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Preface

Four years ago, the European Community project LIRES (Development 
of Light Water Reactor Reference Electrodes) was started with the objec-
tive of developing high temperature reference electrodes for light water 
reactors (LWRs). To conclude this research project, a one-day seminar was 
organized with the topic: ‘High Temperature Electrochemistry in Light 
Water Reactors’ (EFC event No. 279, 30 November 2004, KU Leuven, 
Belgium). The objective of the seminar was to give an overview of the 
developments of electrochemical methods and techniques for use in high 
temperature, high pressure aqueous environments in Europe and to focus 
on their application to LWRs. This volume publishes the fruits of all the 
technical and scientifi c discussions which occurred during the friendly one-
day seminar, including a selection of papers presented during this seminar 
and papers presented during EUROCORR conferences. These papers have 
been brought together as they all concern corrosion problems in LWRs, 
attempting to solve them using electrochemical methods.

The volume has been divided into three parts: (1) Measurements and 
reference electrodes, (2) Electrochemistry and corrosion issues, and (3) 
Electrochemistry and tribocorrosion issues. The current state-of-the-art is 
described, showing the main difference between the electrochemistry in 
boiling and in pressurised water reactors (PWRs). The volume also covers 
topics ranging from reference electrode developments, electrochemical 
tests, in-pile testing and tribocorrosion behaviour of stainless steel under 
PWR conditions.

We would like to thank the authors who presented and wrote papers of 
outstanding scientifi c and technical content and who responded enthusiasti-
cally to the questions and comments raised by the reviewers; the members 
of the EFC Working Party 4 on ‘nuclear corrosion’ (WP4) and EFC Working 
Party 18 on ‘tribocorrosion’ (WP18) who reviewed and commented on 
these papers; and also Miss Mylene Belgome, Secretary of WP4, who helped 
the editors in the secretarial procedures reviewing.

xix



We hope that the reader will enjoy the papers and realize that even under 
severe conditions (e.g. autoclave testing at high temperatures and pressures, 
in-reactor testing) electrochemical methods give valuable results, and that 
this volume will be useful to scientists and engineers for the understanding 
and resolution of corrosion phenomena in LWRs.

 Rik-Wouter Bosch, Damien Féron and Jean-Pierre Celis

xx Preface



Part I
Measurements and reference electrodes





1
Current state-of-the-art in reference electrode 

technology for use in high subcritical and 

supercritical aqueous systems

DIGBY D. MACDONALD, TING ZHU and 
XUEYONG GUAN,  Pennsylvania State University, USA

1.1 Introduction

Aqueous systems under the conditions of high temperature and high pres-
sure are receiving ever-increasing attention, because of the use of water as 
a heat transfer fl uid in thermal (electrical) power generation and as a reac-
tion medium in supercritical water oxidation (SCWO) technology, and 
because of their existence or involvement in deep ocean hydrothermal 
vents, hydrothermal ore-body formation processes, deep natural wells, fl uid 
sedimentary basins, nuclear waste disposal, geothermal power plants, hydro-
thermal crystal growth, etc. All of these systems involve aqueous solutions 
at temperatures ranging up to about 360ºC (high subcritical) to 650ºC 
(supercritical systems), with both regimes commonly occurring in a single 
system. As shown below, the chemical, physical and thermodynamic proper-
ties of aqueous solutions undergo profound changes over these tempera-
ture ranges, and these changes are refl ected in their interactions with metals 
and alloys. These interactions are primarily electrochemical in nature, 
resulting in corrosion, for example. The ability to monitor the chemical and 
electrochemical properties of high subcritical and supercritical aqueous 
systems is essential to the development of many of the pending technologi-
cal applications, such as advanced power generation via supercritical nuclear 
reactors (SCNRs). pH is one of the most important chemical parameters 
defi ning the reaction medium and corrosion properties of high subcritical 
and of supercritical aqueous environments and viable methods for measur-
ing pH continue to be developed. In particular, high quality pH and poten-
tiometric measurements are amongst the most powerful tools available for 
exploring the thermodynamics and kinetics of reactions that occur in high 
temperature aqueous solutions.

Aqueous systems at elevated temperatures and pressures possess many 
unusual properties, especially when the temperature and the pressure 
exceed the critical values (T  =  374.15ºC, p  =  221 bar) [1]. While space does 
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4 Electrochemistry in light water reactors

not permit a detailed review of these properties here, and because a number 
of excellent reviews are available in the literature [2], only some of the more 
relevant properties are discussed below. The properties that are most rele-
vant to reference electrode technology are as follows:

1 The density of supercritical water is approximately 0.1 g cm−3 at 500ºC 
and 300 bar (Fig. 1.1 [3]), which is comparable to the density of nitrogen 
gas at 25ºC and 100 bar. Accordingly, supercritical water under these 
typical chemical process conditions (e.g., SCWO) (400–700ºC, 100–
700 bar) is better described as a ‘dense gas’ rather than a ‘liquid’. (Thermo-
dynamically, supercritical fl uids are considered to be a state different 
from the solid, liquid and gaseous state. Because water has only one 
phase under supercritical conditions, according to Gibbs’ phase rule, 
there are two degrees of freedom for the system, thus the pressure and 
temperature may be varied independently while maintaining the same 
single phase.)

2 With increasing temperature at constant pressure, again under typical 
process conditions, the dielectric constant decreases rapidly to a value 
that is typical of a nonpolar solvent (Fig. 1.2 [3]). Consequently, strong 
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Fig. 1.1 Density versus temperature for supercritical water as a 
function of pressure [3]. The large fi lled circles represent the 
conditions employed in Ref. 3 to evaluate solution (0.01 m HCl) acidity. 
The large fi lled triangle corresponds to the conditions that existed in 
the thermohydrolysis of carbon tetrachloride (see Fig. 1.22b).



 High subcritical and supercritical aqueous systems 5

electrolytes (e.g., HCl, NaCl and NaOH) under ambient conditions are 
very poorly ionized in supercritical water systems, particularly at low 
pressure, and hence are generally insoluble. On the other hand, many 
organic substances that display almost no solubility in water under 
ambient conditions (e.g., benzene) are fully miscible with water at super-
critical temperatures. At constant temperature, the dielectric constant 
increases with increasing pressure (and density), particularly at low 
supercritical temperatures (Fig. 1.3 [3]), but the dielectric constant does 
not approach that of water at ambient temperature, even at extreme 
pressures.

3 The viscosity of supercritical water decreases as the temperature 
increases (Fig. 1.4 [3]). According to the inverse relationship between 
viscosity and diffusivity (D  ·  η  =  constant), the diffusivity of species and 

mass transport-controlled reaction rates are expected to increase signifi -

cantly as the temperature increases at constant pressure.

