinds of spectra. The one depicted in Fig.  9.1 corre-
sponds to a thin oxide layer, whereas the other depicted in Fig.  9.2 corresponds to a 
thick oxide layer.

It can be noticed on Fig.  9.1 that the real part Cp(v) seems to tend toward a high 
frequency limit. This corresponds to the well known universal law for dielectric loss 
proposed by Jonscher [20,21]

C i( ) ( ) nv D v= +C C•  [9.4]

where C∞ corresponds to the pure capacitance of the system. The second term 
corresponds to dielectric loss. In Cole and Cole representation (Cp(v) vs. Cq(v)) [22], 
relation 9.4 gives a straight line, which intercepts the real axis at C∞. For metal 
covered by an oxide layer, this pure capacitance is given by

1 1 1 1

layer double layer o dlC C C
L

C•

= + = +
xx

 [9.5]

where L is the thickness of the oxide layer, x the relative dielectric constant and xo the 
dielectric constant of a vacuum. Considering that x is 10–30 [23] and that L is a few 
nanometres, the capacitance layer Clayer is of the order of 1–10  µF/cm2, that is the same 
order of magnitude as the double layer capacitance Cdl.

In using the same route for thicker layers (L ≈ 10  µm), a layer capacitance 
Clayer ≈ 1  nF/cm2 is obtained. This is much smaller than the double layer capacitance 
Cdl. So C∞ is practically equal to Clayer. This result was observed on the capacitance 
spectrum depicted in Fig.  9.2. In practice, the intercept with the real axis on a Cole & 
Cole representation gave zero. This showed that the order of magnitude for C∞ can 
be considered as a qualitative measure of the oxide layer thickness, i.e. nanometric 
layers for C∞ ≈ 10  µF/cm2, thicker layers for lower values.

9.5  Conclusions

Electrochemical corrosion experiments have been performed on 1050 carbon steel 
in mixtures of groundwater and ‘FoCa’ clay, in the temperature range of 50–150°C. 
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All experiments presented in this chapter concerned mixtures free of oxygen. These 
experiments can be regarded as long time experiments in comparison with other 
previously published results because corrosion monitoring was performed over 
several hundreds of hours. This set of experiments has given an overview of corrosion 
processes of 1050 carbon steel in the presence of ‘FoCa’ clay. Other experiments of 
the same kind are in progress with bentonite MX80 to evaluate the role of clay in 
corrosion processes of carbon steel.

In the case of ‘FoCa’ clay, two kinds of results have been observed:

At the lowest temperature (50°C) and at 90°C for short exposure time, 1050 carbon 
steel was probably covered by a nanometric oxide layer. This case corresponded to 
a noteworthy complex capacitance spectrum and to a high C∞ value. The corre-
sponding complex capacitance spectrum consisted of a high frequency range CPE 
with an exponent of about ½, and an R parallel C equivalent circuit in the low 
frequency range.

At the highest temperature (150°C) and at 90°C for long exposure times, 1050 carbon 
steel was covered by a thick micrometric oxide layer directly in contact with steel. 
This case corresponded to another noteworthy capacitance spectrum and to low 
C∞ value. The corresponding complex capacitance spectrum consisted of a high fre-
quency range CPE with an exponent higher than ½ (typically 0.6–0.8) and in a second 
CPE in parallel with a resistance in the low frequency range.

In both cases, complex capacitance spectra and surface analysis of thick corrosion 
products have suggested that the corrosion process of this carbon steel could be 
described at least qualitatively in the framework of the Point Defect Model.

Probably the most significant result concerned the long-term behaviour of 1050 
carbon steel in the presence of ‘FoCa’ clay at 90°C. The confinement of the outer 
interface (layer/pasty mixture) has induced the growth of an outer corrosion product 
layer, which inhibited the dissolution rate of the oxide layer directly in contact with 
steel (inner layer). This inhibition has led to the growth of this oxide inner layer.

It would be interesting to move forward in analysing quantitatively the observed 
complex capacitance spectra in the framework of the Point Defect Model.
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10.1  Introduction

Water chemistry is not only one of the most important parameters to maintain plant 
reliability, but it is also one of the most important indices to measure plant opera-
tional conditions. In order to understand plant conditions, in-situ measurements of 
local conditions, e.g. in-core corrosive conditions, are desired but most water chem-
istry data have been obtained with probe type sensors applied in room temperature 
water. Some mismatching has been reported between the information required to 
understand plant conditions at elevated temperatures and the water chemistry data 
measured at room temperature [1]. From the viewpoint of water chemists, procedures 
for bridging the gaps as well as providing quality assurance of water chemistry 
data acquisition are essential subjects. The major measures to bridge the gaps are 
of two types: theoretical approaches and direct determinations by applying 
high-temperature water chemistry sensors.

In this chapter, data acquisition and processing systems in boiling water reactor 
(BWR) and pressurised water reactor (PWR) plants are briefly introduced, the 
necessity of adequate water chemistry control to obtain plant reliability and safety is 
presented, and procedures to bridge the gaps between the measured water chemistry 
data and the information needed to understand real interactions between materials 
and water in the primary cooling systems are described. The latest developments and 
applications of high-temperature water chemistry sensors are also briefly reviewed 
and major proposals for their application in operating plants and their future 
possibilities are discussed.

10.2  Requirements for in-line water chemistry sensors

The most important roles of cooling water in light water reactors (LWRs) are energy 
transport and neutron moderation. At the same time, the resulting high-temperature 
water causes corrosion of structural materials, which leads to adverse effects in the 
plants, e.g. increasing shutdown radiation, generating defects in materials of major 
components and fuel claddings, and increasing the volume of radwaste sources. 
In Fig.  10.1, the major roles of cooling water in BWRs and PWRs are summarised 
[2–4].

In order to control the adverse effects shown in Fig.  10.1, it is essential to 
understand corrosion behaviours of structural materials and then to control them. 
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Corrosion behaviours are greatly affected by the combinations of water quality and 
materials. In order to minimise the adverse effects, optimal water chemistry control 
has been proposed as shown in Fig.  10.2 [4].

It is important to improve water chemistry by evaluating the possible effects of 
small changes in water chemistry on fuel cladding and structural materials after a 
long incubation time, as well as to consider the possibility for changes in materials 
which cause long-term degradation of water chemistry [5]. 

In order to evaluate changes in water chemistry, in-situ measurement of water 
quality is required. Water chemistry conditions should be monitored without any 
change of the chemical conditions. They should be monitored continuously with high 
accuracy and high reliability to be prepared for a quick response if there are any 
anomalous conditions, and without any adverse effect on cooling systems, even if the 
sensors are damaged. 

Recent computer aided medical inspection systems are supported by automatic 
analysis systems for blood tests, urine analyses and electrocardiographs. In particu-
lar, the blood furnishes information on major organs as it circulates through them. 
Anomalous conditions in the organs affect the blood properties and vice versa.
By analogy, in a BWR, the primary coolant has almost the same role as blood in the 

10.1 Major roles and adverse effects of cooling water of nuclear power plants; a) 
BWR primary cooling water; b) PWR primary and secondary cooling water
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human body [5]. The coolant circulates through the major components in the pri-
mary system, such as the core, recirculation pumps, turbines and water polishing 
systems, each of which can correspond to a major organ. Suitable and timely plant 
renewal is required to maintain sufficient reliability for ageing BWRs, just as medical 
treatments and preventive measures are needed for age-related adult diseases. In 
addition to annual inspection, power anomaly diagnosis can prepare accurate infor-
mation on structural materials as well as plant functions, which allow suitable and 
timely preventive maintenance for ageing plants.

Cooling systems, major components and water chemistry differ in BWR and PWR 
plants. Procedures to measure water chemistry are also different in both plants. 
Locations for in-line monitoring and sampling in BWRs and PWRs are shown 
in Fig.  10.3 [1]. For more detailed measurements, cooled and depressurised water 
is sampled and brought to a chemical laboratory in the plants for chemical and 
radioactive nuclide analysis.

Normal in-line water chemistry sensors, i.e. pH, conductivity, oxygen concentra-
tion [O2], and hydrogen concentration [H2], give important information to under-
stand the corrosive conditions of the primary coolant. However, the features of water 
chemistry measured with in-line sensors are those after completion of a cooling 
procedure and some changes in water chemistry data are considered. Conductivities, 
pH and [O2] are measured at room temperature and their effects on the materials 
should be considered by extrapolating them to values at elevated temperatures. 
Major methods to obtain water chemistry and data of concern are summarised in 
Table 10.1.

One of the most important radiolytic species in BWR cooling water, H2O2, which 
cannot be measured in the sampled water, should be determined by the theoretical 
water radiolysis model along with O2 and H2 at the location of interest. 

10.2 Optimal water chemistry control (BWR and PWR)
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The oxygen concentration distribution along the PWR feed water flow path is 
calculated based on the oxygen hydrazine reaction. [O2] in the cooling water can be 
confirmed by measuring it in the sampled water taken from the complex sampling line 
(Fig.  10.3b) but the N2H4–O2 reaction also occurs in the sampling line. The gap 
between the sampled [O2] and the measured value should be bridged to evaluate 
the actual concentration. In-situ measurement of [O2] in high-temperature water is 
desired. Electrochemical corrosion potential (ECP) is one of the candidates for high-
temperature water chemistry sensors for corrosive conditions determined by O2 and 
N2H4, where ECP is expressed as a function of [O2] and [N2H4] [6,7].

Major gaps between the desired information to understand the phenomena and 
measured data are shown in Table  10.2 with measures to bridge these gaps. Some 
mismatching between the information desired to understand plant conditions at 
elevated temperature and the water chemistry data measured at room temperature 
have been reported [1]. From the viewpoint of water chemists, procedures for brid-
ging the gaps as well as providing quality assurance of water chemistry data acquisi-
tion are essential subjects. The major measures to bridge the gaps are of two types: 
theoretical approaches and direct determinations by applying high-temperature 
water chemistry sensors. 

10.3 Major subjects related to materials in cooling systems of nuclear power 
plants; a) BWR; b) PWR
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10.3  High-temperature water chemistry sensors

High-temperature water chemistry sensors are divided into those determining 
water chemistry directly and those determining corrosive conditions indirectly by 
analysing the interaction between water and materials. Major high-temperature 
water chemistry sensors are listed in Table 10.3 [8–10]. 

The purposes of high-temperature water chemistry sensors are also divided into 
three categories:

Category 1:  Direct determination of water chemistry index at elevated temperature 
instead of theoretical extrapolation from the data obtained at room 
temperature. Changes in data at room temperature and elevated tem-
perature are estimated but the extrapolation procedures might contain 
certain uncertainties (pH, conductivity).

Category 2:  Impossible to determine water chemistry index at room temperature. 
Some chemical species disappear due to thermal decomposition during 
the cooling process ([H2O2] in the BWR water) and chemical reactions 
in the sampling line ([O2] in the PWR feed water).

Table 10.1 Major methods to obtain water chemistry data (BWR and PWR)

Item Method Sampled volume Data transfer

BWR PWR

Temperature Thermocouple on (HT) on (HT)
Pressure Diaphragm type 

pressure gauge
on (HT) on (HT)

Flow rate Orifice type pressure 
gauge

on (HT) on (HT)

�-ray spectroscopy Ge(Li) on (HT*) on (HT*)
Detection of � emitters LSC: off on (HT*) 
Metallic impurities XFS 10-100 l off off
Others TOC off off
Backup AAS, SP, ICP, ICP-MS, 

IC, NaI(Tl) 
 off off

Conductivity on (RT) on (RT) 
pH on (RT) on (RT)
[O2] on (RT) on (RT)
[H2] on (RT) on (RT)
�ain steam radiation on (RT*) on (RT*)
Off gas nuclide on (RT*) –

on: on line sensors. off: off line sensors, (HT): high temperature sensors, (HT*): room 
temperature sensors for high temperature samples, (RT): room temperature sensors

Ge(Li) : Ge(Li) 
semiconductor detector

LSC: liquid scintillation 
counter

XFS: X-ray fluorescence 
spectrometry

TOC: total organic carbon 
detector

AAS: atom absorption 
spectrometry

SP: spectrophotometer

ICP: induction coupled 
plasma spectroscopy

IC: ion chromatograph ICP-MS: ICP mass 
spectroscopy

NaI(Tl) : NaI(Tl) scintillation counter
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Category 3:  Direct interaction of water and materials at elevated temperature 
(ECP, corrosion rate, crack growth).

International collaborative programmes on high-temperature water chemistry 
sensors have been carried out by the International Atomic Energy Agency (IAEA) 
(WACOLOIN [8]: 1986–1991; WACOL [9]: 1992–2000; and DAWAC [10]: 2001–
2005). From literature surveys and international exchange of information and 
experience with high-temperature sensors, it was found that many kinds of high-
temperature sensors had been developed for direct measurement of water quality, 
and some of them had been successfully applied in laboratory tests, but only a few 
had been applied to operating power plants [1]. 

There are three requirements for application of high-temperature sensors in 
operating plants: 

1)  High accuracy: direct application without a cooling procedure to determine the 
water chemistry index directly.

2)  Quick response: direct connection between the sensor and data acquisition 
system.

3)  High reliability and safety: easy calibration, maintenance-free use for a long 
plant operation period (1 to 1.5 years) and installation downstream from cooling 
systems.

Figure 10.4 shows the temperature-dependent conductivity and pH for pure water. 
For pure water, it is easy to extrapolate to values for elevated temperature from mea-
sured values at room temperature by using the temperature-dependent dissociation 
constant of water [11]. However, there are some amounts of coexisting chemical 
species in the cooling water, which might be added for chemical control of pH and 
oxidant reduction in PWRs and mixed as chemical impurities in BWRs. 

Evaluation of pH and conductivity at elevated temperature from those values 
measured at room temperature has required some time delay due to the whole 

Table 10.2 Gaps between desired information and measured data

Desired information to 
understand phenomena

Measured WC data 
in plants

Major measures to bridge 
the gaps

Corrosive conditions 
[H2O2, O2, H2]

• Measured [O2, H2] •  Theoretical models for 
water radiolysis

•  HT O2 sensors 
•  ECP sensors

Crack propagation rate •  Crack growth rate under 
simulated conditions

•  HT crack growth rate 
sensors

•  Theoretical & empirical 
models for crack 
propagation rate

High temperature pH • pH of cooled water • Theoretical evaluation 
• HT pH sensors

Properties of oxide fi lm 
on sampled specimens

•  Characterisation of 
oxide fi lm

•  Theoretical oxidation 
models

• HT impedance sensors
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data arrangement for additional chemical species and the extrapolation calculation 
and this has often caused undesirable uncertainty mainly due to the influence of 
coexisting species. Applications of high-temperature pH and conductivity sensors 
are expected to overcome these difficulties. In order to evaluate corrosive conditions 
in BWR primary cooling systems, non-linear rate equations are calculated to obtain 
the concentration distributions of radiolytic species throughout the primary coolant 

Table 10.3 High-temperature water chemistry sensors

Measured items Detector Principle Applied Ref.

1) Water chemistry
a) [O2] pressure balance 

type
membrane + 
polarography

LAB [16]

ECP detector ECP-[O2] relationship LAB [1, 9]
b) [H2] pressure balance 

type
membrane + 
polarography

LAB [16]

Pd wire type H2

detector
H2 absorption + ER LAB [17]

c) [H2O2] Sensor array a couple of ECP and 
FDCI

LAB [18]

d) Conductivity coupled/triple
electrodes

complex impedance LAB [19]

e) pH ZrO2 type pH sensor ion electrode LAB [20]
TiO2 type pH sensor flat band potential LAB [21]

2) interaction between water and materials
a) ECP external (Ag/AgCl) ion electrode NPP [1]

internal (Pt) ion electrode NPP [22]
internal (Ag/AgCl) ion electrode NPP [23]
internal (Fe/Fe3O4) ion electrode NPP [24]
internal (Ni/NiO) ion electrode LAB [25]

b) Corrosion rate DC current 
measurement

ER change due to 
thinning

LAB [9]

DC corrosion 
detector

Tafel plot LAB [9]

AC corrosion 
detector

Board diagram LAB [9]

c)  Oxide film 
properties

CDE-arrangement
detector

contact electric 
resistance
measurement

LAB [26]

[27]
FDCI sensor complex impedance LAB [18]

d) Crack
initiation

electrochemical
potential detector

potential noise 
analysis

LAB [28]
[29]

e) Crack growth CT specimen potential drop 
measurement

NPP [30]

DCB type potential drop 
measurement

NPP [31]

Lab: used only in laboratory experiments
NPP: applied in operating nuclear power plants
ER: electric resistance FDCI: frequency dependent complex impedance
CT: compact tension DCB: double cantilever beam
CDE: controlled distance electrochemistry
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[12]. The gap between the measured ECP and effective oxygen concentration 
([O2]eff=[O2]+0.5[H2O2]) (Fig.  10.5a) [13] is explained by the contribution of H2O2 to 
the ECP especially at high H2 injection rate (Fig.  10.5b) [14].

Unfortunately, [H2O2] is unstable in high-temperature water and most of it disap-
pears during the sampling process, so it is not possible to determine its concentration 
in the sampled water. The procedures to determine [H2O2] are either by application 
of the theoretical radiolysis model or direct or indirect measurement at elevated 
temperature.

As [H2O2] decreased from 100 to 5  ppb, the radii of the low frequency semicircles 
on the Cole–Cole plots of frequency-dependent complex impedance (FDCI) increased 

10.4 Conductivity and pH at room temperature and elevated temperature for 
pure water

10.5 Effects of H2 injection in BWR plants; a) measured in plants; b) calculated 
for plants
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continuously, while ECP values remained at the same level from 100 to 10  ppb and 
then decreased a little to 5  ppb (Fig.  10.6) [15]. The increasing radii meant increasing 
resistance of oxide dissolution. Both dependences of ECP and FDCI semi-circle 
radii on [H2O2] were not affected by co-existent [O2] for the same level of oxidant 
concentration.

As a result of water radiolysis evaluation for BWR water, it was assumed that 
100  ppb H2O2 co-existed with 200  ppb O2 under normal water chemistry (NWC), 
while 10  ppb H2O2 existed without a measurable concentration of O2 under hydrogen 
water chemistry (HWC). This meant that the corrosive conditions of HWC were the 
same as those of NWC from the viewpoint of ECP, while [H2O2] varied over a wide 
range, which might affect the corrosion behaviour of structural materials.

Extrapolation of ECP, corrosion rate and crack growth rate from the data 
obtained at room temperature causes a very large uncertainty due to insufficient 
databases which could support the extrapolation.

10.4  Experience with high-temperature water chemistry sensors in 
operating plants

High-temperature sensors used in operating plants and for the in-pile loop of experi-
mental reactors are listed in Table 10.4 [1]. Most of them were sensors for structural 
material integrity tests. High-temperature reference electrodes for ECP measure-
ments and in-situ potential drop detectors for crack propagation measurements, 
attached to compact tension test specimens, were applied for benchmark tests of 
HWC in operating BWR plants. 

10.6 Relationships between [H2O2], ECP and radius of low frequency semicircle 
on Cole–Cole plots of frequency-dependent complex impedance
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In order to obtain a reductive environment and to mitigate secondary side corro-
sion of steam generator (SG) tubing, the optimum hydrazine content in the secondary 
system of the PWR should be decided based on ECP measurements. However, ECP 
measurements have been made in only a very few units. Once the optimum hydrazine 
condition is defined, the plant staff only routinely monitor hydrazine and ECP mea-
surements are usually terminated. Instead of direct ECP measurements, a combined 
approach of concentration measurements of anions and cations by ion chromato-
graphy and empirical calculations based on crevice concentration factors and pH 
evaluation has been successfully applied to determine the corrosive conditions at the 
tubing and the crevice between the tubing and the supporting plate. 

It has been reported that high-temperature water chemistry sensors, i.e. pH, 
conductivity and [O2] sensors, provided valuable data in laboratory tests. However, 
a decision on their application in operating plants has not yet been made. In order to 
enhance the application of high-temperature water chemistry sensors in operating 
power plants, the following barriers to their applications should be overcome:

1) Clear presentation of their necessity and benefits.
2)  Improvement of their reliability during operation, focusing on maintaining 

sufficient integrity of the sensors themselves and establishing periodical 
calibration procedures.

3)  Mitigation of safety issues regarding defective sensors, focusing on suitable 
procedures to avoid loose parts and chemical contamination.

4)  Completion of suitable case studies for application of plant diagnosis systems 
based on high-temperature sensors.

The only purpose of operating nuclear power plants is the safe, stable and econo-
mical supply of electricity. Unfortunately, the reliability of high-temperature water 
chemistry sensors is not sufficiently high. Problems with high-temperature water 

Table 10.4 High-temperature sensors for water chemistry monitoring in plants and 
in-pile loops

Sensors Plants Sensor location Ref.

ECP(Ag/AgCl) BWR AC, LPRMH, BD [23]
ECP(Cu/CuO2) BWR AC [23]
ECP(Fe/Fe3O4) BWR BD [24]
ECP(Pt) BWR LPRMH, BD [24]

PWR core top [22]
PWR FW [32]

ECP(Pd-hydride) Halden reactor in-pile loop [33]
SSRT BWR AC [1]
CT BWR AC [1]

Halden reactor in-pile loop [34]

ECP: electrochemical corrosion potential
SSRT: slow strain rate test  CT: compact tension
AC: autoclave in reactor water cleanup line  BD: bottom drain
LPRM: local power range monitor housing
FW: feed water
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chemistry sensors are divided into two: one is out of signal due to functional defects 
and the other is the result of loose parts due to mechanical damage. The former can 
be tolerated losing target information without any real damage, while the latter 
should be avoided absolutely so as to circumvent plant shutdown. It is important 
to evaluate the balances between the benefits of sensors, e.g. having information on 
water chemistry and corrosion of materials, and their risks caused by mechanical 
damage.

It is recognised that ECP sensors are hard to replace for the evaluation of corrosive 
conditions, which are determined by unstable oxidants present in the BWR primary 
coolant and PWR secondary coolant. Their benefits exceed their risks. However, 
pH, conductivity and other values can be extrapolated from the data measured at 
room temperature even though uncertainties caused by the extrapolation are often 
unacceptably large. In these cases, their benefits balance with the risks and then their 
application in operating plants is debatable.

As a result of improving their reliability and enhancing their importance in data 
applications, many kinds of high-temperature sensor can be applied in operating 
plants.

Much experience with the application of sensors in laboratory tests and improve-
ments in their reliability and handling hold the promise of opportunities for their 
application not only in nuclear plants but also in thermal power plants. The existence 
of unstable radiolytic species under irradiation makes the application of high-
temperature sensors necessary, but at the same time, irradiation damages their 
reliability in nuclear plants. Complicated chemical treatment makes their application 
necessary in thermal power plants, but for both environments, high-temperature 
conditions complicate the selection of sensor materials. 

10.5  Conclusions

1)  High-temperature water chemistry sensors have been developed for plant 
applications, but, so far, only ECP sensors have been applied in operating power 
plants.

2)  In order to apply high-temperature water chemistry sensors in operating power 
plants:

• their reliabilities should be greatly improved;
• their application needs should be promoted; and 
•  case studies should be demonstrated for applications in plant diagnosis 

systems.
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11.1  Introduction

As power plants age, data on the materials properties of in-core components 
with high irradiation doses are required for assessments of plant lifetimes, which form 
the basis for licenses for further operation. Furthermore, as reactor operators 
implement longer fuel cycles and power upratings, the corrosion behaviour of the 
alloys used for in-core structures and fuel rod cladding must be studied under the new 
operating conditions. New alloys offering improved performance are under constant 
development; while in conjunction, changes in water chemistry conditions can be 
implemented to mitigate specific corrosion phenomena. An understanding of the 
mechanisms that lead to material degradation can help to improve and optimise 
materials pro perties and to define and qualify water chemistry changes. Studies 
should be performed under representative conditions to ensure the validity of the 
data.

The OECD Halden Reactor Project is a joint undertaking of national organisa-
tions in 18 countries sponsoring a jointly financed research programme under the 
auspices of the OECD Nuclear Energy Agency. The Halden Boiling Water Reactor 
(HBWR) has been in operation since 1958. It is a test reactor with a maximum 
power of 20  MW and is cooled and moderated by boiling heavy water, with a normal 
operating temperature of 235°C and a pressure of 34  bar.

The reactor has been predominantly used for investigation of important fuel 
pro perties (temperature, pressure, fuel pellet dimensional changes, etc.), where the 
overall aim has been to assess the performance of current and advanced fuel under 
normal, abnormal and accident conditions. The results are used for fuel behaviour 
model development and verification, and in safety analyses [1].

In the past 20 years, increasing emphasis has been placed on corrosion testing, 
both of in-core structural materials and fuel claddings [2,3]. These tests require 
representative light water reactor (LWR) conditions, which are achieved by housing 
the test rigs in pressure flasks that are positioned in fuel channels in the reactor and 
connected to dedicated water loops, in which boiling water reactor (BWR), pressu-
rised water reactor (PWR) or pressurised heavy water reactor (PHWR) conditions 
are simulated.

Understanding of the in-core corrosion behaviour of fuel or reactor materials can 
be greatly improved by on-line measurements during power operation. The Halden 
Project has performed in-pile measurements for a period of over 35 years, beginning 
with fuel temperature measurements using thermocouples and use of differential 
transformers for measurement of fuel pellet or cladding dimensional changes and 
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internal rod pressure [1]. Experience gained over this period has been applied to 
on-line instrumentation for use in materials tests [4]. This paper gives details of the 
techniques currently used to provide on-line, in-core corrosion monitoring data, and 
illustrative results are presented.

11.2  Description of test loops

Test rigs for corrosion studies are installed in pressure flasks, which are constructed 
from stainless steel and/or Zircaloy and connected to a loop system. The flasks are 
often surrounded by highly enriched (typically 13–15% enrichment) booster fuel rods, 
for increasing the fast neutron flux to levels typical of those in commercial LWRs.

A simplified view of a loop system is shown in Fig.  11.1. Specific BWR, PWR or 
PHWR conditions can be simulated by varying the pressure and temperature of the 
coolant and the concentrations of dissolved additives and gases. Each loop consists 
of three main sections: the loop itself, the purification system and the sampling 
system. Other components include the main circulation pump, heaters/coolers and 
valves. Main operating parameters, such as temperature, pressure and flow rate are 
automatically controlled within specified limits using Programmable Logic Control 
(PLC).

The loops are constructed from 316L stainless steel and have a volume (including 
the purification system) of between 60 and 120  litres. The loop circulation pumps 
have capacities from 100  litres to 10  tons per hour, and electric heating is used to 
ensure that the desired temperature can be maintained in the test section.

Chemistry conditions in the loop are controlled by additives and by the purifica-
tion plant. Impurities are removed by lithium, boron or mixed bed ion exchange 
units, or by cartridge filters. Under normal operation, the flow through the 
purification plant is approximately one to two loop volumes per hour. 

11.1 Schematic diagram of water loop system
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The sampling system is used to obtain representative water samples from the loop, 
to monitor continuously conductivity and dissolved oxygen and hydrogen concentra-
tions in the coolant and to provide a facility for the controlled injection of impurities 
into the loop. The flow rate through the sample loop is normally in the range from 
20 to 50  l  h–1. The full loop pressure is maintained in the sampling line; however, 
the coolant temperature is quickly reduced to room temperature to ensure that the 
samples are representative.

Grab samples of the coolant are analysed using inductively coupled plasma mass 
spectrometry (ICPMS) to determine the concentrations of soluble transition metal 
cations, and by capillary electrophoresis for analyses of dissolved anions. Dissolved 
oxygen and hydrogen gases are monitored by Orbisphere detectors placed in series 
in the sampling system. Filter packs, mounted in parallel before the gas analysers, 
are used to determine integrated concentrations in the coolant of both soluble 
and insoluble corrosion products and radioactive transition metal species. Approxi-
mately 20  litres of coolant are concentrated onto the packs, which contain a Millipore 
filter (to retain insoluble material) and ion exchange membranes (to retain soluble 
cationic and anionic species). The filters are subsequently analysed using X-ray 
fluorescence spectroscopy (XRF) and gamma spectrometry.

11.3  On-line crack growth rate measurements

Irradiation-assisted stress corrosion cracking (IASCC) is used to describe the 
degradation phenomenon caused by the synergistic effects of neutron radiation, an 
aggressive aqueous environment and stress/strain on core components, and is widely 
recognised as one of the most important issues affecting the long-term integrity of 
LWRs as they age.

In the in-pile crack growth rate investigations being performed in the Halden 
Reactor, the effects of several of the key factors (stress intensity level, corrosion 
potential, temperature and yield strength) influencing the stress corrosion cracking 
(SCC) susceptibility of irradiated core component materials are studied [5,6]. Small 
compact tension (C(T)) specimens, which are instrumented for crack propagation 
monitoring with the direct current potential drop (DCPD) method and loaded 
by bellows, are used in the investigations. Continuous crack monitoring allows the 
effects of changing chemistry environments (e.g. normal water chemistry (NWC) 
versus hydrogen water chemistry (HWC)) to be assessed directly, as well as enabling 
the contributions of loading on cracking response to be evaluated. 

The geometry of the C(T) samples is shown in Fig.  11.2. The specimens, with width 
W=16  mm and thickness B=5  mm, all have 8  mm long machined chevron notches 
and 10% side grooves such that Beff is 4.47  mm. After machining, the C(T) specimens 
are fatigue pre-cracked in air, with the final pre-cracking conditions being 12  MPa  m1/2,
R=0.1, 22  Hz.

After installation in the test rig, the leads for crack propagation monitoring 
with the DCPD technique are spot welded to the specimen ‘arm’ extensions. The 
specimens are instrumented with two pairs of potential leads (i.e. four 1  mm mineral 
insulated (MI) cables) and one pair of current leads. All of the MI cables are single-
wire Ni conductors with Inconel 600 sheath material. When spot-welded to the C(T) 
arm extensions with a specially designed cable connector, the MI Cable conductor 
and sheath are shorted together. Since the MI cable sheath will create current paths 
in parallel with the C(T) specimens due to random contacts between the sheaths at 
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various locations in the rig, the cables are firmly fixed to plates positioned 60  mm
from the specimens to have a stable current leakage. Routing of the cables is then 
continued up through the rig to the pressure boundary/top seal assembly (which 
has a compressed graphite seal) and on to permanent signal cable junctions in the 
reactor hall.

Dynamic load is applied to the C(T) specimens by individually calibrated loading 
units which are equipped with bellows that are pressurised with helium gas through 
an outer system (Fig.  11.3). During irradiation, the specimens are subjected either to 
constant load or cyclic loading conditions. The cyclic loading with R (Kmin/Kmax)=0.5,
0.6 or 0.7 is typically implemented once or three times in 24  h. Typically, the duration 
of an unloading-reloading cycle is ~900  s.

The arrangement of the C(T) specimens and other instrumentation in a typical test 
rig is shown in Fig.  11.4. Four specimens are positioned in the high fast neutron flux 
(booster fuel rod) region while a further sample is located in the upper test section in 
a low flux region. Neutron detectors at two elevations in the high flux region enable 
the fast neutron flux (and fluence accumulation) in the specimens to be computed. 
For measuring the ECP of the stainless steel pressure flask, Fe/Fe3O4, Pt and Pd 
electrodes are installed in the upper test section. Coolant thermocouples are placed at 
the inlet, middle and outlet of the test rig.

Figures  11.5 and 11.6 show results from a recently completed experiment con-
ducted under BWR conditions, in which the effect of changing from oxidising 

11.2 Drawing of C(T) sample for on-line crack growth rate measurements
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(5  ppm O2) to reducing (2  ppm H2) water chemistry was studied. For a high fluence 
(2.5·1022  n/cm2) 304L stainless steel sample, there was no reduction in crack growth 
rate caused by the chemistry change (Fig.  11.5), whereas for a lower fluence (6·1020  n/
cm2) 347 stainless steel sample, a clear reduction in crack growth rate was seen 
(Fig.  11.6).

11.4  Crack initiation measurements

A crack initiation (integrated time-to-failure) study is currently being conducted in a 
BWR loop system. The number of specimen failures that occur in irradiated tensile 
stainless steel specimens as a function of the water chemistry (NWC versus HWC) is 
being evaluated. The aim is to provide information on the effectiveness of hydrogen 
additions in reducing the susceptibility to the initiation of cracks in high dose 
material [5,6].

A total of 60 irradiated miniature tensile test specimens, 30 to be exposed to NWC 
conditions and 30 to be exposed to HWC conditions, were prepared for the investi-
gation. The specimens, which have a total length of 20  mm and a cylindrical (1  mm
diameter, 4  mm long) gauge section, were all prepared from a 8·1021  n/cm2 304L SS 
control rod material from the Barsebäck 1 BWR. The fluence of this material is 
close to the maximum end of life fluence of BWR components such as the top guide 
and, because of the high dose, is more likely to exhibit susceptibility to stress 
corrosion cracking. In addition, the material will have reached saturation in terms of 
mechanical and microstructural property changes and is expected to behave in a more 

11.3 Loading unit for C(T) specimens
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consistent manner than lower dose materials where saturation has not yet been 
reached.