4 From room temperature to 255ºC, the value of the ion product of water 

(Kw) monotonically increases to a maximum of about three orders of 

magnitude higher compared with the ambient temperature value, and 

then decreases slowly as the temperature is raised to 350ºC. The value 

of Kw then begins to decrease sharply as the temperature transitions the 

360 380 400 420 440 460 480 500 520 540 560

D
ie

le
c
tr

ic
 c

o
n
s
ta

n
t

0

2

4

6

8

10

12

14

200 bar

300 bar

400 bar

500 bar

600 bar

Temperature (°C) 

Fig. 1.2 Dielectric constant vs temperature for supercritical water as a 
function of pressure [3]. The large fi lled circles designate the 
conditions at which potentiometric acidity measurements have been 
reported in Ref. 3. The large fi lled triangle corresponds to the 
conditions that existed in the thermohydrolysis of carbon tetrachloride 
(see Fig. 1.22b).
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ranges in temperature and pressure, with pressure being the primary 
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 High subcritical and supercritical aqueous systems 7

critical value, such that the value is reduced by nine orders of magnitude 
at 550ºC and 250 bar compared to its value at ambient temperature and 
pressure. This sharp decrease in Kw provides further evidence of the 
nonpolar nature of supercritical water [4].

5 Because of the nonpolar properties of supercritical water, salts display 
low solubility and are readily precipitated as solid phases when super-
critical conditions are achieved; this is in contrast with the majority of 
gas–water and water–organic systems, in which the components are 
fully miscible. Depending on whether critical behavior is observed in 
saturated solutions, salt–water systems are consequently classifi ed into 
two types [5]. Type 1 systems exhibit high salt solubility in the vicinity 
of the critical temperature of water, whereas Type 2 systems have low 
salt solubility. Classical examples of Type 1 and 2 are the NaCl–H2O 
and Na2SO4–H2O systems, respectively (Fig. 1.5 [4] and 1.6 [4]). There 
are several interesting features in Fig. 1.5: two lines of S–L–V (solid–
liquid–vapor) equilibrium (solidus) at 450 and 720ºC between which 
there is no liquid phase present, the critical curves separating the liquid 
and liquid  +  vapor phase (L/V  +  L), and the saturation lines separating 
the liquid and liquid  +  solid phase (L/L  +  S). It is more convenient to 
select several concentrations to explain the phase changes that occur 
with increasing temperature. For the 20% (weight percentage) NaCl–
H2O system, starting from the lowest temperature shown in the diagram, 
the system maintains a single phase (an unsaturated NaCl solution) 
until it crosses the critical curve where it becomes a two-phase system: 
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a vapor phase (supercritical fl uid) and a liquid phase (NaCl-saturated 
solution). After that, as the temperature is increased further, the system 
moves along the critical curve, with the NaCl concentration in the liquid 
progressively increasing, until the critical temperature of the saturated 
liquid is reached. At this point (450ºC and ≈48 wt% NaCl), a ‘eutectic-
like’ reaction occurs in the system with the formation of a ‘dry salt’ and 
supercritical water containing a very low concentration of NaCl. For 
the 40 wt% NaCl case, the system starts as a saturated solution with 
precipitated solid salt and, as the temperature increases, the NaCl solu-
bility in the liquid solution also increases until the saturation line is met 
at about 300ºC. At higher temperatures, the liquid phase is unsaturated 
and no solid salt exists in the system. However, at a still higher tem-
perature the system intersects the critical line resulting in two phases: 
a supercritical water (‘vapor’) phase and a salt solution, as described 
above.

The concentration of the salt solution increases with further increases 
in temperature until the critical curve intersects the three-phase line at 
450ºC, at which point solid NaCl precipitates. Starting at 80 wt%, the 
NaCl system is basically the same as the previous case, except that the 
solution at subcritical temperatures never becomes unsaturated and a 
solid NaCl phase always exists in the system. At the temperature of 
720ºC, another eutectic reaction occurs whence the system produces a 
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supercritical water phase containing a fi nite concentration of NaCl and 
a liquid comprising molten salt containing a certain amount of H2O. 
Note that water depresses the melting temperature of NaCl. For the 
Na2SO4–H2O system, one obvious distinction is the lack of low tempera-
ture intersection of the L  +  S saturation line with the S–L–V curve in 
the phase diagram; instead the saturated fl uid displays a continuous 
transition from liquid-like to gas-like behavior as the temperature 
increases. Note also the two turning points on the saturation line at the 
lower part of the diagram; the solubility of Na2SO4 begins a slow decrease 
at the fi rst point (T  ≈  40ºC) and decreases dramatically above the second 
point (T  ≈  200ºC) until T  =  374.5ºC, where the system is separated into 
two phases: supercritical fl uid and solid salt.

Recent advances in the development of several types of high temperature 
ceramic membrane and metal–metal oxide pH sensors [e.g., the yttria-
 stabilized zirconia membrane electrodes (YSZMEs [6]) and the W/WO3 
sensor] offer an opportunity for accurate potentiometric studies and pH 
measurements in supercritical aqueous solutions at temperatures up to and 
above 500ºC. However, these measurements are possible only with the 
development of correspondingly accurate reference electrodes. A generally 
applicable reference electrode for use in high subcritical and in supercritical 
aqueous environments has not emerged from the more than three decades 
of work in this fi eld and, in the opinion of the authors, the development of 
such an electrode is the most pressing need in the fi eld. This paper reviews 
the performance of a number of reference electrodes used in high subcritial 
and in supercritical environments and discusses some of the challenges that 
must be addressed in moving reference electrode technology forward.

The general requirements for a viable reference electrode that is capable 
of operating at temperatures up to 600ºC have been described by Macdon-
ald and Kriksunov [7]. Because of the harsh working conditions that fre-
quently exist in high subcritical and in supercritical aqueous environments, 
several prerequisites must be met for the development of a viable high 
temperature reference electrode technology:

1 High resistance of structural components to chemical degradation, 
 primarily to avoid contamination of the reference electrode internal 
solution.

2 Use of an electrochemically active element that is stable against thermal 
hydrolysis and/or chemical reduction/oxidation under the prevailing 
conditions.

3 Suppression of irreversible processes that give rise to nonequilibrium 
contributions to the measured potential, such as the isothermal liquid 
junction potential (ILJP) and the thermal liquid junction potential 
(TLJP).
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4 Equilibrium operation, such that the measured potential of an indicator 
electrode can be placed on the standard hydrogen electrode (SHE) 
scale.

5 Accurate resolution of the measured potentials to within a few 
millivolts.

Two approaches have been employed in the past for potential monitoring 
at high temperatures: (i) the use of an internal reference electrode, in which 
the electroactive element operates within the high temperature environ-
ment, and (ii) the use of an external pressure balanced reference electrode, 
in which the electroactive element is maintained at ambient or near ambient 
temperature. The latter approach avoids the thermal hydrolysis of the elec-
troactive element, which is a major cause of drift in the potential of internal 
reference electrodes, but it incurs an almost equally troublesome thermal 
liquid junction potential.

This review may be regarded as the follow-on to the review of high tem-
perature reference electrodes published by one of the authors (D.D.M.) in 
1978 [7]. That review covered only subcritical systems at temperatures up 
to 300ºC, because little interest existed at that time in the electrochemical 
properties of aqueous systems at higher temperatures. With that interest 
now fi rmly established, due to the development of supercritical thermal 
power plants, SCWO destruction of resilient organic waste, supercritical 
synthesis, and exploration of deep ocean vents, to name but a few reasons, 
the present review covers high subcritical (300–374.15ºC) and supercritical 
(T  >  374.15ºC) aqueous systems.

1.2 Internal reference electrodes

1.2.1 Hydrogen electrodes

From the theoretical point of view, the hydrogen electrode is perhaps the 
most ideal reference electrode for high temperature work. Thus, the SHE 
has been selected in thermodynamics as the zero of the potential scale and 
it is the electrode against which the standard potentials of all other half-cells 
are expressed. However, it is important to note that the SHE is a hypotheti-
cal construct, in which the activity of H+ (aH+) and the fugacity of H2 (fH2

) 
are equal to one at the specifi ed temperature and pressure. Although it is 
possible to devise a practical hydrogen electrode that conforms closely to 
the SHE, by choosing the appropriate concentration of H+ and pressure of 
H2, such that the activity and fugacity, respectively, are unity, this is seldom 
if ever done, because of the ease of relating the potential of a practical 
hydrogen electrode to the SHE scale (see below) and because of the 
 diffi culty in interfacing a gas (hydrogen of precisely controlled pressure) 
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with a high temperature/high pressure aqueous solution. Even so, with 
appropriate care, the hydrogen electrode has proven to be rugged and 
reversible, but it can only be used in systems that are stable against reduc-
tion by hydrogen. For example, it cannot be used in potentiometric 
studies of Fe3+ hydrolysis, because of the occurrence of the reaction 
Fe3+  +  1/2H2 →  Fe2+  +  H+.

According to the 1960 Stockholm Convention, the half-cell reaction for 
the hydrogen electrode is expressed as:

2H+  +  2e−  ⇔  H2 [1.1]

with the potential being given by the Nernst equation:

E
RT

F
f

RT

FH H H pH+ = − −/

.
log( )

.
2 2

2 303
2

2 303
 [1.2]

in which pH  =  −log(aH+). The fugacity of hydrogen is related to the molal 
(mol/kg) concentration of dissolved hydrogen by Henry’s Law as:

fH2
  =  KH2

  ·  γH2
  ·  mH2

 [1.3]

where KH2
 and γH2

 are Henry’s constant and activity coeffi cient for dissolved 

hydrogen, respectively.

For the hydrogen electrode to be used as a reference electrode, the pH 

of the medium and the fugacity of the hydrogen must be accurately known. 

The fi rst condition is readily achieved by employing a well-characterized 

buffer solution. Suitable buffers are available for temperatures up to ~300ºC, 

primarily through the work of the Oak Ridge National Laboratory group, 

but few are available for use at temperatures up to the critical temperature. 

No buffers are available for use at supercritical temperatures; the few 

studies that have been performed in supercritical systems have employed 

HCl and NaOH solutions as pH standards, the pH values of which are 

readily calculated from dissociation constant data in the literature that were 

obtained from conductance studies. Note that both electrolytes are poorly 

dissociated at supercritical temperatures and hence are classifi ed as being 

a weak acid and a weak base, respectively [8]. Furthermore, the correspond-

ing fully dissociated salts, which would be required for an effective buffer 

to be formulated, do not exist. In most applications of the hydrogen elec-

trode being used as a reference electrode, the major experimental problem 

is the accurate measurement of the hydrogen fugacity, as noted above. For 

instance, a temperature fl uctuation of ±1ºC at 300ºC can easily cause an 

error in the estimated hydrogen partial pressure of greater than ±1 atm, 

which will be refl ected in an uncertainty in the reference electrode potential 

of nearly 60 mV (if only the total pressure is known) [7]. Although values 

for the hydrogen fugacity coeffi cients are well known, it is generally neces-

sary to employ extra-thermodynamic assumptions to estimate the fugacity 
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coeffi cients in the presence of a high solvent (water) vapor pressure. For 
example, it is often assumed that partial pressures of the solvent (water) 
and hydrogen are additive, an assumption that has not been rigorously 
tested, to our knowledge.

The problem of the uncertainty in the hydrogen fugacity was overcome 
by the development in the early 1970s of the hydrogen concentration cell 
by Mesmer and Baes [9–13] for high temperature potentiometric studies. 
Various versions of the high temperature aqueous hydrogen concentration 
cell were subsequently developed by Mesmer et al. [9–14], Palmer and/or 
Wesolowski et al. [15–21] and Macdonald et al. [22–24]. Results using similar 
cells have also been reported by Shoesmith and Woon [25], Giasson and 
Tewari [26], Matsushima et al. [27], and Bilal and Mueller [28].

One classical example of the hydrogen concentration cell is shown in 
Fig. 1.7 [22]. The cell is formally represented as:

Pt, H2/H+(a1), KCl  |  H+(a2), KCl/H2, Pt [1.4]
 (with liquid junction)

in which the vertical bar represents the liquid junction, the forward slash 
represents a phase boundary, and the comma separates two components in 
the same phase. The central compartment contains a buffered solution of 
accurately known pH–temperature characteristics and serves as the refer-
ence electrode, while the outer compartment contains the solution under 
study. The inner and outer compartments are connected via a porous Tefl on 
plug, so that the cell contains a liquid junction, as indicated above, with the 
liquid junction potential being suppressed by using a high background 
concentration of KCl. Both compartments contain platinized platinum 
hydrogen electrodes and, during operation, the system is pressurized with 

Titanium pressure vessel

Pin hole

Thermocouple

Magnetic stirring
bar

Teflon reference
compartment

Junction

Pt tube
electrodes

Fig. 1.7 Schematic of a high temperature aqueous hydrogen 
concentration cell [22].
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hydrogen gas. Since the inner (reference) and outer (test) compartments 
are connected via a small hole above the liquid surface, the fugacity of 
hydrogen in both compartments is the same, but does not need to be known 
accurately because the terms containing the hydrogen fugacity in the Nernst 
equation cancel in the expression for the cell potential. Accordingly, the cell 
potential varies only with the change of the pH of the test solution.