Thirty of the specimens are currently being exposed to the NWC conditions. 
The specimens are arranged in pairs at five elevations in the test assembly, with three 
pairs (i.e. six specimens) per elevation. Eighteen of the units are exposed to a high 
fast neutron flux and the remaining 12 are installed in a low flux position.

Each pair of specimens is equipped with a linear voltage differential transformer 
(LVDT) that enables on-line detection of failure (Fig.  11.7), and the specimens 
within each pair are identified by spacers placed internally in the bellows. In the event 
of specimen failure, the bellows collapse, with the extent of movement being recorded 
by the LVDT, which enables identification, on-line, of the failed sample. 

During irradiation, constant load (corresponding to 76 to 97% of the irradiated 
yield strength (718  MPa) of the material) has been applied to the specimens by the 
bellows that are compressed by the system pressure. 

11.4 Test rig for IASCC studies
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17711.5 Crack growth rate measurements on a high fl uence 304L stainless steel C(T) specimen. No effect of changing from oxidising to 

reducing water is observed
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11.6 Crack growth rate measurements on a low fl uence 347 stainless steel C(T) specimen. A clear effect of changing from oxidising to 
reducing water is observed
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An example of on-line detection of a specimen failure, from the change in the 
LVDT signal, is shown in Fig.  11.8, while Fig.  11.9 shows a photograph of the failed 
specimen after removal from the test rig.

11.5  Irradiation creep and stress relaxation measurements

Many bolts in reactor internals are stressed to high initial cold pre-loads, which when 
subjected to high operating temperatures over time, may result in loosening of the 
bolts and the pre-load can be lost. Radiation may also cause stress relaxation in 
highly stressed components.

The effects of irradiation on the creep/stress relaxation in austenitic stainless steels, 
commonly employed in commercial PWR reactors, are being evaluated [6]. The test 
materials are small tensile specimens (2.5  mm diameter and a gauge length of ~50  mm)
prepared from unirradiated, solution annealed 304 and cold worked 316 stainless 
steels. The specimens are subject to constant displacement conditions during irradia-
tion in an inert environment to fluences of ~0.25, 1 and 1.4·1021  n/cm2 (> 1  MeV).

11.7 Schematic diagram illustrating on-line detection of specimen failure
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11.8 Specimen failure shown by LVDT signal
www.iran-mavad.com 
 مرجع علمى مهندسى مواد



In-core corrosion monitoring in the Halden test reactor  181

11.9 Photograph of failed specimen

Load (stress) is applied to the specimens via bellows that are compressed by gas pres-
sure that is introduced into the chamber housing the bellows (Fig.  11.10). Constant 
displacement of the tensile specimens is maintained by monitoring sample elongation 
by LVDTs and adjusting (reducing) the applied load (stress) on the specimens 
on-line, by decreasing the pressure in the bellows housing units. In addition to 
the bellows gas lines, the test units are also equipped with gas lines that enable the 
specimen temperature to be varied in the range from 240 to 400°C, by altering the 
composition of the helium–argon gas mixture surrounding the specimens.

An example of the load reductions made on a 316N stainless steel lot specimen 
when length changes on the order of 2  µm are detected by the LVDT is shown in 
Fig.  11.11.

11.6  In-core ECP measurements

The electrochemical corrosion potential (ECP) of a corroding metal is the potential 
difference between it and the standard hydrogen electrode (SHE). ECP is determined 
by measuring the potential between the sample and a reference electrode, and adding 
the (calculated) potential versus SHE of the reference electrode. A reference electrode 
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is a half-cell that produces a stable and reproducible potential. For in-core measure-
ments of ECP, reference electrodes must be capable of withstanding the high 
temperatures and pressures, and neutron and gamma fluxes within the reactor core. 

The ECP is one of the most important measures of a corrosive environment, and is 
determined by a combination of the surface conditions of the specimen and concen-
trations of dissolved oxidants. The ECP is a key measurement when the performance 
of reactor structural materials is to be assessed or measures taken to optimise their 
integrity – many BWRs now inject hydrogen to maintain the ECP of in-core stainless 
steel components below the ‘IASCC threshold’ of –230  mVSHE.

Perhaps the most critical aspect of the design of a reference electrode is the seal 
between the potential sensing element and the signal cable, which must be water-
resistant. Temperature changes will cause mechanical stress on the electrode seals, 
signal cables, etc, and it can be assumed that the electrode lifetime will be dependent 
on the number of reactor power or loop operations causing large temperature 
changes in the loop coolant. In the electrodes designed and produced in Halden, 
the seal is constructed from two metal (Inconel) sub-units connected by a ceramic 
tube and has main dimensions of length 80–100  mm and diameter 12  mm. No 
ceramic-to-metal brazing is required [7].

To obtain reliable ECP measurements, it is recommended that two different 
types of reference electrode be used. Palladium (Pd) and iron/iron oxide (Fe/Fe3O4)
electrodes are being developed for use under oxidising conditions; in addition, Pt 
electrodes can be used under reducing conditions.

The Halden platinum (Pt) electrode [8] is shown in Fig.  11.12. The potential-
sensing element consists of a Pt cylinder and end plate. The large surface area of 

11.10 Illustration of instrumented tensile specimen used in the stress relaxation 
study. Instrumentation includes bellows that allows on-line variation of applied 
load (stress), temperature control through gas lines and monitoring of specimen 
elongation by an LVDT
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the platinum serves to reduce the effect of any mixed potentials caused by the other 
metal components.

Figure 11.13 shows an example of ECP data measured with a Pt electrode under 
PWR water chemistry conditions (3  ppm LiOH, 1000  ppm B as boric acid (H3BO4),
2 to 4  ppm H2 and conductivity 25 to 30  µS/cm). The electrode gave reliable signals 
over the duration of the test, 340 full power days. This period included four reactor 
cycles, with several heating and cooldown periods within each, and shows that the 
seal arrangement is satisfactory. The measured potential between the stainless steel 
pressure flask (used as the sample) and the reference electrode was, as would be 
expected under reducing conditions, of the order of a few millivolts, i.e. both metals 
were at similar potentials. Under such conditions, the ECP of stainless steel prima-
rily reflects the thermodynamic potential of the H2/H2O reaction, and values in the 
range from –770 to –830  mVSHE were obtained.

The Halden/VTT palladium reference electrode [8,9] is shown in Fig.  11.14. The 
potential-determining reaction of the palladium hydrogen electrode is similar to that 
of the platinum hydrogen electrode or SHE [10]. In the SHE, hydrogen is introduced 
from an external source and the electrode potential is determined by the H2 partial 
pressure and the pH of the electrolyte. Palladium differs from platinum in that it can 
hold hydrogen within its lattice; in aqueous solutions, hydrogen can be produced by 
cathodic charging of the Pd. When sufficient hydrogen is loaded, some will diffuse 
to the surface of the Pd, which can thus function as a hydrogen electrode. Hence, 
the advantage of the Pd electrode over the Pt electrode is that it can be used in 
oxygenated water. The Pd electrode is suitable for in-core measurements since 
the potential-determining species (H2/H+) are stable over the temperature range of 
interest and do not contaminate the environment (as would happen, for example, if 
an Ag/AgCl electrode were to fail).

The Pd electrode must be calibrated against another type of electrode to determine 
the surface coverage of palladium with hydrogen atoms. The surface coverage is anal-
ogous to the H2 partial pressure used in the calculation of the potential of platinum 
electrodes, and thus allows calculation of the potential of the electrode.

11.12 Halden platinum reference electrode
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18511.13 ECP of stainless steel under PWR conditions (3  ppm LiOH, 1000  ppm B), measured with a Pt reference electrode
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Initial in-core results [11] showed that the Pd electrode can produce a stable refer-
ence potential in oxygenated water (5  ppm O2) (Fig.  11.15), and that it can measure 
changes in ECP due to changes in oxidant concentration. ECP measurements 
with the Pd electrode have also been performed in hydrogenated water; Fig.  11.16 
shows the effect of coolant temperature on the surface coverage of hydrogen atoms 
on palladium [12].

Metal/metal oxide electrodes have been used for many years, and development of 
Fe/Fe3O4 electrodes has commenced at Halden. Whereas many designs use a ceramic 
tube made from yttrium partially stabilised zirconia (Y PSZ), the Halden studies have 
focused on magnesium partially stabilised zirconia (M PSZ) due to its higher strength, 
which should make it easier to construct a reliable seal. Tests have shown that M PSZ 
works as an oxygen conducting membrane and that the internal resistance of 
Mg-PSZ (Fe/Fe3O4 electrode) is low enough to allow in-pile measurements. A 
prototype electrode is shown in Fig.  11.17.

11.7  In-core conductivity measurements

The inter-relationship between ECP and conductivity, and hence between con-
ductivity and crack propagation, is well established. Most on-line techniques for 
monitoring water quality are designed for use at room temperature. However, room 
temperature measurements may not be representative of the conductivity at elevated 
temperature. Although high-temperature conductivity can be modelled, the cal-
culations require as input the high-temperature concentrations of dissolved ions, 
which may not be available. Hence, the advantages in measuring conductivity at the 
temperature of interest, for both precise determination of water quality and to study 
the effect of impurities on corrosion, are clear.

A novel conductivity electrode (Fig.  11.18) has been developed that can be installed 
in in-core pressure flasks and hence measure conductivity at operating temperature 
and pressure, and in the presence of water radiolysis products. The sensor is a 
modification of the Halden platinum ECP electrode, in which the Pt sensing element 
is surrounded by a second Pt cylinder. An additional signal cable is fitted through 

11.14 Halden/VTT palladium reference electrode
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11.15 ECP of stainless steel, measured with a Pd electrode, during steady-state operation
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which a current is passed, and the conductivity of the coolant is determined from the 
measured voltage difference between the two Pt cylinders. Use of the Halden leak-
tight mechanical seal enables the monitoring of conductivity in-core. It is envisaged 
that the sensor will give the most useful data under BWR conditions, since impurity 
leakages are more readily monitored at high temperature, due to increased ionic 
mobilities. Under PWR conditions, conductivity is dominated by LiOH and boric 
acid, and the effects of impurities may not be distinguishable.

The prototype cell functioned reliably in a test conducted under PWR conditions 
(2  ppm LiOH, 1200  ppm B, 2.5 to 3  ppm H2) for a period of 45 days (Fig.  11.19). 
A solution conductivity of approximately 200  µS/cm was measured at 335°C; the 

11.16 Surface coverage of hydrogen on palladium versus temperature for 
hydrogenated water chemistry (250  ppb LiOH, 5  ppm H2)

11.17 Prototype Fe/Fe3O4 reference electrode
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corresponding low temperature conductivity, measured in the loop sampling system, 
was approximately 20  µS/cm. The measured conductivity agreed well with literature 
data of the high-temperature conductivity of LiOH solutions.

The sensor may give more useful data under BWR conditions, where water 
radiolysis products will have a larger effect on the in-core conductivity. Chemical 
additions to the coolant are planned in several forthcoming BWR IASCC studies; 
conductivity measurements in these experiments will be conducted to investigate 
whether the cell gives useful results in water with a lower conductivity than in PWR 
coolant.

11.8  Techniques under development to measure fuel cladding corrosion 
on-line

Traditionally, corrosion of fuel rod cladding in reactor cores has been studied by 
taking measurements of oxide thickness or sample weight during reactor shutdowns. 
The main limitation of this method is that only average corrosion rates can be 
determined. The use of on-line measurements would deliver more information on 
corrosion processes and would assist in the determination of corrosion mechanisms.

11.8.1 On-line potential drop corrosion monitor

The DCPD method, which has been developed and used to measure crack growth 
on-line in the Halden IASCC programme, has been adapted for on-line measurement 
of cladding corrosion. Current and potential wires are attached to the end plugs of 
a fuel rod, and potential drops caused by the passage of an applied current are 
measured at different positions on the end plugs (Fig.  11.20). The potential drops are 
related to cladding thickness through out-of-pile calibration. With this technique, 
cladding thickness can be measured to an accuracy of ±2  µm.

Qualification and testing of the method under in-core conditions will be con ducted. 
Oxide thicknesses will be compared with measurements performed using standard 
techniques such as eddy current and SEM.

11.18 In-core conductivity cell
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11.19 Conductivity measurements, showing in-core (high temperature) and out-of-core (low temperature) data
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11.8.2 Electrochemical impedance spectroscopy

In electrochemical impedance spectroscopy (EIS) measurements, a variable (a.c.) 
voltage is applied to the sample and its impedance (ratio of voltage to current) is 
measured as the frequency of the applied voltage changes. The technique possesses 
several advantages. Methods using a.c. use low perturbation signals that do not 
disturb the system under test, as do d.c. methods. The technique can be used in low 
conductivity media, such as BWR type coolant, and is non-destructive. 

Preliminary development work, in conjunction with the University of Gothenburg, 
Sweden, was conducted to assess the feasibility of monitoring oxide growth on 
Zircaloy fuel cladding on-line. Measurements were taken using cable lengths of up 
to 20  m to study any adverse effects caused by the large separation of the sample 
and measuring equipment. Oxide thicknesses were calculated from an equivalent 
electrical circuit, in which the insulating ZrO2 is modelled by a capacitor with plate 
separation equal to the oxide thickness. 

11.20 On-line potential drop corrosion monitor
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Initial in-core measurements will be performed under PWR conditions, i.e. in 
water with a relatively high conductivity. The sample (or working electrode) will 
consist of either a coupon or a tube placed inside a cylindrical platinum mesh counter 
electrode. Platinum reference electrodes will also be installed. The measurements will 
be conducted using commercial computer software loaded onto computers located in 
the reactor hall.

Provisionally, it is proposed to test Zircaloy-4 and Zircaloy-2. The former will 
allow comparison of the corrosion rate data with corrosion models, while use of 
the two materials will allow demonstration of any effects of material composition on 
corrosion behaviour. Other alloys, either those used currently in LWRs or under 
development, can also be tested. Further experiments will be conducted under BWR 
water chemistry conditions.
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12.1  Introduction

On-line corrosion monitoring methods have been applied extensively for system con-
dition diagnosis, material degradation resistance evaluations, and water chemistry 
optimisation in Taiwan’s boiling water reactor (BWR) and pressurised water reactor 
(PWR) nuclear power plants. Electrochemical corrosion potentials (ECP) in 
Chinshan and Kuosheng BWR water circulation loops are measured to evaluate the 
extent of ECP protection provided by hydrogen water chemistry (HWC). On-line 
crack advance surveillance equipment can continuously monitor the effectiveness of 
HWC in mitigating stress corrosion cracking (SCC) of stainless steel components. 
In the Maanshan PWR, ECP measurements in secondary systems are used both as 
a sensitive diagnostic tool for system oxygen abnormalities and as a reference for 
hydrazine concentration control. On-line monitors are installed for service water 
loops to detect the corrosion behaviour of materials in the system under different 
water chemistry conditions. In decontamination processes, on-line corrosion 
monitors are also implemented to ensure the integrity of systems and components. In 
addition, a pipe-thinning monitor is installed in Maanshan plant to continuously 
monitor the thickness reduction of carbon steel (CS) components during normal 
plant operation. On-line corrosion monitors have proven to be very useful tools 
within the nuclear power monitoring systems currently installed and have fulfilled 
their specific purpose in the operation of Taiwan’s power plants. This chapter will 
provide a general description of on-line corrosion monitoring systems developed and 
currently installed in Taiwan and their mode of operation.

12.2  Application examples

12.2.1 ECP monitoring in BWR

HWC is implemented in BWR systems to mitigate intergranular stress corrosion 
cracking (IGSCC) problems of stainless steel components in the reactor pressure 
vessel and recirculation piping systems. The effectiveness of HWC in BWR is mainly 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



Corrosion monitoring applications in Taiwan’s nuclear power plants  195

evaluated through the measurement of the ECP of stainless steel components. The 
general consensus is that an ECP below –230  mVSHE is required to provide sufficient 
protection against IGSCC. In order to determine an adequate hydrogen injection 
level, HWC verification checks have to be carried out in both Chinshan and 
Kuosheng plants. Two such tests are being performed at each plant. One uses the 
ECP package installed by the commercial vendor at both the reactor pressure vessel 
(RPV) bottom drain line and reactor recirculation system (RRS) flange locations 
to confirm the effect of hydrogen injection. The additional test for hydrogen effec-
tiveness is implemented by MCL/ITRI to measure the ECP in a side-stream loop. 
Figure 12.1 shows the ECP monitoring systems installed in both plants. Ag/AgCl 
reference electrodes are used to measure the SS304 ECP.

The location for ECP measurement in Chinshan unit 1 is in the side-stream loop of 
the RPV bottom head drain line. Figure 12.2a shows the schedule of verification tests 
and the results of ECP measurements at this location. Under normal water chemistry 
(NWC) conditions, the ECP measured in the side-stream loop is about 100  mVSHE.

12.1. ECP measurement systems in (a) Chinshan Unit 1 and (b) Kuosheng Unit 2
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Under HWC conditions, the ECP decreases with increasing dissolved hydrogen in the 
feed water and approaches a stable value (Fig. 12.2b). To make the ECP value drop 
below –230  mVSHE, the hydrogen injection should be adjusted to a level of more than 
1.0  ppm dissolved hydrogen in the feed water.

The location of ECP measurement in Kuosheng unit 2 is in the side-stream loop of 
the reactor water clean up pump outlet. The water at this location is a mixture from 
the recirculation system and the RPV bottom head drain line. Figure 12.3 shows 
the schedule of verification tests and the resulting ECP measurements. Under NWC 
conditions, the ECP measured in the side-stream loop is about 40  mVSHE. Upon 
hydrogen injection, the ECP decreases with increasing hydrogen level and gradually 
approaches a stable value (Fig. 12.3b). However, the ECP is still higher than –
230  mVSHE while dissolved hydrogen in the feed water is lower than 0.9  ppb. To reach 
the desired ECP value below –230  mVSHE, more than 0.9  ppm dissolved hydrogen is 
needed in the feed water.

12.2. Hydrogen injection at Chinshan Unit 1, (a) the HWC verifi cation test 
schedule, and (b) ECP measurement result
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12.2.2 Crack growth rate measurements

As discussed above, the effectiveness of hydrogen injection is indicated by the ECP 
value. However, the benefit of HWC should manifest itself by the prevention 
and reduction of SCC in stainless steel components. MCL/ITRI has installed a 
bellows-driven tensile machine for measuring the crack growth rate (CGR) of Type 
304 stainless steel in reactor coolant at Chinshan nuclear power plant. The effects of 
varying stress intensity factors, water chemistry parameters, degree of sensitisation, 
and different surface conditioning on the CGR can all be evaluated in-situ. The CGR 
test data of as-received type 304 stainless steel in the Chinshan reactor water under 
NWC conditions is shown in Fig. 12.4. The crack in the as-received stainless steel 
specimen propagated at a rate of about 1.2·10–8  mm/s at 25  MPa  m1/2 under NWC, as 

12.3. Hydrogen injection at Kuosheng Unit 2, (a) the HWC verifi cation test 
schedule, and (b) ECP measurement result
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12.4. In-plant crack growth rate monitoring for (a) as-received type 304 stainless 
steel compact tension specimen under NWC conditions at Chinshan Unit 1, 
and (b) CGR data of as-received and sensitised type 304 stainless steel at varied 
applied stress intensities under NWC
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depicted in Fig. 12.4a. The CGR test data for as-received and sensitised stainless steel 
in Chinshan unit 1 reactor coolant showed that the cracks grew at a rate well below 
the JSME disposition curve [1], as shown in Fig. 12.4b. The corresponding data from 
the Kuosheng plant was close to the available data in the literature [2]. Taipower 
injects 0.5  ppm of hydrogen into the reactor water during the first phase of HWC. 
The CGR of stainless steel is lowered by the injected hydrogen, as expected, but 
the full effectiveness on SCC mitigation will be confirmed quantitatively after HWC 
implementation. The CGR measurements will also be conducted using MCL’s 
in-laboratory facility in controlled environments simulating NWC and HWC. The 
field data can be compared with laboratory data.

12.2.3 Electrochemical noise monitoring during a decontamination process

The piping of the reactor recirculation system (RRS) and the reactor water clean up 
system of Taiwan Power Company’s Kuosheng nuclear power plant were decon-
taminated using the CORD process developed by Framatome ANP GmbH during 
the October 2001 outage. To verify the adequacy of process control, and to detect 
any possible corrosion damage, the material corrosion behaviour was continuously 
monitored during all stages of the chemical decontamination. Three kinds of 
specimen were adopted for this corrosion monitoring, including corrosion coupons 
for weight-loss measurements, electrochemical noise (EN) specimens for on-line 
corrosion monitoring, and wedge-opening-loaded (WOL) specimens for stress corro-
sion evaluation. The test materials included Type 304 stainless steel (SS) with both 
sensitised and as-received thermal history, Type 308 weld filler, Type CF8 cast SS, 
nickel-base Alloy 182 weld filler, Inconel 600, Stellite 6 hard-facing alloy, NOREM 
low-cobalt hard-facing alloy, and A106B CS. All coupons were pre-filmed in an 
NWC water environment with 1  ppm dissolved oxygen for 72  h at 288°C, except one 
coupon of 304Sen (i.e. sensitised type 304 SS) which was pre-filmed in simulated 
HWC water. The EN probe for on-line corrosion monitoring is a three-electrode 
design, including working electrode (WE) of a circular specimen, counter electrode 
of a C-shaped specimen, and reference electrode of Pt wire. Two 304 SS working 
electrodes (WEs) were used in the RRS-A piping for CORD UV process evaluation, 
and two A106B CS WEs in the reactor water clean up system for CORD CS. To 
simulate the crevice condition in the real pipe, the ceramic washer was tightened onto 
the surface of the 304 SS WE as illustrated in Fig. 12.5.

The EN measurement used the ACM AutoZRA measurement system which 
provides a three-electrode configuration, i.e. WE1, WE2 and reference electrode 
(RE). The current noise was measured between WE1 and WE2. The voltage noise 
was measured between the RE and the galvanic potential of WE1 and WE2. The 
corrosion rate of the EN specimen was calculated by noise resistance, which is 
the ratio of standard deviation of voltage noise (VSD) over current noise (ISD). The 
physical meaning of noise resistance is similar to polarisation resistance. Therefore, 
the following equations are adequate for the calculation of its corrosion rate.

Icorr= +

=

b b

b b
a c

p a c

corr

*
* *

* *
*

2 3

0 13

. ( )

.

R

CR
I EW

A d
www.iran-mavad.com 
 مرجع علمى مهندسى مواد



200  Corrosion monitoring in nuclear systems

where Icorr=corrosion current (µA), ba=anodic Tafel constant, bc=cathodic Tafel 
constant, Rp=polarisation resistance, CR=corrosion rate (mpy), EW=equivalent
weight, A=surface area of specimen (cm2), d=density of specimen (g/cm3).

The EN current and voltage signals clearly characterised three decontamination 
cycles of CORD UV and the decontamination steps in each cycle. Figure 12.6 
shows the current and potential data of 304Sen (NWC) during the second CORD UV 
process. The estimated metal corrosion rates by EN measurement in relation to the 
decontamination process are depicted in Fig. 12.7 for 304Sen (NWC and HWC) in 
the CORD UV process, and in Fig. 12.8 for galvanic CS-CS and CS-SS in the CORD 
CS process. The estimated metal loss was consistent with the weight loss from corro-
sion coupons. Comparing Fig. 12.7 with 12.9 and Fig. 12.8 with 12.10, the estimated 
metal loss by EN measurements agreed fully with the decontamination efficiency on 
the existing SS oxide films pre-formed in NWC and HWC and galvanic corrosion 
between SS and CS. Figure 12.7 also demonstrates that the corrosion of 304Sen 
(NWC) in the CORD UV process was higher than that of 304Sen (HWC). This result 
was further confirmed by the surface brightness in metallurgical examination of 
corrosion coupons. The extent of galvanic corrosion is clearly depicted in Fig. 12.8, 
which compared the corrosion of a galvanic couple of A106B CS-304 SS and 
uncoupled A106B CS during the CORD CS process. This result is consistent with the 
weight loss of corrosion coupons.

12.5. (a) EN specimen; (b) electrochemical specimen for crevice corrosion 
evaluation
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Most interestingly, the estimated trend of accumulated metal loss corresponds 
nicely to the total removed activities. Figure 12.9 plotted the accumulated removed 
activity in the RRS-A piping for the CORD UV process, and Fig. 12.10 recorded the 
accumulated removed activity in the reactor water clean up piping for the CORD CS 
process. Comparing Fig. 12.7 with Fig. 12.9 for the CORD UV process and Fig. 12.8 
with Fig. 12.10 for the CORD CS process, the increase in removed activity and the 
accumulated metal loss followed a similar trend.

In summary, the measured metal losses from nine coupon materials did not indi-
cate any unexpected or intolerably high corrosion damage from the CORD UV or 

12.7. Corrosion attack on 304Sen (preconditioned in NWC) and 304Sen 
(preconditioned in HWC) during the CORD UV process

12.6. Signals of current and voltage from 304Sen (NWC) during the second 
CORD UV process
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CORD CS processes. The existing cracks did not show signs of propagation during 
the decontamination. The detection ability of metal corrosion by EN measurements 
using a three-electrode design was successfully demonstrated during the chemical 
decontamination process.

12.9. Plot of the accumulated removed activity, activity per unit volume, and 
Cr-51 activity in the RRS-A piping during the CORD UV process

12.8. Comparison of change in corrosion attack and temperature of a galvanic 
couple of A106B CS-304 SS and uncoupled A106B CS during the CORD CS 
process
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12.2.4 ECP monitoring in PWR secondary water

An electrochemical potential monitoring system is installed in the high-pressure heat-
ing region of the secondary feed water system (Fig. 12.11) in Maanshan PWR Unit 1 
and 2. The installation is located where feed water enters into the steam generator, 
therefore closely reflecting the redox state of the feed water in contact with the steam 
generator tubing. Two Ag/AgCl reference electrodes with electrolytes of 0.01  N KCl 
and 5·10–5  N KCl have been selected for ECP measurement. Three working electrodes 
of platinum, Inconel 600, and CS are used to monitor the secondary materials of 
concern. The platinum working electrode serves as a sensitive indicator for redox 
change in the secondary water chemistry. The electrochemical potentials of each WE 
are measured continuously along with the water chemistry data, such as hydrazine 
concentration, feed water oxygen content, condensate oxygen content, secondary 
water pH, etc.

Figure 12.12 shows the ECP and hydrazine concentration variations in Unit 1 sec-
ondary water. Clearly, ECP responds very quickly to slight variations of hydrazine 
concentration in the range between 15 and 40  ppb. In Unit 2, ECP responds similarly 
to hydrazine concentration (Fig. 12.13). As the condenser polisher is operating at 
full flow, the hydrazine concentration is increased to above 150  ppb. The ECPs of all 
three WEs immediately exhibit sudden downward shifts. As the hydrazine concentra-
tions drift back to lower levels, the ECPs swiftly return to higher values. The ECP is 
accurately reflecting the actual redox state of the secondary water in a much more 
instantaneous and sensitive manner than the oxygen sensor itself. Thereby, the ECP 
monitor can be used as an oxygen abnormality or leakage sensor for the secondary 
system.

SCC of nickel-based alloys can be alleviated if the secondary water is changed to 
reducing conditions. And the erosion corrosion of CS feed water piping is substan-
tially reduced when CS is maintained above –700  mVSHE [3]. An optimal ECP range 
can be controlled for materials in the secondary system by adjusting the hydrazine 
contents to minimise the corrosion-induced degradations.

12.10. Accumulated removed activity, activity per unit volume, Cr-51 and Co-60 
activity in the reactor water clean up piping during the CORD CS process
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12.11. ECP measuring system in PWR secondary feed water; (a) ECP data 
acquisition system; (b) ECP reference electrode and piping system
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12.12. Relationship between ECP and hydrazine concentrations in Maanshan 
PWR Unit 1 secondary system

12.2.5 Closed cooling water system corrosion monitor

The continued operation and structural integrity of closed cooling water (CCW) 
systems are crucial for operating nuclear power plants. To date, environmentally 
compatible molybdate and nitrite corrosion inhibitors, replacing chromate inhibitor, 
have been used for mitigating the corrosion of structural materials in CCW systems. 
Four sets of on-line corrosion surveillance systems utilising the linear polarisation 
resistance (LPR) method were installed in the nuclear component closed cooling 
water system (NCCCW) and the turbine plant closed cooling water system (TPCCW) 
of Kuosheng nuclear power plant. Figure 12.14 shows the layout. A laboratory study 
was also conducted to obtain the optimal water chemistry condition in which lower 
corrosion rates of CS could be controlled. The effectiveness of the lowered corrosion 
inhibitor concentration programme in CCW systems is continuously monitored by 
the existing corrosion surveillance systems. 

12.2.6 Pipe-thinning monitor

Wall thinning of CS piping caused by erosion corrosion is a safety problem in 
nuclear power plants. A pipe-thinning monitor has been developed to continuously 
monitor the thickness reduction of components during normal plant operation. This 
pipe-thinning monitor, which involves attaching metal wires onto the outer surface 
of a component to measure the reduction of thickness caused by internal corrosion, 
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12.13. ECP measurement in Maanshan PWR Unit 2 secondary system

is schematically illustrated in Fig. 12.15. The potential drop technique is utilised to 
measure the loss of metal. Electric current flowing through the metal generates a 
potential drop due to ohmic resistance. Corrosion of the metal changes its geometry 
and, in turn, its electrical resistance. Consequently, the magnitude of the potential 

12.14. Layout of on-line LPR corrosion monitoring for component materials in 
Kuosheng’s NCCCW and TPCCW systems
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drop across measurement points changes with the size of the internally corroded area. 
Monitoring potential drop continuously can provide a measure of the degree of 
reduction of wall thickness.

Figure 12.16 shows the instrumentation. A current source supplies steady d.c. 
current to generate a potential drop across the sample. Typically, the electric current 
is adjusted to generate a potential drop higher than 50  µV. The potential drop is 
measured using a high precision voltmeter and then converted to a thickness index 
using calibrated software on a personal computer.

12.15. Schematic diagram for potential drop measurement

12.16. Instrumentation for potential drop measurement
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A circulation loop was set up to measure wall thinning of an 8-inch CS elbow. The 
inner surface of the elbow was partially immersed in a flowing acid solution by 
adjusting the flow rate. Current leads and signal wires were spot-welded onto the 
pipe outer surface for potential drop measurement. The wiring for potential drop 
measurement was arranged on the outer surface of the elbow as shown in Fig. 12.17 
to measure the distribution of thickness reduction. The measured potential drop was 
then converted to thickness using a calibration curve.

Figure 12.18 shows the interior of the elbow during water flow. The inner surface 
is partially covered with acid solution. Figure 12.19 demonstrates the percentage 
reduction at each measurement location on the elbow. There is no thickness reduc-
tion at locations A1, B1, C1 and C2. These locations are on the upper right side of the 
water flow as shown in Fig. 12.18. The acidic solution did not flow through the inner 
surface of these locations. On the other hand, apparent reduction occurs in regions 
close to locations A5, B5 and C5. Figure 12.18 shows that water flow directly washes 
over the inner surface of this area. The distribution of thickness reduction also agrees 
with ultrasonic testing inspection results.

In summary, this thickness-monitoring technique, which requires the attachment 
of metal wires onto the component outer surface to measure thickness changes caused 
by internal corrosion, shows high measurement sensitivity and excellent stability. 
Results of pipe tests confirm that this technique can effectively measure both the 
thickness reduction and the distribution of internal corrosion at the piping wall. This 
pipe-thinning monitor is also installed in Maanshan’s condensate water line.

12.3  Conclusions

On-line corrosion monitoring systems are being put to many uses in Taiwan’s nucle-
ar power plants, ranging from water chemistry control to process monitoring and 

12.17. Layout of potential drop measurement on a CS elbow
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12.18. Interior of the elbow during test

12.19. Thickness reduction distribution of elbow after thinning test
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optimisation of material behaviour in BWR and PWR environments. More applica-
tions of crevice simulation in steam generator tubing, ECP monitoring in PWR 
primary water, and corrosion detection in service water loops are in the development 
and planning stages. Hopefully, with the aid of on-line continuous corrosion moni-
toring systems, material degradation due to electrochemical interactions with the 
environment can be kept to a minimum thus ensuring the structural integrity and 
functional properties of the nuclear components.
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13.1  Introduction

Feed water chemistry in pressurised water reactors (PWRs) is important for mitigat-
ing corrosion and corrosion product transport. Recently, feed water chemistry has 
been given an increased focus and new approaches have been published. Many PWRs 
have experienced some chemistry-related corrosion concerns (such as danger of flow-
accelerated corrosion, sludge burden, ingress of oxidants and reducible iron oxides 
into the steam generators), as well as some environmental concerns (in particular, 
hydrazine emissions during start-ups). In order to avoid capacity loss due to various 
corrosion effects, it is necessary to examine the possibilities of further improvements 
in secondary coolant chemistry. In particular, a slight increase in the feed water 
oxygen content is at present in focus to decrease flow-assisted corrosion and corro-
sion product transportation. It is well-known that the presence of small amounts 
of oxidants in high-temperature systems is difficult to detect and monitor. This 
paper describes electrochemical corrosion potential (ECP) measurements in PWR 
secondary systems and presents an improved monitoring technique to detect such low 
oxygen levels. 