One important variation of the hydrogen concentration cell, the ‘fl owing 
emf cell’, was developed by Sweeton et al. [12] for studies of volatile reac-
tants. The cell, shown in Fig. 1.8, comprises two electrode chambers and a 
liquid junction chamber. The lateral holes in the bottom of each piece allow 
solution to come in from each electrode chamber and then fl ow upwards 
into grooves cut in the connecting inside surfaces. The converging solutions 
are separated mechanically by a Tefl on separator inserted between the two 
half-cylinders (the cylindrical liquid–junction plug). The two fl owing streams 
join before leaving this split plug, then pass along a small groove cut along 
the outside surface of the upper plug to the outlet. The porous Tefl on sepa-
rator is intended to form and maintain a stable interface and to reduce 
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plug

Teflon
cylinder

Cylindrical
plug

          Reference solution inlet
Teflon sleeve

Hydrogen electrode

Solution
outlet

Electrode adapter

Teflon sleeve

Test solution inlet

Test compartment

Fig. 1.8 Schematic cross-section of fl owing hydrogen concentration 
cell [12].
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convection that might result from slight differences in density of the two 
solutions and from heat released at the interface by the mixing of the solu-
tions. This emf cell with a fl owing liquid junction is capable of operating at 
pressures up to 100 atm and at temperatures up to 300ºC.

One application of the cell is the determination of the dissociation quo-
tient for water (QW). The cell used for this purpose can be represented as

Pt, H2(m1)/HCl(m2), KCl(m3)  |  KCl(m3),  [1.5]
 KOH(m2)/H2(m1),  Pt.

The accuracy of the measured results was ±0.02 in log[QW] at tempera-
tures ranging from 0 to 50ºC. When the cell was tested as an HCl concentra-
tion cell (using different concentrations, c1 and c2, of HCl, instead of HCl 
and KOH, on both sides, see Eq. 1.4), with the potential between the elec-
trodes being given as:

∆E
RT

F
c c E= − +

2 303
2 1

.
log( / ) LJ,  [1.6]

the measured potential could be used to calculate the concentration ratio 
of HCl on the two sides. The measured ratios were found to be in good 
agreement with the true values over the full temperature range of 0 to 
300ºC [12].

The hydrogen concentration cell has been used to investigate the disso-
ciation of water in KCl solution, to characterize buffer systems, including 
boric acid (50–290ºC) [10], phosphoric acid (up to 300ºC) [11], and ammonia 
(50–295ºC) [13], to investigate the hydrolysis of Al3+ (up to 200ºC) [9], to 
explore the precipitation of boehmite (γ-AlOOH) (200ºC) [23], and to 
measure transport numbers for H+ and Cl− in aqueous HCl solutions at 
temperatures as high as 200ºC [24], among other systems, where the upper 
temperatures are given in parentheses. One instrumental restriction on the 
applicable temperature of the cell comes from the use of PTFE, which is 
unstable at temperatures above 300ºC. Hydrogen concentration cells have 
proven to be capable of precise in-situ pH measurement (with uncertainties 
of no greater than ±0.01 log unit), even over long periods of time (up to 1 
month or more) [17]. Indeed, it is fair to say that essentially all of the high-
precision pH measurements at moderate subcritical temperatures (100–
300ºC) reported to date have been performed using hydrogen concentration 
cells of the type fi rst introduced by Mesmer and Baes [11].

Although the hydrogen concentration cell can provide precise pH meas-
urement at temperatures up to 300ºC, and possibly up to Tc, when employ-
ing a fl owing cell [12], it has several inherent disadvantages:

1 It cannot be used in systems that are unstable in the presence of 
hydrogen.
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2 It requires the use of a buffer solution whose pH–temperature charac-
teristics are accurately known, which is diffi cult to fulfi ll under high 
subcritical temperatures and at supercritical temperatures, as noted 
above.

3 A suitably high background concentration of an indifferent electrolyte, 
such as KCl, must be employed to suppress the ILJP between the refer-
ence and test compartments.

Of these three issues, the fi rst two are the most serious, with the fi rst 
severely limiting the systems that can be studied to those that are stable in 
the presence of hydrogen, and the second limiting the upper temperature. 
The third constraint is not a major issue in high subcritical systems, because 
the transference numbers of the ions of most, if not all, binary electrolytes 
tend toward 0.5 with increasing temperature; however, at temperatures 
above the critical temperature the solubility of a salt is severely restricted 
and it may not be possible to attain a suffi ciently high concentration to 
suppress the liquid junction potential. Note that the isothermal liquid junc-
tion is most effectively suppressed if the transference numbers of the cation 
and the anion of the background electrolyte are equal, a condition that is 
fulfi lled by KCl at ambient temperature (and hence the reason for the 
choice of KCl in ambient temperature studies).

The hydrogen (reference) electrode has also been used extensively to 
explore the thermodynamics of the YSZME in high subcritical and in super-
critical aqueous systems. The use of the YSZME in subcritical systems was 
fi rst described in 1980 by Niedrach [29] and soon thereafter by Tsuruta and 
Macdonald [30], Danielson et al. [31, 32] and Bourcier et al. [33]. The YSZME 
with a Cu/CuO internal element was initially used as a reference electrode 
by Niedrach [29, 34–37] for measuring corrosion potentials of stainless steel 
components in nuclear reactor coolant circuits. The work of Macdonald et 

al. [6, 30, 38–41] and later by Lvov et al. [42] concentrated on exploring the 
thermodynamics of the YSZME, as noted above, because of its utility as a 
primary pH sensor (i.e., one that does not need to be calibrated). Since these 
initial studies, the YSZME with an Ag/O2 internal element has been used to 
sense acidity in aqueous solutions at temperatures as high as 528ºC using an 
external pressure-balanced reference electrode (EPBRE) based upon the 
Ag/AgCl, KCl (sat), electroactive element [43, 44]. This work is described 
further below. Regardless of whether the YSZME is employed as a reference 
electrode (in a medium of known pH versus temperature characteristics, as 
in the initial application by Niedrach [29, 34–37]) or as a pH sensor, it is nec-
essary to establish the theoretical response of the electrode in order that the 
potential can be related to the SHE scale.