ECP measurements were introduced in nuclear power plants when intergranular 
stress corrosion cracking (IGSCC) in sensitised Type 304 stainless steel was the 
dominant type of failure in boiling water reactors (BWRs) [1]. The ECP was the 
prime parameter controlling IGSCC. Hydrogen water chemistry (HWC) was devel-
oped and introduced as a remedy. Hydrogen was added to the feed water to suppress 
the radiolysis and to decrease the ECP below the critical potential for IGSCC. 
The ECP monitoring equipment was first installed in remote sampling systems and 
the desired response to hydrogen was easily obtained. With time, the effect of hydro-
gen peroxide decomposition and other reactions in sampling lines was understood 
and monitoring locations with short transport time or in-situ measurements 
were implemented. Corrosion potential measurements developed into a routine 
technology necessary for safe reactor operation.

ECP measurements have also been performed in PWR systems and mainly the feed 
water system on the secondary side of PWRs [2–4]. The measurements performed 
so far have shown that electrochemical measurements are very sensitive tools to 
detect and follow oxygen transients in the feed water system. The redox conditions 
of the secondary system in a PWR are commonly assumed to be given by hydrazine 
addition and the residual oxygen concentration. Conventional water chemistry 
surveillance therefore includes monitoring of these species. However, the analyses are 
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performed at ambient temperature and the sampling flow of feed water is often trans-
ported in fairly long, small diameter sampling lines to the location of the analysis. The 
result of the analysis is sensitive to reactions in the sampling line. Thus, errors can be 
introduced independent of the technique for the actual analysis. As an example, it 
could be mentioned that only a slight increase in the corrosion potential limits flow 
assisted corrosion in a secondary side environment. The ECP is very sensitive to small 
amounts of oxygen and very accurate monitoring techniques are needed to detect 
small amounts of oxygen and related ECP changes. In Ref. 5, an overview is given 
of monitoring applications in BWRs and in PWR primary and secondary systems 
focusing on the problems of monitoring low oxidant contents. The new technique 
presented in this paper describes an electrode arrangement for ECP measurements 
in PWR secondary systems to obtain an improved sensitivity with respect to the 
detection of oxygen. 

The new technique would also be applicable for BWR measurements. There are 
many similarities between the PWR secondary side and the BWR environment even 
though the actual reactions are different. Both in a BWR on HWC and in the PWR 
secondary system, the corrosion potentials show a large variation between different 
system parts. Thus, modelling of chemical and electrochemical conditions along 
reactor systems is important, as actual measurements cannot be performed at every 
point of interest. Also, improved modelling both for BWR and PWR secondary 
systems has recently been performed. Such models are helpful to postulate the local 
chemical and electrochemical conditions.

13.2  Previous experience

To better characterise the redox conditions in PWR secondary systems, electrochem-
ical measurements have been used in several PWRs. Measurements have been 
performed mainly using autoclaves connected to sampling lines. In addition to such 
side-stream monitoring, installations directly into the feed water piping or into steam 
generators have been reported.

The general purpose of the measurements was to investigate the effect of water 
chemistry during normal and transient conditions on the corrosion and redox poten-
tials at different locations in the secondary side system. In particular, the response 
to hydrazine and to transients in the form of air ingress to the steam and the water 
phase has been studied. Measurements have also been performed during start-up and 
shut-down conditions. 

Measurements in PWR secondary systems have been performed at several sites 
including: Palo Verde (USA), St Lucie (USA), Biblis (Germany), Ringhals (Sweden), 
Kewaunee (USA), Takahama (Japan), Comanche Peak (USA), Bruce (Canada) 
and Tsuruga (Japan). The results of these measurements show that the ECP 
decreases with increasing hydrazine content and decreasing oxygen. However, the 
decrease occurs at different concentrations in different plants. The reasons for such 
differences are the problems of monitoring slightly oxidising conditions in high-
temperature water. These problems are well-known in BWRs and new measuring 
techniques to monitor ECPs in BWRs on HWC have been developed. Except for the 
measurements presented in Ref. 4, the PWR secondary side measurements mentioned 
above have all been performed using autoclaves and the actual ECP response 
depends most likely on the installation points for the measuring equipments. Such 
effects have been demonstrated clearly during measurements in the Ringhals PWRs 
in Sweden and those results are shown and discussed below.
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13.2.1 Measurements at the Ringhals PWRs in Sweden

Measurements in the PWR secondary systems of the Ringhals reactors were initiated 
at the start of the 1990s, bearing the experience from measurements in BWRs in 
mind. Autoclave equipment was used for the first measurements and three autoclaves 
were installed at different points in the secondary system, see Figs. 13.1 and 13.2. The 
sampling lines were kept as short as possible and were not longer than 1 m. 

13.1 Monitoring locations in the secondary systems at Ringhals. Autoclave 1 was 
installed after the condensate pumps. At this location, the temperature is close 
to ambient. Autoclave 2 was installed after the feed water pumps and the 
low-pressure feed water heaters. The temperature at this location is 120–130°C. 
Autoclave 3 was installed after the high-pressure feed water heaters. 
The temperature at this location is 210–230°C
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13.2 Installation point for the in-pipe electrode close to the sampling line for 
the third autoclave. The installation was made in a pressure monitoring gauge 
directly into the feed water piping

The results of the secondary side measurements at Ringhals can be summarised as 
follows [2,3]:

• oxidising conditions were measured at locations 1 and 2 independent of hydra-
zine content

• normally reducing conditions at location 3
• fast response to transients-transients not detected by other measurements were 

identifi ed
• electrochemical measurements are more sensitive to redox variations than other 

methods used in-plant
• reliable service has been demonstrated
• electrochemical monitoring offers improved water chemistry surveillance
• interesting method for routine use. 

However, an influence of the sampling lines was noted in spite of the short lines 
used. To avoid the sampling problem, it was decided to install measurement equip-
ment directly into the feed water piping. A suitable measurement location (a pressure 
monitoring point) was located close to the autoclave sampling line, see Fig. 13.2. 
The seals of the electrodes were of a type previously verified in BWR measurements. 
The in-pipe electrode arrangement comprised a Pt electrode and a silver/silver 
chloride electrode.

13.2.2 Comparison between in-pipe and side-stream autoclave measurements

Examples of results are given in Figs. 13.3 and 13.4. During normal steady operation, 
there is only a very small difference between the two potentials but when an oxidant 
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transient occurs, the in-pipe electrode reacts much more strongly than the electrode 
exposed in the autoclave. For example, in Fig. 13.3, a small oxygen transient is 
detected by the in-pipe measurement only (to the left in the diagram). To the right in 
the diagram, a larger transient occurs and the in-pipe electrode increases by 150  mV 
but the autoclave electrode increases by only about 25  mV. In Fig. 13.4, a similar 
transient occurs but here it is also clearly seen that the transient is not only smaller, 
but is also detected later in the autoclave compared to the in-pipe measurement. 

The results of the secondary side measurements with both side-stream autoclaves 
and in-pipe monitoring clearly demonstrated that in-pipe monitoring is more 
sen sitive than measurements in side-stream autoclaves. However, the necessary 
penetration of the primary pressure boundary of the system needed for the electrode 
installation is a practical drawback of the method. Safety matters with respect to 

13.4 Example of transient response in the autoclave and at the in-pipe 
monitoring point

13.3 Example of transient response in the autoclave and at the in-pipe 
monitoring point
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potential leakages and loose parts must be treated properly which is often time 
consuming. (It should be mentioned that no leakages occurred during the measuring 
period and no parts of the electrodes were lost.)

There are two reasons for the different responses to oxygen transients as measured 
by the side-stream autoclave and the in-pipe electrode: 

• reactions in the sampling lines
• the effect of fl ow-rate on ECP.

For ECP modelling in the PWR secondary system, a technique has been developed 
[6] which, in principle, is very similar to the earlier BWR ECP models [7]. The model 
can also be used to calculate the decrease in oxygen content along a sampling line. 
Figure 13.5 shows an example of the calculations. In Fig. 13.6, another example is 
shown also including the calculated ECP value along the sampling line [8].

Both Figs. 13.5 and 13.6 illustrate that the sampling line must be short to avoid 
sampling errors due to oxygen consumption in the sampling lines. If the distance is 
kept short, reasonable conditions in the sampling line can be obtained compared to 
the actual system. 

However, to simulate the system conditions, the ECP measurements have to 
be performed at corresponding flow-rate. Conventional autoclaves usually have 
a fairly large diameter and thus the flow-rate and the mass transfer conditions are 
lower compared to the actual system. In Fig. 13.7, the dependence of flow-rate is 
illustrated.

It is concluded that the flow-rate should be high to be able to detect low levels of 
oxygen in the side-stream autoclave. It can be seen from Fig. 13.7 that, for an oxygen 
content of 0.1  ppb, no effect on the ECP is obtained at 0.1  m/s which is a typical 
value for side-stream autoclaves. However, a significant increase is obtained for 
flow-rates of 1  m/s and above, which is typical for feed water piping.

13.5 Simulated decay of oxygen in a 15  mm SS sampling line at a fl ow-rate of 
100 kg/h, 225°C and 100  ppb of hydrazine
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The detection of oxygen is not only important to detect transients, it is also 
important to follow a deliberate addition of oxygen to the feed water system and the 
elimination of oxygen before the steam generators [8].

13.6 Simulation of a 25  m long, 10  mm CS sampling line at 180°C with a 
fl ow-rate of 20  g/s at 100  ppb N2H4 [6]

13.7 Simulated ECP of 15  mm CS sampling line at 225°C as a function of 
fl ow-rate at 100  ppb N2H4 and four different O2 levels
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13.3 The new electrode arrangement

The new electrode design for high linear flow rate measurements in sampling lines 
with limited mass flow rate avoids the potential errors described above and needs 
no new penetration of the primary system pressure boundary. The electrode arrange-
ment is installed as shown in Fig. 13.8. An existing sampling line is used and the 
T-fitting is recommended to be installed as close to the system pipe as possible. On 
one of the exits, the ECP device is installed and downstream of the equipment, 
another T-fitting is installed in the sampling line. This installation makes it possible 
to isolate the ECP device during power operation.

The actual ECP electrode is shown in Fig. 13.9. It comprises a reference electrode 
and a working electrode. The reference electrode is placed in a tube, and in the 
annular channel, high flow-rates are obtained. The reference electrode used is of a 
proven design and has been used for more than 20 years in nuclear power plants. The 
working electrode design provides a realistic linear flow-rate and mass transfer rate 
at limited mass flow-rate, and a linear flow-rate of up to 3  m/s at a mass flow-rate of 
100  kg/h can be obtained. The selected flow-rate should reproduce the mass transfer 
rate of the system studied to ensure that realistic ECP data are obtained at low 
oxygen levels. 

The advantages of the new technique are summarised as follows: 

• The sensor can be installed without penetration of the pressure boundaries of 
the system. 

13.8 Installation of the ECP device
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• Existing sampling lines can be used. 
• The sensor comprises well-known parts that have been used for in-plant 

measurements in several reactors over many years. 
• Local water chemistry and corrosion conditions can be accurately monitored 

and measurements can also be applied to fl ow-accelerated corrosion related 
studies.

The first in-plant experience with the new electrode arrangement was recently 
published and the results are given in Ref. 9.

13.4  Conclusions

ECP monitoring is beneficial for feed water surveillance. A new ECP sensor has been 
developed for the PWR secondary system offering more accurate measurements 
with higher sensitivity to residual amounts of oxygen. The sensor allows measure-
ments corresponding to high linear flow-rates of up to 3  m/s at a mass flow-rate of 
100  kg/h. The first in-plant application has been published. In addition, tools for 
combined experimental and modelling efforts are available to increase the knowledge 
of secondary side chemistry. 
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14.1  Introduction

In the secondary water circuit of pressurised water reactors (PWRs), colloidal parti-
cles of oxidised, mostly iron-bearing corrosion products are transported with feed 
water to the steam generators (SG). Iron-bearing corrosion products originate from 
various sites in the secondary cooling system, and especially from the steam condens-
ers. The sludge accumulated in SGs may cause a variety of problems, such as a 
decrease in heat-transfer capability through deposition on tubes, limitation of flow in 
some restricted areas (such as tube-to-tube-support plate crevices), and acceleration 
of corrosion in crevices, either in deep sludge piles or at blocked tube supports. The 
influx of oxidised corrosion products may have a particularly adverse effect on the 
redox environment of SG tubing, thereby increasing the probability of localised 
corrosion (e.g. intergranular attack and intergranular stress corrosion cracking). One 
way to reduce susceptibility to intergranular attack may be to minimise the ingress of 
oxidised species such as ferric (Fe3+) oxides and oxy-hydroxides, especially haematite 
(α-Fe2O3), goethite (α-FeOOH) and lepidocrocite (γ-FeOOH). Under reducing 
conditions, these species can be partly reduced to magnetite (Fe3O4), which is 
increasingly considered in the industry as a convenient indicator of acceptable redox 
conditions in feed water [1,2].

To suppress the formation and transport of oxidised corrosion products to the 
SGs, and to minimise corrosion of the SG tubes, an all-volatile treatment (AVT) of 
feed water is commonly used in PWR plants. It consists of ammonia or ethanolamine 
as a pH control agent and hydrazine, and sometimes carbohydrazide, as oxygen sca-
vengers. Hydrazine is a particularly strong oxygen scavenging agent at pH 9 to 10.5 
in an operating temperature range of 100 to 275°C because of the oxidation reaction 
N2H4 + O2 → N2 + 2H2O [3–6], but below 100°C, the rate of this reaction is low. The 
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decomposition reaction 3N2H4 → N2 + 4NH3 becomes fast above 275°C, which would 
lower the effectiveness of oxygen removal at SG temperatures. Hydrazine also inhib-
its corrosion at ambient temperatures and is often used for the protection of carbon 
steel components under shutdown conditions. Evans [4] proposed that the inhibitive 
action of hydrazine at ambient temperatures is caused by hydrazine replacing the 
aggressive anodic reactions Fe → Fe2+ + 2e− by the harmless anodic reaction N2H4 + 
4OH− → N2 + 4H2O + 4e−. According to Lowson [5], hydrazine at concentrations 
higher than 0.01  mol/l provides complete corrosion protection by the reaction N2H4

→ N2 + 4H+ + 4e−. Hydrazine may also be consumed in direct interaction with reduc-
ible iron oxides and oxy-hydroxides, especially due to heterogeneous processes 
at oxidised system surfaces. These processes are catalytic in nature and their rates 
are usually not known for complex feed water systems. The overall impact of hetero-
geneous reactions seems to be underestimated in the models and discussions. We still 
lack important data and fundamental knowledge on oxygen reduction by hydrazine, 
the influence of AVT chemistry on corrosion product transport and the influence of 
crud transport and transients on SG tubing corrosion. In particular, the ability of 
different hydrazine concentrations to reduce oxidised iron species dissolved in feed 
water to magnetite is not satisfactorily understood and quantified.

To ensure a low degree of oxidation of corrosion products transported to SGs, the 
PWRs often tend to operate at excessively high concentrations of hydrazine, which 
is not really based on good understanding and may even be harmful, particularly 
from the point of view of enhanced flow assisted corrosion (FAC), in highly de-
oxygenated, carbon steel systems. For example, some Japanese PWRs have operated 
in the past with as much as 600  µg/l feed water hydrazine, based on the observation 
that haematite was not found in SG blowdown water in plants operating at such high 
hydrazine concentrations. The Electric Power Research Institute (EPRI) Secondary 
Water Chemistry Guidelines recommend operating with greater than 100  µg/l
feed water hydrazine, and as much as 90% of magnetite in the SG blowdown as a 
target value [7]. Électricité de France specifications for copper-free PWR plants [8] 
and AECL specifications for CANDU PHWR plants [1] recommend feed water 
hydrazine >50  µg/l, and >5  µg/l in case of copper-bearing feed trains. German plants 
operate between 20 and 70  µg/l feed water hydrazine concentrations and at elevated 
pH. Finding the underlying data to optimise concentration of hydrazine, which would 
be sufficient for ensuring required reducing conditions in feed water and SGs while 
preventing excessive FAC [9], is important both for economic and environmental 
reasons.

In this work, the distribution of iron redox states along a simulated feed water train 
was studied at different feed water chemistries, which have been set up essentially by 
changing concentrations of oxygen and hydrazine and keeping pH 9.8. The goal was 
to study the relationship between the electrochemical potentials measured in feed 
water and the composition of the sampled iron oxide and oxy-hydroxide particles at 
various temperatures and chemical conditions. In-situ electrochemical measure-
ments, as well as ex-situ X-ray fluorescence and Mössbauer spectroscopy analyses of 
filtrates were extensively used. Preliminary results of this work were presented briefly 
elsewhere [10].

14.2  Experimental techniques

The experiments were performed in a special loop, simulating conditions from 
condensate to final feed water. Three pipe-shaped autoclaves of stainless steel were 
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connected in series, as shown in Fig.  14.1. The volume of each autoclave was 
approximately 0.3  l and the water flow rate was 50  l/h. The transport times were 
estimated to be approximately 3  min between the autoclaves, whereas the total trans-
port time was about 7  min. The velocity of water in each autoclave was estimated 
to be 0.5  cm/s. Heaters were used between the autoclaves to obtain representative 
temperatures. The water in the first autoclave (autoclave 1) was at ambient tempera-
ture, to simulate PWR condensate conditions. In the second autoclave (autoclave 2), 
the water temperature was 185°C, as in the low-pressure preheaters, and in the third 
autoclave (autoclave 3) the water temperature was at 235°C, as in the high-pressure 
preheaters. The temperatures and pressures were chosen on the basis of conditions in 
French 1300 MW PWRs, such as in Golfech 2 [11].

14.1 Schematic diagram of experimental set-up. Each autoclave contains 3 
working electrodes and 2 reference electrodes
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Each autoclave contained 3 air-cooled electrodes with cylindrical platinum, 
Inconel 690 and carbon steel tips, as well as 2 air-cooled silver–silver chloride 
reference electrodes of external type without addition of KCl. The temperature and 
electrochemical potential (ECP) of the autoclaves (stainless steel 316) were also 
recorded. The values of ECPs are given in reference to standard hydrogen electrodes 
(SHE) at the corresponding temperatures. The methodology of ECP measurements 
performed in this work was the same as that used in Ringhals 3 PWR and described 
by Molander et al. [12].

The tests lasted 17 days. The values of various chemistry control parameters 
recorded at the inlet and outlet of the test loop throughout the duration of the tests 
are listed in Table 14.1. Figure 14.2 gives a graphic representation of the variations in 
pH, hydrazine and oxygen at the inlet of the loop. The electrochemical records are 
summarised in Fig. 14.3.

Additions of iron (10  µg/kg, except tests 15 to 17, where the addition was 1  µg/kg),
ammonia (to pH 9.8, except tests 6 to 8, where ammonia was added to pH 10.2), 
hydrazine (from 0 to 1  mg/kg) and oxygen by air-saturated water (5  µg/kg, except 
tests 1 to 3, where the addition was 10  µg/kg) were made to autoclave 1. Additions 
of iron were made as iron(II) ammonium sulphate, (NH4)2Fe(SO4)2, dissolved in 
de-aerated water.

The outlet hydrazine concentration was measured with a spectrophotometer using 
Merck Spectroquant 14797 reagent. The outlet oxygen concentration was measured 
using an Orbisphere oxygen analysing instrument. The outlet oxygen concentration 
was below 1  µg/kg at all dosages of hydrazine. When hydrazine was not added, the 
outlet oxygen concentration was 2  µg/kg (the oxygen dosage was 5  µg/kg). The 
conductivity of outlet water was measured at ambient temperature with a Metrohm 
instrument and a flow-through cell with a cell constant of 0.05  cm−1. The outlet 

Table 14.1 Variation of chemistry parameters during the experiment

Test Time NH3

(ppm)
pH N2H4

(ppb)
N2H4

(ppb)
O2

(ppb)
O2

(ppb)
N2H4/O2 Fe

(ppb)
pH
calc

intended inlet inlet outlet inlet outlet inlet inlet outlet

1 3.26 0 9.8 50 <20 10 <1 5 10 7.6
2 3.27 am 3 9.8 50 10 1 5 10 9.7
3 3.27 pm 3 9.8 50 10 1 5 10 9.7
4 3.28 3 9.8 200 5 1 40 10 9.7
5 3.29 3 9.8 200 130 5 1 40 10 9.7
6 3.30 10 10.2 1000 900–1000 5 1 200 10 10
7 3.31 10 10.2 1000 900–1000 5 1 200 10 10
8 4.01 am 10 10.2 1000 900–1000 5 1 200 10
9 4.01 pm 3 9.8 500 5 1 100 10 9.7
10 4.02 3 9.8 500 400 5 1 100 10 9.7
11 4.03 3 9.8 200 5 1 40 10 9.7
12 4.04 3 9.8 200 130 5 1 40 10 9.7
13 4.06 3 9.8 50 5 1 10 10 9.7
14 4.08 3 9.8 0 5 2 0 10 9.7
15 4.09 3 9.8 50 5 1 10 1 9.7
16 4.10 3 9.8 50 <20 5 1 10 1 9.7
17 4.11 3 9.8 100 5 1 20 1
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14.2 Variation of chemistry parameters during the experiment. The data include 
inlet pH, inlet ammonia concentration, inlet and outlet hydrazine and oxygen 
concentrations, as well as inlet iron concentration

conductivity was 17 to 19  µS/cm at additions of ammonia to pH 9.8 and 32 to 
36 µS/cm at additions of ammonia to pH 10.2.

Solid forms of iron in the water were sampled downstream from each autoclave on 
47  mm-diameter Millipore Isopore (polycarbonate) filters with a pore size of 0.2  µm.

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



226  Corrosion monitoring in nuclear systems

14.3 Redox (Pt) and corrosion potentials (Inconel 690 and carbon steel) in 
autoclaves 1, 2 and 3 for different additions of hydrazine and ammonia during the 
iron distribution tests. The water fl ow rate was 50 l/h

The integrated flow was measured with a Durant integrating flow counter. Through 
each filter, up to 5  l/h was drawn during sampling. The total sampled volume was 
50 to 100  l. The filters were usually changed at 24  h time intervals. Exceptions were 
filters 2 and 8, which were exposed for 14  h, as well as filters 3 and 9, which were 
exposed for 10  h.

The content of Fe on the filters was determined by X-ray fluorescence analysis 
(XRF), using a set of reference samples and a method described elsewhere [13,14]. 
The XRF analyser was equipped with a 30  mCi 108Cd source and a high-resolution 
Si-detector of X-rays. The obtained concentrations of Fe species, in µg Fe/kg H2O,
are listed in Tables 14.2 to 14.4, together with other experimental data. They are also 
presented in Fig. 14.4.

The chemical form and oxidation states of iron in the samples were determined by 
Mössbauer transmission spectroscopy using the 14.4-keV γ-rays in 57Fe, and the pro-
cedure described elsewhere [15]. The application of this technique to investigations on 
corrosion-product transport (CPT) and redox conditions in the secondary system of 
PWR and CANDU reactors has been reported in more detail previously [1,16,17]. 

www.iran-mavad.com 
 مرجع علمى مهندسى مواد



Precipitation and transformation of iron species  227

Table 14.2 Iron concentrations, percentages of various iron species, and electrode 
potentials in autoclave at 25°C

Test H2O
(l)

Fe
(µg/l)

Fe3O4

(%Fe)
α-

Fe2O3

(%Fe)

α-
FeOOH
(%Fe)

γ-
FeOOH
(%Fe)

I690
ECP
(mV)

CS
ECP
(mV)

Redox
potential
Multeq

1 51.0 6.2 –  3 –  97   74 –380 –370
2 43.8 1.8 –  2 – *98  –85 –513 –500
3 15.3 8.9 –  2 – *98 –104 –505 –500
4 30.1 9.8 –  3 – *97 –100 –512 –520
5 49.8 6.9 –  7 – *93  –99 –514 –520
6 94.2 8.9 –  5 – *95 –103 –545 –560
7 50.9 9.3 –  5 – *95 –102 –547 –560
8 52.2 8.8 –  4 – *96  –99 –549 –560
9 27.8 8.7 –  5 – *94 –102 –530 –530
10 77.1 9.3 –  5 – *95  –97 –522 –530
11 96.3 9.4 –  4 – *96  –83 –532 –520
12 103.1 8.8 –  6 – *94  –85 –532 –520
13 155.2 8.6 –  5 – *95  –83 –536 –500
14 211.4 8.2 –  6 – *94  –95 –543 –590
15 88.3 1.4 – 38 – *62  –92 –540 –500
16 100 1.4 – 30 12 *58  –83 –534 –500
17 98.0 1.1 – 27  7 *66  –84 –533 –510

* Very small particles of α-Fe2O3 or ferrihydrite.

Table 14.3 Iron concentrations, percentages of various iron species, and electrode 
potentials in autoclave at 185°C

Test H2O
(l)

Fe
(µg/l)

Fe3O4

(%Fe)
α-

Fe2O3

(%Fe)

α-
FeOOH
(%Fe)

γ-
FeOOH
(%Fe)

Pt
ECP
(mV)

I690
ECP
(mV)

CS
ECP
(mV)

Redox
potential
Multeq

1 59.0 4.6 6 19 57 18 –337 –124 –349 –400
2 45.6 4.8 12 15 68 5 –426 –192 –435 –490
3 15.5 5.6 7 18 70 5 –417 –188 –433 –490
4 33.8 4.1 14 7 76 1 –413 –306 –620 –520
5 49.3 3.7 10 15 69 6 –420 –276 –655 –520
6 96.2 4.2 53 0 35 1 –457 –443 –624 –580
7 49.3 6.0 60 0 39 1 –463 –455 –625 –580
8 48.9 5.7 60 0 38 2 –464 –457 –624 –580
9 27.6 5.0 54 0 43 3 –426 –426 –594 –540
10 76.8 6.2 16 43 39 2 –426 –424 –591 –540
11 88.9 6.2 10 30 58 2 –429 –291 –624 –520
12 102.6 6.2 11 25 61 3 –423 –282 –639 –520
13 146.6 6.2 6 24 67 3 –458 –222 –497 –490
14 185.7 6.0 6 20 70 4 –158 –222 –260 390
15 78.0 5.1 7 40 51 2 –499 –226 –446 –490
16 98.5 0.1 5 56 30 9 –497 –232 –473 –490
17 99.1 0.6 7 39 47 7 –499 –233 –512 –510

Note: in samples 6 to 13, magnetite seems to be either non-stoichiometric or may 
contain some maghemite; its fraction correlates with hydrazine concentration.
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The analysis was performed using a 30  mCi single-line 57CoRh source. The spectra 
of all samples were obtained at room temperature, under identical experimental 
conditions. Several samples were also examined at 77.3  K and 4.2  K. The obtained 
spectra were analysed using a least-squares fitting procedure to determine the 
percentage of iron in different chemical forms, i.e. iron oxides and oxy-hydroxides, 
as listed in Tables 14.2 to 14.4. The results of Mössbauer analyses are also presented 
in the form of bar charts in Fig. 14.5.

14.3  Results and discussion

14.3.1 Hydrazine consumption measurements

As the data in Table 14.1 indicate, at 10  µg/kg dissolved oxygen and 10  µg/kg added 
Fe, the concentration of outlet hydrazine was generally lowered by ~50  µg/kg, com-
pared to the inlet hydrazine concentration. This value suggests that a considerable 
part of hydrazine had to be consumed in reactions other than the simple oxidation 
reaction N2H4 → N2 + 2H2O. Decomposition to ammonia 2N2H4 → 2NH3 + H2 and 
heterogeneous reactions on materials surfaces are thought to be responsible for the 
remaining part of the observed hydrazine consumption in the loop. When hydrazine 
was not added (test 14), some oxygen was also consumed (from 5 to 2  µg/kg).

14.3.2 Redox and corrosion potentials

Figure 14.3 compares the variation in the potentials of platinum, Inconel 690, and 
carbon steel in autoclaves 1, 2 and 3, which were recorded during the experiment. The 

Table 14.4 Iron concentrations, percentages of various iron species, and electrode 
potentials in autoclave at 235°C

Test H2O
(l)

Fe
(µg/l)

Fe3O4

(%Fe)
α-

Fe2O3

(%Fe)

α-
FeOOH
(%Fe)

γ-
FeOOH
(%Fe)

Pt
ECP
(mV)

I690
ECP
(mV)

CS
ECP
(mV)

Redox
potential
Multeq

1 51.8 3 10 76 10 4 –346 –394 –486 –420
2 46.1 3.3  5 61 27 7 –398 –447 –539 –500
3 14.8 6.7 47 35 14 4 –395 –447 –538 –500
4 22.8 3.9 34 50 11 5 –409 –460 –535 –530
5 47.1 1.3 46 16 33 5 –408 –463 –534 –530
6 94.4 3.3 63 12 21 4 –448 –496 –551 –590
7 47.0 3.4 71 12 14 3 –451 –501 –556 –590
8 49.5 3.6 80 8 8 4 –452 –504 –559 –590
9 27.4 4.3 71 – 23 6 –420 –479 –545 –550
10 80.1 3.4 65 12 18 5 –427 –484 –553 –550
11 82.0 3.8 64 21 7 8 –416 –480 –551 –530
12 104.9 3.9 53 20 23 4 –417 –481 –554 –530
13 143.7 4.0 46 19 30 5 –401 –476 –551 –500
14 187.9 10.9 22 33 45 2 –213 –255 –468  300
15 53.8 1.0 16 61 22 1 –398 –442 – –500
16 107.8 1.0 14 42 35 9 –403 –455 –561 –500
17 96.7 1.0 18 18 52 12 –416 –467 –560 –520

Note: magnetite seems to be either non-stoichiometric or may contain some maghemite; 
its fraction correlates with hydrazine concentration and low haematite fraction.
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14.4 Iron content in fi ltrates obtained from XRF analyses
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14.5 The distribution of iron oxide/hydroxide species in fi ltrates collected after 
autoclaves 1, 2 and 3 during the experiment
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values of potentials averaged over each filtration period are given in Tables 14.2, 14.3 
and 14.4, together with other experimental data obtained in this experiment.

The inspection of the data in Fig. 14.3 allows for the following observations to be 
made:

Significantly lower potentials were observed when ammonia was added; cf. test 1 
(without ammonia) vs. tests 2 to 17 (ammonia added). This observation is reasonable 
because the potentials for the electrochemical equilibrium between water and hydra-
zine, between water and oxygen, and between water and ammonia are lowered at 
higher pH values.

Significantly higher potentials, of up to 200 to 300  mV, were observed for Pt and 
Inconel electrodes when hydrazine was not added; see test 14. The carbon steel 
electrode did not react to the lack of hydrazine at 25°C but responded slowly at 
185 and 235°C. Slow response was also noted at 235°C for Pt and Inconel 690 
electrodes.

Reactions to changes in hydrazine were especially strong at 185°C, for carbon steel 
and Inconel 690. This finding reflects corrosion conditions at mixed potentials and 
far from equilibrium. It is worth noting that the carbon steel electrode reached the 
same lowest potentials at 200  µg/kg and at all higher hydrazine additions, whereas for 
Inconel 690, dosages of 500 to 1000  µg/kg were required.

Further, at 235°C, all three electrodes reacted quite similarly to changes in pH and 
hydrazine, and their potentials differed by approximately 50  mV.

Spikes in the potential occurred during or shortly after changes in hydrazine 
concentration, especially during the first increases to 200 and 1000  µg/kg.

14.3.3 Transport of particulate iron

Figure 14.4 shows the variation in the iron concentration, as obtained from XRF 
analyses of filters. The following observations are to be noted:

Usually up to 80 to 90% of added Fe was recorded in a particulate form on filters 
sampled at 25°C. A very small fraction of 20% was found at the start of ammonia 
addition (test 2); this value can be explained possibly by a higher fraction of soluble 
Fe at this time.

In samples collected at 185°C, approximately 40 to 60% of Fe was recorded as 
particulates when added Fe was kept at the level of 10  µg/kg. However, when the 
dissolved Fe concentration was lowered to 1  µg/kg, the amount of particulate Fe 
remained quite high at first in test 15 and dropped to very low values in tests 16 
and 17. This finding suggests that, on decline of Fe supply, some of the particles 
deposited in the system were entrained.

In samples taken at 235°C, the particulate Fe decreased generally to about 30 to 
40% of the initial level, with the exception of test 15, where it increased to above the 
10 µg/kg level, similar to the trend observed at 185°C. This effect may suggest again 
that a decreased supply of dissolved Fe did force entrainment of particulates that 
were previously deposited along the feed train. The amount of Fe trapped in the loop 
during the experiment appears to be notably small. From the sampling data obtained 
from autoclave 3, it can be estimated that only about 50 to 60  mg of Fe did not arrive 
at the outlet of the loop in the whole test. This amount of deposited crud in the system 
is large enough to explain the crud burst observed in test 15. Also, it is feasible that a 
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fraction of Fe has penetrated through the filters in a dissolved or colloidal form 
(particle size <0.2  µm).