For the YSZME electrode employing an Hg/HgO internal element, the 
half-cell reaction is written as:
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HgO  +  2H+  +  2e−  ⇔  Hg  +  H2O [1.7]

with the corresponding Nernst equation being:
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where E0
Hg/HgO is the standard potential of the Hg/HgO couple and aH2O is 

the activity of water. By combining Eq. 1.2, 1.3 and 1.8, we obtain the poten-
tial of the cell H2/H+, YSZME as:
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The fi rst term of Eq. 1.9 is a constant for a given temperature, pressure and 
ionic strength, so that the cell voltage is linearly related to the logarithm of 
the dissolved hydrogen concentration. In other words, using the hydrogen 
electrode as an indicator electrode and the YSZME as the reference elec-
trode, the cell

Pt, H2/H+(aq.)/ZrO2 (Y2O3)/HgO/Hg [1.10]

may be employed as a hydrogen sensor to obtain the concentration of 
hydrogen at given temperature and pressure by measuring the potential 
difference between the two electrodes [6, 40]. To test this concept, Ding and 
Seyfried Jr [45] used the same electrochemical cell illustrated above to 
measure the fugacity and Henry’s constant for hydrogen at supercritical 
temperatures. [Dr Ding was instructed on the design, construction and 
operation of the cell during a multi-day visit to the author’s (D.D.M.’s)  
laboratory. At that time, the cell was being used by graduate student, 
K. Eklund, to measure Henry’s constant for hydrogen in NaOH solutions 
at supercritical temperatures.] At a temperature of 400ºC and at a pressure 
of 400 bar, the measured potential of the cell displays a good Nernstian 
response to dissolved hydrogen concentration that agrees with the theoreti-
cal value. The experiments also demonstrated the excellent stability of the 
sensor during month-long operation [45].

Eklund et al. [46] also employed the hydrogen electrode and YSZ elec-
trode to measure Henry’s constant for hydrogen in NaOH solutions at 
temperatures ranging from 25 to 450ºC and at a pressure of 275 bar. The 
system that they used can be written in the form:

Hg/HgO/ZrO2 (Y2O3)/NaOH(aq.)/H2, Pt. [1.11]

The results agreed well with those of Fernandez-Prini and Crovetto [47] for 
temperatures up to 350ºC and with Kishima and Sakai’s work [48] for tem-
peratures up to 450ºC.
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According to Ding and Seyfried Jr [49], two problems of the platinum/
hydrogen electrode are the poisoning by sulfi de ion and the solubility of 
hydrogen in the metal at elevated temperatures. We regard the fi rst of these 
concerns to be legitimate, but it is diffi cult to reconcile the second with 
thermodynamic principles. Ding and Seyfried Jr [49] evaluated gold hydro-
gen-sensing electrodes, as alternatives to platinum, for the in-situ measure-
ment of dissolved hydrogen in supercritical aqueous fl uid (temperature: 
375–400ºC, pressure: 400 bar). With the same cell potential expressed by 
Eq. 1.9, at 400ºC and 400 bar, the experimental data reveal a slope of 
0.0668  ±  0.0027 V (measured potential with respect to logarithm of dis-
solved H2 concentration), which is in excellent agreement with the theoreti-
cal values of 0.0668 V (from Eq. 1.9) compared with that for a platinum 
electrode under the same conditions (0.054 V, see Ref. 45). The present 
authors consider the latter result to be too far different from the theoretical 
value that attribution of the difference to the different noble metals 
employed is not reasonable. Instead, the difference is probably due to 
experimental error, given the high level of diffi culty in performing experi-
ments of this type.

A signifi cant problem with potentiometric measurements in high subcriti-
cal and in supercritical aqueous systems is corrosion of the apparatus, which 
can result in large changes in the pH. This problem was addressed by Lvov 
et al. [50–52] by devising fl ow through reference electrodes (Ag/AgCl and 
the YSZME) and indicator electrodes (H2/H+), such that the incoming solu-
tion was never in contact with corrodible metal surfaces. In this way, con-
tamination of the solution could be prevented or at least minimized. Sue et 

al. [53] subsequently employed this concept by using two identical high 
temperature platinum/hydrogen electrodes as the working and reference 
electrodes (Fig. 1.9). The cell is represented as:

Cu/Pt, H2/Ref. Solution  |  Test Solution/H2, Pt/Cu [1.12]

T1  →  |  ←   T2   →  |  ←  T1

in which T2 is the higher working temperature and T1 is the ambient refer-
ence temperature. The corresponding cell potential is written as

E
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+ +
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in which µH+ and µH2
 are the chemical potentials of H+ and H2, respectively, 

∆ΦLJ and ∆ΦSTR are the isothermal liquid junction potential and the steam-
ing potentials, and L and R designate the left and right side of the cell, 
respectively. In a manner similar to that previously described by Lvov et al. 
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[50–52], measurement of the cell potential for Test Solutions 1 and 2 yields 
the expression:
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in which mH+ and γ± are the hydrogen ion molality and the mean ionic activ-
ity coeffi cient, respectively. The mean molal activity coeffi cient, γ±, can be 
calculated using extended Debye–Huckel theory and ∆ΦLJ can be estimated 
by using the Henderson equation. They also described procedures to reduce 
the instability of the measured potential, including adjustment of the elec-
trode coiled tip lengths, etc., although the exact theoretical basis for the 
procedures remains obscure. Sue et al. [53] compared the calculated and 
measured values for ∆Eap and concluded that an accuracy of ±0.02 of a 
logarithmic unit was achieved at temperatures from 19.6 to 392.9ºC and at 
pressures from 0.1 to 29.8 MPa. The cell was also used to determine the fi rst 
dissociation constant of sulfuric acid at temperatures from 375.2 to 399.8ºC 
and at pressures from 28.1 to 32.5 Mpa [54].

Hydrogen
electrode

Reference solution
inlet

Liquid junction

High temperature
zone

Thermocouple

Outlet

    Test solution
inlet

Fig. 1.9 Schematic of fl ow-through electrochemical cell [53].



 High subcritical and supercritical aqueous systems 19

1.2.2 Silver/silver chloride electrodes

Silver/silver chloride electrodes have been used extensively as reference 
electrodes in high temperature electrochemical studies. The fi rst potentio-
metric measurement of pH at elevated temperatures, at Oak Ridge National 
Laboratory by Lietzke [55], employed Pt-H2 electrodes coupled with Ag/
Ag-salt reference electrodes to investigate the thermodynamic properties 
of HCl and other strong acids in electrolytes to 225ºC. Ag/AgCl electrodes 
are considered to be among the most serviceable electrodes under high 
temperature conditions, and have been found to perform satisfactorily at 
temperatures up to 573 K (300ºC) [7]. Thus, the early work of Greeley and 
Lietzke [56–58], subsequently reviewed by Macdonald and Kriksunov [7], 
attests to the utility of the Ag/AgCl electroactive element, in particular.