14.3.4 Mössbauer spectroscopy data

Figure 14.5 shows how the distributions of different iron redox states in filtrates 
taken from autoclaves 1, 2 and 3 evolved during the experiment. The following 
observations and comments may be made regarding the interpretation of the 
Mössbauer spectra:

The XRF and Mössbauer data for deposits collected after the first autoclave indicate 
that practically all Fe introduced at the inlet of the loop in the form of dissolved 
Fe(II) species was rapidly precipitated in the form of filterable particulates. Although 
these colloidal particles already have some features of individual phases, their 
identity is, at this level of precipitation, more amorphous than crystalline, or 
quasicrystalline.

The Mössbauer spectra of these freshly precipitated deposits exhibited mostly 
quadrupole-split doublets with an isomer shift (δ) of 0.26  mm/s and quadrupole 
splitting (∆EQ) in the range from 0.58 to 0.73  mm/s. Although these parameters were 
ascribed to lepidocrocite (γ-FeOOH), the presence of amorphous ferrihydrite 
(Fe5HO8⋅4H2O) particles, akageneite (β-FeOOH) particles, and very fine superpara-
magnetic particles of haematite (α-Fe2O3) in these deposits cannot be excluded (espe-
cially in samples with ∆EQ ~ 0.7  mm/s). Filters 15 to 17, which were obtained after 
lowering the hydrazine concentration to zero, showed in addition a sizable fraction 
(30 to 40% Fe) in the form of larger particles of haematite and some fraction (–10% 
Fe) of yet poorly defined goethite (α-FeOOH).

In the filtrates obtained after autoclaves at 185 and 235°C, we have observed a 
remarkable degree of interconversion of the iron oxides and oxy-hydroxides. Such 
transformations in aqueous suspensions usually take place through a dissolution–
recrystallisation mechanism at elevated temperatures and yield aggregates of oriented 
microcrystals from each reacting crystal [18].

In the filtrates obtained from the autoclaves at 185°C, the dominant species 
appeared to be small particles of goethite. The spectral attributes of these particles 
indicated large line broadening and a reduced hyperfine magnetic field, typical for the 
interaction of small particles of goethite. We also observed a considerable fraction of 
Fe in the form of magnetite (Fe3O4) particles; the magnetite fraction increased up 
to 60% in tests of hydrazine dosing to 500 and 1000  µg/kg. Magnetite observed here 
was rather poorly defined because it indicated an anomalously high occupancy of 
the tetrahedral sub-lattice; as seen in Table 14.3, the tetrahedral-to-octahedral occu-
pancy ratio (A/B) is much higher than that usually observed in crystalline forms of 
magnetite.

Filtrates obtained from the autoclave at 235°C indicated further growth of the 
magnetite fraction (see Table 14.4) clearly coinciding with the higher concentrations 
of hydrazine.

14.3.5 Iron redox states at different hydrazine concentrations

As the data in Table 14.2 and Fig. 14.6 indicate, all of the iron, added as dissolved 
ferrous iron, was rapidly oxidised to ferric iron species, at conditions that corre-
sponded to those of the condensate. Some poorly defined magnetite was formed 
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under conditions corresponding to those of the low-pressure preheaters. Additional 
and better-defined magnetite was formed at conditions corresponding to those of the 
high-pressure preheaters.

It is also worth noting that for the test without ammonia but with 50  µg/kg
hydrazine, the fraction of magnetite was lower than for the test condition without 
hydrazine but with ammonia at pH 9.8 (compare tests 1 and 14 in Fig. 14.6). This 
finding demonstrates that not only the hydrazine level but also the pH influences the 
reduction/oxidation state of the iron species.

Figure 14.6 shows the fraction of magnetite for the different feed water conditions 
(at conditions corresponding to those of the low-pressure and high-pressure 
preheaters, respectively) at different hydrazine concentrations.

The increasing fraction of magnetite for increasing hydrazine dosage, as observed 
in the final feed water, clearly demonstrates the beneficial effect of hydrazine in form-
ing magnetite from trivalent iron species. It is notable that the fractions of magnetite 
obtained here are in the same range as in plant data [1,2,17–20]. Although the 

14.6 Fraction of magnetite in feed water conditions corresponding to those of 
low-pressure preheaters (top) and the high-pressure preheaters (bottom) for 
different hydrazine dosages
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laboratory and plant data of Nakamura et al. [19] show a large scatter in the fraction 
of magnetite at lower hydrazine concentrations, a tendency for the fraction of 
magnetite to increase at increasing hydrazine concentrations was noted. The PWR 
plant data of Sawochka et al. [20] and CANDU data reported by Sawicki and 
colleagues [1,17] showed a decreasing trend of magnetite for higher hydrazine con-
centrations. The reason for this decreasing trend is not clear. However, the results are 
within the scatter described by Nakamura et al. [19].

Thus both plant data and present laboratory data indicate that, even at high 
hydrazine dosages, full conversion to magnetite is not reached in the feed water of 
the high-pressure preheaters. However, data on fractions of haematite in feed water 
presented by Hino et al. [21] show that as little as about 5% of haematite could 
be observed in some Japanese PWR plants at hydrazine concentrations above 
approximately 200  µg/kg. This finding is in contrast to US PWR plants and CANDU 
reactors.

A comparison of magnetite fractions in SG blow down water from different PWR 
and CANDU power stations has been given by Sawicki et al. [1]. The trend of increas-
ing fraction of magnetite at increasing hydrazine to dissolved oxygen ratio was 
observed in the blow down samples. However, blow down water has been exposed to 
higher temperatures for a longer time than the feed water, which favours magnetite 
formation. Thus, this water cannot be used to diagnose the corrosion conditions of 
the water at the inlet to the SG.

14.3.6 Iron redox states at different potentials

Figure 14.7 shows the fraction of magnetite in feed water corresponding to conditions 
of the high-pressure preheaters for different potentials of platinum, Inconel 690 and 
carbon steel electrodes. As seen, for all tests where ammonia was added except test 1, 
a lower potential of platinum and Inconel 690 is correlated with a higher fraction of 
magnetite under the feed water conditions corresponding to those of the high-
pressure preheaters. Hydrazine has a reducing effect, and thus higher hydrazine con-
centrations lead to lower potentials, and increase the reduction of ferric iron species 
in the feed water to magnetite. However, as seen in Fig. 14.7, the corrosion potential 
for carbon steel was in this case generally low, and the correlation between the 
fraction of magnetite and the potential is not as clear as it is for platinum and Inconel 
690. The results also show that the fraction of magnetite increases with decreasing 
potentials of platinum and Inconel 690 at 235°C, where ammonia is present.

The proportion of observed magnetite may be correlated with the Pt electrode 
potential through the Pourbaix diagrams for the Fe–H2O system at ambient and feed 
water temperatures [22]. At 25°C, the potentials, both measured (see Table 14.2 and 
Fig. 14.3) and calculated with the Multeq code (see discussion below), are outside the 
region of stability of Fe3O4. At this temperature, pH and potentials, we are in the 
region of the diagram where Fe2O3 is stable, but due to close proximity of the field of 
dissolved Fe(OH)2

– species, metastable γ-FeOOH are formed preferentially. On 
the other hand, at 185°C and at higher temperatures, a potential below –500  mV is 
more favourable for Fe3O4 (pH at 185°C ~ 7) formation, and less favourable for the 
existence of ferric iron precipitates.

14.3.7 Comparison of measured and calculated redox potentials

The potential of electrodes in flowing water systems is a kinetically-controlled 
electrochemical parameter. Due to lack of all of the kinetic parameters required for 
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14.7 Fraction of magnetite in feed water conditions of low-pressure preheaters 
(top) and high-pressure preheaters (bottom) as a function of potential of platinum 
electrodes

the description of complex interactions occurring in the carbon steel-AVT secondary 
water system, this potential cannot be modelled at present with any degree of 
accuracy using, for instance, a model of mixed potentials that had been applied by 
MacDonald and Urquidi-Macdonald [23] in the description of the electrochemical 
conditions under normal or hydrogen water chemistry in boiling water reactors 
(BWRs).

As the first step in modelling redox potentials in PWR feed water, we have 
attempted to use the Multeq code [24], which calculates redox potentials using an 
extensive database, but only at equilibrium conditions. We wanted to find out how 
the potentials measured in this work would compare with equilibrium redox values 
predicted by Multeq for the sets of chemical parameters in the feed water of the loop 
in each of our tests. In other words, we wanted to find equilibrium boundaries to our 
essentially non-equilibrium situation.

A comparison of measured Pt electrode potentials and Multeq-calculated 
redox potentials in Fig. 14.8 indicates quite a continuous, albeit not one-to-one, 
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correspondence between measured and calculated potentials for each electrode 
and temperature (even for tests 1 and 14 with no hydrazine applied). The following 
observations could be made:

At 25°C, the Pt electrode potential at low measured values (between –150 and 
–300  mV) is much more positive and changes more steeply with changes in chemistry 
than the calculated redox potential (between –480 and –600  mV). Its calculated 
values in tests 1 and 14 (–400 and 600  mV) are even more drastically different from 
the measured ones (–50 and 80  mV). The measured potential of Alloy 690 changes 
very little (within ~30  mV) with the conditions of the test and is very far from Multeq-
calculated values and trends. Thus, at low temperature, Multeq does not give any 
prediction of redox potentials at the chemical and kinetic conditions of condensate 
water.

At 185°C, the measured Pt electrode potentials indicate quite a scatter of points 
around an average guideline, but in general, the range of measured values (–330 to 
–500  mV) compare quite well with the range of calculated ones (–400 to –600  mV); 
with the exclusion of the remote point 14 (at –200 and 420  mV, respectively). Alloy 
690 measured potential changes more regularly, but more steeply (between –120 and 
–450  mV) than its calculated redox counterpart (–400 to –600  mV), while at point 14 
it assumes a drastically unmatched value (–250 vs. 400  mV). Carbon steel potential 
also changes very steeply and differently compared to the calculated redox potential. 
Thus, the Multeq calculations indicate that at 185°C, the chemical conditions in the 
loop were far from equilibrium.

At 235°C, the potentials of all three electrodes correlate quite linearly with the 
calculated redox potentials, but vary somewhat less steeply than calculated redox 
potentials (with the obvious exclusion of test 14). The Pt electrode potential ranges 
from –350 to –450  mV and Inconel 690 potential varies between –400 and –500  mV, 
while calculated redox potential varies between –420 and –600  mV. Limited carbon 
steel data show a parallel trend, at significantly lower values. Thus, at sufficiently 
high temperature, such as 235°C, under the chemical conditions of our loop tests, 
the Multeq code can predict general trends of potential of all three types of electrodes, 

14.8 Comparison of redox potentials calculated using the Multeq code with 
measured ECP of platinum, Alloy 690 and carbon steel electrodes, at 25, 185 and 
235°C in tests numbered from 1 to 17
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but that the values may be offset and that the proportionality factor between meas-
ured potentials and calculated values is about 0.5.

14.4  Summary and conclusions

We have studied the effect of hydrazine and dissolved oxygen on precipitation of dis-
solved iron ions and redistribution of iron redox states along a simulated feed water 
train of a PWR. The tests were performed in an all-stainless steel, once-through 
pressurised loop equipped with three autoclaves operating at temperatures of 25, 
185 and 235°C, to simulate condensate, feed water and high-pressure preheaters 
in the French 1300 MW Golfech 2 PWR feed train. Iron, in the form of ferrous 
ammonium sulphate dissolved in de-aerated water, as well as ammonia, hydrazine 
and oxygen at chosen concentrations were co-injected at the inlet of the loop. System-
atic tests were performed at dissolved oxygen concentrations of 5 or 10  µg/kg and at 
hydrazine concentrations of 50, 100, 200, 500 and 1000  µg/kg.

A methodology was developed of examining the redox state (population of Fe2+ vs. 
Fe3+ species) of transported colloidal iron-bearing particles in conjunction with ECP 
measurements. Platinum, Inconel 690, and carbon steel electrodes were used to 
monitor ECP, and integrated crud sampling combined with Mössbauer spectroscopy 
was used to investigate the speciation of iron particles.

A correlation between the fraction of magnetite and ECP values of platinum 
and Inconel 690 electrodes was observed at simulated feed water conditions in 
high-pressure preheaters of PWRs.

The beneficial effect of hydrazine in the formation of magnetite from ferric iron 
species has been demonstrated for simulated feed water conditions.

The results indicate that, even at high hydrazine dosages such as 500 and 
1000 µg/kg, ferric species cannot fully convert into magnetite under the conditions 
corresponding to those of the high-pressure preheaters.

Comparison of measured and Multeq-calculated equilibrium redox potentials 
suggest that, at 235°C, the electrochemical conditions in the loop are fairly close to 
equilibrium.
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15.1  Introduction

Reliability loss of boiling water reactors (BWRs) has often been reported due to 
intergranular stress corrosion cracking (IGSCC) on stainless steel of major compo-
nents and piping of primary cooling systems [1]. In order to mitigate IGSCC, water 
chemistry, which is one of the major factors determining IGSCC [2,3], should 
be improved. Corrosive conditions of BWR primary cooling systems are caused 
by oxidants as a result of water radiolysis. The latest information has shown that 
corrosive conditions in BWRs are caused mainly by hydrogen peroxide (H2O2) [2]. 
In order to understand all of the phenomena associated with corrosion behaviour, 
application of in-situ measurements is one of the key technologies. However, corro-
sion behaviour itself is determined in a complex fashion by many water chemistry and 
material parameters.

One of the most common indices of corrosive conditions is the electrochemical 
corrosion potential (ECP) [4]. ECP is determined not only by concentrations of 
oxidants, e.g. O2, H2O2 and other corrosive radiolytic species, but also by specimen 
surface conditions, e.g. electric resistance of oxide films. However, the latest studies 
on H2O2 behaviour in elevated temperature water [5–7] have concluded that a con-
stant level of ECP in a wide H2O2 concentration [H2O2] range was due to a balance 
between cathodic current density of the specimen and increasing anodic current 
density due to oxidation of H2O2. In order to understand the complicated combina-
tion of parameters influencing the corrosion behaviour, each contribution to the 
behaviour should be evaluated by applying in-situ [H2O2] measurements and other 
sensors, as well as ECP sensors [8].

In this chapter, a sensor array is introduced, consisting of ECP and frequency 
dependent complex impedance (FDCI) sensors; their performances are discussed and 
then their future applications are overviewed. 
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15.2  Corrosive conditions

15.2.1 Control of corrosive conditions

Water radiolysis in the reactor core and its peripheral regions generates radiolytic 
species, e.g. O2 and H2O2, which cause highly corrosive conditions in BWR primary 
cooling water [1]. In order to mitigate corrosive conditions in BWR primary cooling 
water, hydrogen is injected into the feed water (Fig. 15.1). This is easily released into 
steam in the core region but the concentration of OH radicals in the irradiation field 
of the down-comer region is sufficiently high to cause lower oxidant concentrations 
in the recirculation water and then to moderate corrosive conditions in the recircula-
tion line and the lower reactor plenum (Fig. 15.2) [9].With increasing concentrations 
of hydrogen injected into the feed water, [O2] measured at the sampling point 
decreases rapidly and, at the same time, the main steam line dose rate (MSDR) 
increases gradually (Fig. 15.2) [9]. The optimal hydrogen injection amount is deter-
mined to suppress [O2] without serious increase in MSDR. Concentrations of oxi-
dants (O2 and H2O2) change along the recirculation flow path so that the corrosive 
conditions differ between locations in BWR primary cooling systems. The only point 
to determine oxidant concentrations along the recirculation flow is at the end of the 
sampling line installed in the recirculation line, where water is cooled down and 
depressurised for the probe type oxygen detector. 

ECP can identify corrosive conditions directly at elevated temperatures in the 
primary cooling water. Measured ECPs for hydrogen water chemistry (HWC) are 
also shown in Fig. 15.1. From the viewpoint of IGSCC mitigation, the threshold ECP 
has been proposed as –230  mVSHE [4]. However, for the optimal [H2], determined by 
measured [O2], the ECP was still too high to mitigate IGSCC.

15.2 Effects of HWC on corrosive conditions

15.1 Hydrogen injection to mitigate corrosive conditions in BWR primary coolant
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15.2.2 Theoretical evaluation

The gap between the measured ECP and measured [O2] shown in Fig.  15.1 is 
explained by the contribution of H2O2 to the ECP especially at high hydrogen 
injection rates [10,11]. In order to determine the oxidant distribution in the primary 
system, theoretical models have been prepared to calculate the oxidant concentration 
distribution [12]. Non-linear rate equations are calculated to obtain the concentra-
tion distributions of radiolytic species throughout the primary coolant [12]. The 
calculated [O2] and [H2O2] at the reactor pressure vessel (RPV) bottom are shown in 
Fig. 15.3 as a function of [H2]RW in the reactor water, which shows that 100  ppb H2O2

coexists with 200  ppb O2 under normal water chemistry conditions without hydrogen 
injection, while only 10  ppb H2O2 exists under HWC conditions with 50  ppb H2 in the 
reactor water [13].