One of the major problems experienced with all Ag/AgX, X  =  Cl, Br, I 
electrodes, when used in hydrogen-rich systems, is the reduction of AgX by 
hydrogen to metallic silver:

AgX  +  1–
2
H2  →  Ag  +  H+  +  X−. [1.15]

This reaction results in a mixed potential (rather than an equilibrium poten-
tial) being generated at the electroactive element and in the activity of X− at 
the electroactive element varying with time. Further, as noted above, the 
thermohydrolysis of AgX:

2AgX  +  H2O  →  Ag2O  +  2H+  +  2X− [1.16]

readily occurs at elevated temperatures and the reaction product will also 
result in a mixed potential. Furthermore, Ag2O decomposes to Ag at tem-
peratures greater than 160ºC [59], so that the ultimate product of thermo-
hydrolysis is silver metal. Both phenomena preclude true thermodynamic 
equilibrium, thus the results obtained from Ag/AgCl electrodes under those 
conditions should be regarded with caution.

Ding and Seyfried Jr [60] used the Ag/AgCl internal reference electrode 
in the direct measurement of pH in NaCl-bearing fl uids at 400ºC and 
40 MPa. The electrochemical cell that was employed can be described as:

Ag/AgCl/Cl−(aq.),H+(aq.)/ZrO2(Y2O3)/HgO/Hg [1.17]

with the cell potential being related to the pH of the solution by the 
equation:
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Ding and Seyfried Jr [60] measured the pH of concentrated NaCl–HCl 
fl uids (0.57 M NaCl) and compared the results with calculated cell potential 
data using various thermodynamic databases and codes [61–66]. The com-
parisons are shown in Fig. 1.10 and 1.11. The good agreement observed 
between ∆E(V)T,p,meas and ∆E(V)T,p,calc shown in Fig. 1.10 demonstrates that 
the cell response is consistent with available thermodynamic data. Further-
more, Fig. 1.11 shows an excellent linear relationship between ∆E(V)T,p,meas 
and pHT,p,calc over the entire range investigated. Importantly, the slope of 
the regression line is 0.140  ±  0.004 V, which is quite close to the value of 
0.134 V predicted from the Nernst equation for a temperature of 400ºC.

1.2.3 Other internal reference electrodes

Other internal reference electrodes have been devised for use in high 
 subcritical and in supercritical aqueous solutions. For example, Dobson 
et al. [67–69], Macdonald et al. [70, 71], and Nagy and Yonco [72] explored 
the palladium/hydrogen system as a reference electrode as well as a pH 
indicator electrode. The work by Dobson [67–69] and Macdonald [71] used 
palladium wire electrodes that had been cathodically charged into the β 
region of the Pd-H phase diagram, where solid palladium hydrides are 
formed. Hydrogen was then allowed to desorb from the lattice and the 
system passed into the α  +  β region, where hydrogen in solid solution 
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Fig. 1.10 Measured cell potential ∆E(V )T,p,meas versus theoretically 
predicted cell potential, ∆E(V )T,p,calc, in the aqueous NaCl–HCl system 
(NaCl 0.57 M) [thermocell Ag/AgCl/Cl−(aq.),H+(aq.)/ZrO2(Y2O3)/HgO/Hg, 
Eq. 1.17] at 400°C and 40 MPa [60].
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(the α phase) is in equilibrium with the hydrides. Under these conditions, 
the activity of H in the lattice is fi xed, so that the potential due to the reac-
tion H+  +  e−  ⇔  H depends only on the pH and temperature, provided that 
the composition remains in the α  +  β region of the phase diagram. Once 
the composition moves into the α region, where the activity of H depends 
on composition, the potential varies with time. Thus, as the potential decays 
from the cathodically charged state, it exhibits a plateau over which the 
activity of H in the lattice is established internally. This removes one of the 
principal objections to the hydrogen electrode as a reference electrode: the 
need to accurately control the hydrogen fugacity. However, the Pd-H phase 
diagram exhibits an upper consolute temperature for the α  +  β region of 
the phase diagram of about 275ºC [71]. At temperatures above this value, 
the α  +  β region no longer exists, so that the establishment of a fi xed activity 
of H does not occur.

A variant of the Pd-H2 electrode was explored by Macdonald et al. [70] 
and later by Nagy and Yonco [72] in the form of a Pd (or Pd-Ag) thimble 
with a known H2 pressure on the inside with the external surface being 
exposed to the solution. Diffusion of hydrogen through the Pd wall estab-
lishes a fi xed activity of H (or fugacity of H2) at the outer surface where the 
potential determining reaction occurs. The electrode potential is stable and 
the electrode can serve as a viable reference electrode, provided that the 
pH is known. Again, like the Pd-H2 electrode, the Pd thimble electrode 
removes the diffi culty with the classical hydrogen electrode of establishing 
a known hydrogen activity (fugacity) in the system. However, unlike the 
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Fig. 1.11 Measured cell potential ∆E(V )T,p,meas against theoretically 
predicted pHT,p.calc [thermocell Ag/AgCl/Cl−(aq.),H+(aq.)/ZrO2(Y2O3)/HgO/
Hg, Eq. 1.17] at 400°C and 40 MPa [60]. The buffer solution is NaCl–HCl 
aqueous system (NaCl 0.57 m), pH is varied by adding HCl.



22 Electrochemistry in light water reactors

Pd-H2  electrode, the maximum temperature of operation is not limited 
by the thermodynamics of the Pd-H system. Of course, these reference 
 electrodes are viable only in systems that are stable in the presence of 
hydrogen.

Finally, attempts have been reported to develop various solid state elec-
trolyte internal reference electrodes for use in high subcritical and super-
critical aqueous systems. Among these was an attempt by Hettiarachchi and 
Macdonald [73] to develop a solid polymer electrolyte (epoxy  +  KCl solu-
tion, which sets as a rubber) reference electrode containing an Ag/AgCl 
electroactive element (Fig. 1.12 [73]). The electrode displayed reversible 
behavior at temperatures as high as 280ºC for more than 40 h, but, because 
the activities of Cl− in water-containing epoxy are not known, the electrode 
needs to be calibrated. A variation on this theme was reported by Jayaweera 
et al. [74] who used a zirconia  +  alumina  +  KCl  +  silica electrolyte, together 
with an Ag/AgCl electroactive element, as a reference electrode for super-
critical systems. The electrode was found to exhibit a constant potential, but 
it suffers from the same disadvantage as does the polymer electrolyte 

Teflon insert

Teflon insulating sheath

Swagelok fitting

Heat shrink Teflon

Zirconia plug

Chloride-ion-containing
solid polymer electrolyte

Inside end chloridized
silver wire (Ag/AgCl)

Fig. 1.12 Assembly of an internal polymer electrolyte reference 
electrode [73].
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 reference electrode: the need to calibrate, which requires a primary stand-
ard whose potential can be accurately related to the SHE scale.

1.3 External reference electrodes

Because of the harsh working conditions in high subcritical and in super-
critical water systems, the stability of electroactive element becomes a 
major practical and theoretical issue in reference electrode technology. The 
most frequent problem is the thermal hydrolysis of one or more phases in 
the electroactive element, such as AgCl in the Ag/AgCl internal reference 
electrode, as described above. One solution to this problem is to locate the 
electroactive element at ambient temperature, where thermal hydrolysis 
does not occur, and connect the element to the high temperature region of 
the system by a nonisothermal electrolyte bridge. Early variants of this 
scheme used a nonisothermal bridge together with a compressed porous 
plug to reduce the pressure to ambient at the electroactive element (de 
Jones and Masterson [75], Macdonald and Owen [76], and Macdonald [70]). 
Accordingly, two irreversible potentials are created by the junction. The fi rst 
is the steaming potential due to the nonisobaric junction, which is elimi-
nated by the use of pressure-balanced electrolyte bridges. The second is the 
thermal diffusion potential, which remains as the main problem of all exter-
nal pressure-balanced electrodes.

External pressure-balanced reference electrodes (EPBREs) have been 
developed and evaluated extensively over the past three decades. The fi rst 
variant was described in 1978 by Macdonald et al. [77] and was patented in 
the same year, with the invention being assigned to the Electric Power 
Research Institute. The electrode won the EPRI ‘Invention-of-the-Year 
Award’ in 1979. The EPBRE that was fi rst evaluated is described thermo-
dynamically as the thermocell:

(25ºC) Ag/AgCl/KCl (M)/AgCl/Ag (T ºC) [1.19]

in which T was varied from 25 to 275ºC and the concentration of KCl was 
varied from 0.0050 to 0.505 M [77]. An important feature of the original, 
Macdonald et al. [77] electrode was the reliance of pressure pulsations 
transmitted into the fl exible (PTFE) inner compartment from the fl ow-
activating pump, in order to inhibit the tendency of thermal diffusion to 
occur and hence to maintain thermal diffusion in the Soret initial state 
(Fig. 1.13). This was an important, but often ignored, caveat of the operation 
of an EPBRE. If thermal diffusion occurs, the potential will drift as the 
electrolyte diffuses toward the cold end of the junction (the tendency pre-
dicted by thermal diffusion theory). The theory of thermal diffusion of the 
electrolyte applies strictly to subcritical systems, where the properties of 
the system can be described in terms of classical electrolyte theory. No 
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comparable theory has been developed for supercritical aqueous systems, 
to our knowledge. In spite of the theoretical shortcomings, EPBREs have 
been used extensively in supercritical aqueous systems to demonstrate the 
thermodynamic viability of YSZMEs [6, 40, 78] and to measure pH in high 
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Fig. 1.13 Assembly of an external pressure-balanced reference 
electrode [39].
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subcritical and in supercritical aqueous solutions (using YSZMEs as pH 
electrodes) [39, 73, 79, 80]. In the early 1990s, using an YSZME with an 
Ag/O2 internal element and an EPBRE, Kriksunov and Macdonald signifi -
cantly extended the temperature of direct acidity measurement up to 528ºC 
[41, 43, 44]. To our knowledge, this still represents the highest temperature 
at which acidity measurements have been made.

The original fl ow-through technique for reference electrodes was devel-
oped by Danielson in 1983 [81] with the purpose of eliminating thermal 
diffusion by continually refreshing the inner compartment. In this way, the 
electrolyte in the inner compartment could be maintained in the Soret 
initial state (i.e., by maintaining a uniform concentration along the noniso-
thermal bridge). The fl ow rate was adjusted to be suffi ciently high to main-
tain a uniform concentration, but to be suffi ciently low to maintain the 
temperature gradient along the nonisothermal electrolyte bridge. The origi-
nal Danielson cell, which was restricted to moderate, subcritical tempera-
tures (T  <  300ºC), proved to be quite successful, in that the potential 
remained stable at the expected value over extended periods of time. Later, 
this same concept was adopted by Lvov et al. (Fig. 1.14) [50, 51], for high 
subcritical and low supercritical temperatures (374.15ºC  <  T  <  400ºC), with 
the result that highly accurate potentiometric measurements could be made 
[50, 51, 82]. This required careful calibration of the reference electrode 
against a hydrogen electrode in a fl ow-through system and against theoreti-
cal calculation, knowing the pH and the fugacity of hydrogen. In any event, 
while this type of electrode represents the current ‘state-of-the-art’, it is 
judged to be too diffi cult to apply in the fi eld and is perhaps too diffi cult to 
apply even in the research laboratory (the same problem with the EPBRE). 
The reference potential was also found to depend on fl ow rate of the elec-
trolyte through the inner compartment, presumably arising from the stream-
ing potential and possibly also from the modifi ed temperature gradient 
down the thermal liquid junction. The fact that the potential is fl ow rate 
dependent is a signifi cantly complicating factor, because of the need to 
calibrate the electrode in each system studied.

As noted above, an external pressure-balanced electrode suffers from 
two irreversible thermodynamic potentials: the isothermal liquid junction 
potential and the thermal liquid junction potential (thermal diffusion poten-
tial). The EPBRE is amenable to formal thermodynamic analysis in terms 
of Thermocell I [51]:

|←   T1 →|← T2 →|← T1  →|
Cu/Ag/AgCl/KCl (aq.)  |  HCl (aq.)/H2, Pt/Cu. [1.20]

The initial emf (corresponding to the Soret initial state) of the cell is given 
by (i.e., no concentration gradient)
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in which µH+(T2) and µH2
(T2) are the chemical potentials of the hydrogen 

ion and the hydrogen molecule in the high temperature (T2) region, respec-
tively. µAg(T1), µAgCl(T1), µCl

−(T1) are the chemical potential of Ag, AgCl and 
Cl− in the low temperature (T1) zone, respectively. The term S̄̄e,Pt is the 
transported entropy of an electron in the platinum wire. ED(T2) and ETLJ 
are, respectively, the isothermal liquid junction potential and thermal liquid 
junction potential, which are discussed below.