15.2.3 In-situ measurements

In order to determine [H2O2] and other water chemistry and material parameters as 
well as ECP at elevated temperatures, more than two sensors should be applied. For 
this purpose, a sensor array has been developed. The benefits and disadvantages of 
the sensor array are summarised in Table 15.1. As a first step for development of the 
sensor array, a flow cell type H2O2 detector was developed based on chemical photo-
luminescence spectroscopy using a luminal chemiluminescence reaction [14]. It was 
applicable to measurement of sampled water at room temperature. As the second 
step, a combination of ECP and FDCI sensors was developed as a sensor array 
and their data were analysed to obtain information for determining [H2O2] at high 
temperature. As the third step, another type of sensor array has been proposed for 
the in-situ determination of the electric resistance of oxide film for laboratory 

15.3 Oxidant concentrations in the reactor water as a function of [H2]effwww.iran-mavad.com 
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application to understand oxide film formation on stainless steel specimens as a result 
of the corrosion behaviour.

15.3  Experimental

15.3.1 High-temperature hydrogen peroxide water loop

A photograph of the high-temperature hydrogen peroxide loop is shown in Fig. 15.4. 
Details of the high-temperature, high-pressure H2O2 water loop and major experi-
mental parameters have been shown in previous papers [5–7,11]. It was confirmed 
that more than 93% of H2O2 injected into the autoclave remained at the autoclave 
outlet and then test specimens were exposed to H2O2 with the lowest possible oxygen 
amount. The experimental conditions are listed in Table 15.2.

15.3.2 In-situ corrosive condition measurements

A schematic diagram of the ECP and FDCI measurement system is shown in 
Fig. 15.5. An external-type Ag/AgCl reference electrode was used to measure ECP. 

Table 15.1 Application of sensor array for BWR corrosive condition monitoring

Proven type monitoring Monitoring with sensor array 

Desired Corrosive conditions Corrosive conditions
Measured [O2], [H2O2] at RT ECP at HT

pH and conductivity at RT [H2O2] at HT
Processing 1) Estimating ECP 1) Estimating ECP at the location of 

interest
2) Evaluating SCC propagation 2) Evaluating SCC propagation 

Benefi t Suffi cient database 1) High accuracy, 2) quick response
Disadvantage Discrepancy between plant data 

and lab data
Under development (experience with 
long-term operation is required)

15.4 Photograph of high-temperature, high-pressure hydrogen peroxide water 
loop
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Upper and lower working electrodes of stainless steel were installed in the autoclave. 
ECP was measured with one of the parallel electrodes and [H2O2] was monitored by 
analysing FDCI for the parallel electrodes [6]. The coupled specimens were 10x10x
1  mm thick. A sine wave alternating voltage was applied between the counter and 
lower work electrodes by changing the frequency from 0.1  mHz to 100  kHz to meas-
ure the complex impedance between the specimens. In order to minimise the potential 
input for the impedance measurement and perturbation of corrosion reaction on 
the specimens, the potential of one of the lower electrodes was kept as high as the 
corrosion potential against the reference electrode and minimum alternative voltage 
(10  mV) was applied to the other electrode for measurement [6].

15.3.3 Anodic polarisation current measurements

In the measurement of the polarisation properties in high purity water, a temporary 
reference electrode was applied to simplify the geometrical configuration around the 
specimens and the electrode and to fix the gap between the specimen and the elec-
trode. As the temporary reference electrode, a Pt plate (10x10x1  mm) was used in 
the autoclave just in front of the specimen (3  mm away). Pt has often been applied as 
a reference electrode under high [H2] conditions, but the Pt potential with lower [H2]

Table 15.2 Major parameters for the experimental loop

Item Parameter Parameter range

Autoclave Temperature 553 K
Pressure 8.0 MPa
Flow rate 2.8 ml s–1

Flow velocity 5.5 cm s–1

Conductivity <0.2 µS cm–1

[O2] 0–8000 ppb
[H2O2] 0–1000 ppb

Feed water tank Temperature 280–300 K
Pressure 0.1 MPa
Conductivity <0.2 µS cm–1

[O2] 0–8000 ppb
[H2O2] 0 ppb

15.5 Schematic diagram of an autoclave for sensor array attached to the 
high-temperature H2O2 water loop
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varies with oxidant concentration. The potential of Pt was monitored and often 
calibrated against the external-type Ag/AgCl reference electrode to obtain the 
absolute value from the standard hydrogen electrode [15].

15.4  Experimental results

15.4.1 Relationship between ECP and FDCI

Measured ECP and Cole–Cole plots of FDCI of the specimens exposed to different 
[H2O2] are shown in Fig. 15.6 [6].

After 300  h exposure to 100  ppb H2O2, the concentration was reduced to 10, 5 and 
then 1  ppb. For each [H2O2], ECP was measured. The transient ECP is shown in 
Fig. 15.6a. Only a slight change in ECP was observed for the specimen when exposed 
to more than 5  ppb H2O2. When H2O2 was decreased to 1  ppb, the ECP decreased. 
Cole–Cole plots of measured complex impedance between a pair of stainless steel 
specimens exposed to H2O2 are shown in Fig. 15.6b [7]. The plots show the relation-
ship between the real part of the complex impedance (Re[Z(ω)])) and the negative of 
its imaginary part (–Im[Z(ω)])). One half circle for low frequency from 1  mHz to 
10  Hz, designated as the ‘low frequency semicircle’, was observed on the right side of 
the graph (the larger real part of impedance (Re[Z(ω)])), while the second for high 
frequency, but less than 10  kHz, designated as the ‘high frequency semicircle’, was 
observed in the smaller real part of the impedance. Only a slight change in ECP was 
observed for the specimens exposed to more than 5  ppb H2O2, while the radii of the 
Cole–Cole plots increased as [H2O2] decreased, which meant that the resistance of 
dissolution of oxide increased with unchanged resistance of oxide film. When [H2O2]
decreased to 1  ppb, ECP decreased due to a drop in cathodic current at the specimen 
surface.

15.4.2 Effects of hydrogen peroxide and oxygen on ECP and FDCI

ECP and FDCI measured for the specimen exposed to a mixture of 100  ppb H2O2 and 
200  ppb O2 for 200  h are compared in Fig. 15.7 to a specimen exposed to just 100  ppb 

15.6 Electrochemical corrosion potential and complex impedance (changing 
[H2O2] after 300 h exposure to 100 ppb H2O2); a) ECP and b) complex impedance
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H2O2. No difference in ECPs and Cole–Cole plots could be observed. Neither 
dependencies of ECP nor saturation radii of the Cole–Cole plots on [H2O2] were 
affected by co-existing O2 at the same level of oxidant concentration [8].

ECP was measured first for the specimen exposed to 200  ppb O2 for 200  h and 
then the corrosive conditions were changed from O2 to H2O2 to measure ECP of the 
specimen exposed to 100  ppb H2O2 for 200  h. These measured ECPs are shown in 
Fig. 15.8a. When the corrosive conditions were changed to 100  ppb H2O2 after 200  h 
exposure to 200  ppb O2, ECP increased to the plateau level (0  mV) in 30  h. Next, ECP 
was measured first for the specimen exposed to 100  ppb H2O2 for 200  h and then the 
corrosive conditions were changed from H2O2 to O2 to measure ECP of the specimen 
exposed to 200  ppb O2 for 200  h. When the corrosive conditions were changed to 
200  ppb O2 after 200  h exposure to 100  ppb H2O2, ECP decreased to the plateau level 
(–40  mV) in 10  h. The plateau level was higher than that for the specimen exposed to 
only 200  ppb O2.

15.7 Electrochemical corrosion potential and complex impedance (100 ppb H2O2

and mixture of 100 ppb H2O2 and 200 ppb O2); a) ECP and b) Cole–Cole plots of 
complex impedance

15.8 Measured electrochemical potential for combined O2 and H2O2 exposures; 
a) Exposure to 200 ppb O2 for 200 h after 200 h exposure to 100 ppb H2O2 and b) 
Exposure to 100 ppb H2O2 for 200 h after 200 h exposure to 200 ppb O2www.iran-mavad.com 

 مرجع علمى مهندسى مواد



246  Corrosion monitoring in nuclear systems

15.4.3 Modifi ed ECP

From the polarisation measurements, it was seen that anodic current densities for 
H2O2 increased with [H2O2] and at the same time, cathodic current densities also in-
creased. Anodic current densities for H2O2 were also affected by oxide film on the 
specimen surface. ECP for O2 exposure was determined by balancing the anodic and 
cathodic current densities as shown by the fine lines in Fig. 15.9 [15]. The corrosion 
current was also determined by the ECP. In the case of H2O2 exposure, ECP was 
determined by balancing the anodic and cathodic current densities (thick lines in 
Fig. 15.9), but the anodic current density at the ECP was not the same as the net 
corrosion current density. The net corrosion current density should be obtained by 
subtracting the H2O2 oxidation current density from the total current density. Then 
the potential which gave the same corrosion current density as the specimen exposed 
to O2 could be designated as the modified ECP for discussion of crack growth rate for 
entire databases containing O2 conditions and H2O2 conditions.

The crack growth rate of IGSCC is determined by the net corrosion current but not 
by the ECP [16]. However, most discussions of crack growth rates have been based 
on ECPs. The ECPs are different for specimens exposed to H2O2 and O2. In order to 
discuss the crack growth rates with ECP, a modified ECP was proposed which gives 
the same corrosion current for both H2O2 and O2 conditions and an empirical 
formula was derived to determine the modified ECP by calibrating the measured 
ECP with H2O2 oxidation current and electric resistance of oxide film [15]. As a result 
of application of the modified ECP, evaluation of crack growth rates showed a fairly 
good relationship with ECP for both O2 and H2O2 (Fig. 15.10).

15.4.4 Equivalent circuit analysis

An equivalent circuit for the system in elevated temperature water containing suffi-
cient amounts of oxidants is shown in Fig. 15.11 [17]. Each element of the complex 

15.9 Modifi cation of ECP by oxygen oriented ECP
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impedance is also shown there. The sum of oxide dissolution resistance and H2O2

oxidation resistance was designated as the anodic resistance.
The radii of the low frequency semicircles were determined by the anodic resistance 

and oxide film resistance and for the specimens exposed to a higher [H2O2], the effects 
of the anodic resistance on the radii decreased [11]. As a result of equivalent circuit 
analysis, the relationships between the radii of low frequency semicircles and [H2O2]
were obtained (Fig. 15.12). As [H2O2] was lowered from 100 to 5  ppb, the radii of 
the low frequency semicircles increased continuously and the ECP remained at the 
same level down to 10  ppb and then decreased a little to 5  ppb. The increasing radii 

15.10 Evaluation of crack growth rate (modifi ed ECP determined by measured 
ECP and corrosion current)

15.11 Equivalent circuit model based on the corrosion model for fi lm growth
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meant increasing anodic resistance. Both dependences of ECP and saturation of the 
radii on [H2O2] were not affected by co-existing [O2] with the same level of oxidant 
concentration.

Unfortunately, it is difficult to separate the anodic resistance and oxide film resis-
tance using only FDCI data. In order to separate them, oxide film resistance was 
determined by in-situ oxide film resistance [18].

15.5 In-situ sensor for hydrogen peroxide concentration

15.5.1 Sensor array

A schematic diagram of the sensor array to determine [H2O2] in BWR primary 
cooling water is shown in Fig. 15.13. The sensor array consisted of an internal type 

15.12 Relationships between [H2O2], ECP and FDCI after 200 h exposure

15.13 Schematic diagram of a sensor array
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reference electrode and a coupled electrode for FDCI measurement. First ECP was 
measured between the reference electrode and specimen B of the couple, the second-
ary potential of specimen B was kept at the ECP level relative to the reference and 
then the alternative voltage was imposed on specimen A against B to measure current 
densities between A and B by changing frequency. With this procedure, surface 
change caused by electrically accelerated corrosion could be avoided.

The electric resistance of oxide film, Rf, has been measured as 1  kΩ  cm2 and then 
the anodic resistance, Ra, has been determined [19]. The low frequency semicircle was 
determined from the resistance of oxide film and resistance of oxide dissolution. The 
electric resistance of oxide film was much lower than that of oxide dissolution as can 
be seen in Fig. 15.14. The inverse of resistance of oxide dissolution is also shown, 
which is in proportion to [H2O2].

15.5.2 Reference electrode

In order to apply the sensor array in operating power plants or in pile loops, one of 
the key issues for selecting a suitable combination of sensors is their long-term reli-
ability. Damage to the electrolyte of the reference electrode or the ceramics material 
used to seal the reference electrode often caused problems for the sensor itself. Cracks 
on the ceramic casing often led to leakage of liquid electrolyte or degradation of 
solid electrolyte. For instance, junction parts between the metal housing (Ni base 
alloy) and ceramics membrane (zirconia membrane) covering the Fe/Fe3O4 powder 
of Fe/Fe3O4 electrodes were often damaged by thermal cycling [20]. The most reliable 
sensor from the viewpoint of hardware has been the Pt sensor.

One disadvantage of the Pt sensor is that it is too sensitive to oxidant and hydrogen 
concentrations to determine the absolute ECP value. However, the purpose in apply-
ing the Pt sensor to the sensor array is not to determine the absolute ECP but to 
facilitate controlling the potential of the stainless steel specimens of the array at the 

15.14 Relationship between [H2O2] and dissolution resistance
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ECP level during measurement to moderate the effects of oxidant on stainless steel 
surface properties.

As a result of FDCI measurement, [H2O2] was obtained from the relationship of 
resistance of oxide dissolution and [H2O2] (Fig. 15.14), [O2] and [H2] were measured 
in the sampled water, and then the potential of the Pt sensor was estimated from the 
measured data. Then the potential of stainless steel specimens for measurement was 
calibrated by applying the estimated Pt potential. 

Measured potentials of Pt plates exposed to H2O2 and O2 are shown in Fig. 15.15 
with those reported by Kim [21]. The potential of the Pt specimen exposed to O2 was 
as high as the potential of the Pt specimen exposed to H2O2 at lower oxidant concen-
trations. The figure also shows the potential of Pt specimens exposed to O2 or H2O2

calculated using the Evans Diagram [22]. The potential of specimens exposed to O2

without co-existing H2 monotonously increased with [O2], while that of specimens 
exposed to H2O2 reached the lower saturation level, where cathodic current densities 
due to the H2O2 reduction reaction and anodic current densities due to the H2O2

oxidation reaction balanced each other. In the conditions with co-existing H2, the 
response of Pt electrodes might be much more complicated. However, the hardware 
of the Pt electrode is much more stable than the external-type Ag/AgCl reference 
electrode and the Pt electrode can be applied as a temporary reference electrode in 
high-temperature pure water when supported by suitable calibration. 

An example of a sensor array with a Pt reference electrode is shown in Fig. 15.16. 

15.5.3 Alternative data processing

Another disadvantage of applying the electrochemical sensor array for in-situ meas-
urement of [H2O2] in high-temperature water is in making a precise evaluation of 
Cole–Cole plots to determine oxidant concentration. Measured frequency dependen-
cies of complex impedance for different [H2O2] are shown in Fig. 15.17. As shown in 

15.15 Potential of Pt exposed to H2O2 and O2www.iran-mavad.com 
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15.16 Schematic diagram of a sensor array with Pt electrode

15.17 Frequency dependence of complex impedance; a) 100 ppb H2O2,
b) 10 ppb H2O2, c) 5 ppb H2O2 and d) 1 ppb H2O2
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Cole–Cole plots, oxidant concentration is obtained from the low frequency semicir-
cles (frequency: <10  Hz). Instead of using Cole–Cole plots obtained with a frequency 
analyser, the integrated imaginary part of the frequency dependent complex 
impedance can also be applied to determine the oxidant concentration.

Relationships between [H2O2] and the integrated imaginary part of the complex 
impedance with less than 10  Hz frequency are shown in Fig. 15.18. Integration of the 
imaginary part of frequency dependent complex impedance is also applicable for 
oxidant concentration measurement.

15.6  Conclusions

The conclusions of this chapter and the studies presented herein are summarised as 
follows:
1. H2O2 concentrations could be determined by in-situ measurement of ECP 

and FDCI using sensor arrays. The ECP data could be used to evaluate the 
occurrence and propagation of IGSCC of reactor internal components. 

2. The sensor array, consisting of ECP and FDCI sensors for corrosive condition 
monitoring, was proposed for application in operating power plants.

3. The Pt reference electrode was applicable as a stable reference electrode for the 
sensor array.
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