1.4 Isothermal liquid junction potential

Both internal and external reference electrodes possess an interface between 
the internal solution and the external environment. This interface is 
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Fig. 1.14 Schematic of the fl ow-through external pressure-balanced 
reference electrode [51].
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 commonly established within a porous junction and is designed to permit 
electrolytic communication while preventing fl ow. In any event, the junction 
gives rise to the isothermal liquid junction potential (ILJP), ED(T2), which 
develops because some ions diffuse faster than others, thereby generating 
an electric fi eld that opposes the process. Integration of the electric fi eld 
across the junction yields the ILJP. Bard and Faulkner [83] provide a detailed 
discussion of the thermodynamics of the junction [83]. For dilute solutions, 
the potential can be calculated from Henderson’s equation. In the case of 
Thermocell I, the ILJP is expressed by:
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where ui and zi are the mobility of and charge on species i, respectively. The 
quantities mi

KCl and mi
HCl are the molal concentration of the ith species of 

the right (HCl) and left (KCl) sides of the junction. The ILJPs for various 
B(OH)3/LiOH aqueous systems at a number of temperatures have been 
calculated by Macdonald et al. [71] and have been used to correct the meas-
ured results in Ref. 84.

The Henderson’s equation assumes ideal solution behavior, which renders 
it suitable only for dilute cases. For more concentrated solutions, Harper 
has provided an alternative expression [85]. The equation is reckoned to 
achieve an accuracy of 0.1 mV for a simple junction between two identical 
electrolytes of different concentrations, and 1–2 mV uncertainty for more 
complex junctions.

As noted above, the ILJP can be suppressed by employing a high 
 concentration of a binary electrolyte whose ions have similar transference 
numbers. Traditionally, in ambient temperature studies, KCl has been used 
for this purpose, because of the near equality of the transference numbers: 
t 0

K+  =  0.491 and t 0
Cl−  =  0.509 at 25ºC. As shown by Macdonald and Owen [24], 

the transference numbers for H+ and Cl− approach equality as the tempera-
ture increases, and ionic conductance data indicate that this is a general 
trend, suggesting that the ILJP issue is of less importance at higher tem-
peratures. However, the trend toward equality of the transference numbers 
is countered by the larger value of RT/F, so that the effect of temperature 
on the ILJP is not easily gleaned by inspecting Eq. 1.22 alone.

1.5 Thermal liquid junction potential

ETLJ in Eq. 1.21 is the thermal liquid junction potential (TLJP), or the 
‘thermal diffusion potential’. In the electrolyte solution, a small, but defi nite, 
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increase in concentration occurs at the cold end of a nonisothermal elec-
trolyte bridge as the system evolves towards a steady state. This transport 
phenomenon is denoted as ‘thermal diffusion’ and is due to coupling 
between the heat fl ux from the hot end to the cold end and ion fl ux. Thermal 
diffusion in liquid systems was fi rst discovered by Ludwig in 1856, but was 
examined more closely in 1879–81 by Soret, and so is now named the ‘Soret 
effect’ [86]. The state when no obvious thermal diffusion has occurred is 
designated the ‘Soret initial state’ [87]. Concentration gradients due to the 
Soret effect lead to the establishment of a diffusion potential and an inter-
nal electric fi eld due to the migration of ions. The sum of these two poten-
tials is designated the thermal diffusion potential. Thermal diffusion 
continues until backwards ‘chemical diffusion’ (from the cold end to the 
hot end of the junction) causes the system to attain a steady state. This state 
is referred to as the ‘Soret fi nal state’. Attainment of the Soret steady state 
may take many days or weeks, depending upon the electrolyte, temperature 
gradient, and the length of the junction. Clearly, it is impractical to operate 
an EPBRE in the Soret steady state, so that emphasis has been placed on 
devising methods for maintaining the system in the Soret initial state (e.g., 
by transmitting pressure pulses into the inner compartment of an EPBRE, 
as discussed above). The importance of thermal diffusion in electrochemical 
cells has been discussed at length by Engelhardt et al. [88].

In 1979, Macdonald et al. [89] successfully measured the initial TLJP of 
the thermal cell

(298.15 K)Ag/AgCl/KCl(aq.)/AgCl/Ag(T) [1.23]

in which the temperature of the hot end of the cell (T) was varied from 298.15 
to 548.15 K and the KCl concentration was varied from 0.005 to 0.505 mol/kg. 
Macdonald et al. calculated the Nernstian thermal cell potential by employ-
ing Gibbs energies of formation for the cell components based upon an 
absolute, 298.15 K, standard state. The difference between the Nernstian 
potential and the observed potential (Fig. 1.15) is the initial state TLJP 
(Fig. 1.16). The TLJP was found to increase in a parabolic manner with the 
temperature difference between T and 298.15 K (in Ref. 89, ETLJ is repre-
sented as a cubic equation in ∆T, the temperature difference between the 
hot and cold ends of the cell). Another important feature of the measured 
TLJP is that it is only weakly dependent on concentration. Other studies on 
measuring or calculating TLJPs are described in Ref. 70 and 90.

Lvov and Macdonald [87] attempted to calculate the TLJP of Thermal 
Cell I from fundamental theory using the general expression for the poten-
tial as given by:
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in which ti, S*i and zi are the transport number, the entropy of transport, and 
the charge of the ith ion, respectively, in the thermal bridge solution. To 
calculate the thermal diffusion potential, the following information is 
required.

1 The ionic composition of the thermal liquid junction, in terms of the 
total composition of the solution at a given temperature and pressure.

2 The transference numbers, ti, of all ions in the aqueous solution at a 
given temperature and pressure.

3 Eastman entropies of transport, S*i , of all ions in the solution.

First, Lvov and Macdonald used a free-energy minimization code [91], 
which employs standard Gibbs energies of formation of the species (as 
calculated using the SUPCR92 software package [92]). The activity coeffi -
cients for all charged species were calculated using extended Debye–Huckel 
theory, and activity coeffi cients for all neutral species, including water, were 
set equal to unity. Secondly, the ionic transference numbers are calculated 
using the equation:
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where λ0
i is the limiting equivalent ionic conductivity of the ith ion. Lvov 

and Macdonald used the ionic limiting equivalent conductivities of K+(aq.), 
Na+(aq.), Cl−(aq.), H+(aq.) and OH−(aq.) given by Quist and Marshall [93]. 
The parameter ci is the molar concentration of the ith species, which was 
calculated as described above. Equation 1.25 was proved to be a very good 
approximation for dilute solutions.

To derive the entropies of transport for ionic species, Lvov and Macdon-
ald [87] extrapolated the standard entropies of transport of electrolytes, Si

*,0, 
from lower temperatures to higher temperatures by applying Agar’s hydro-
dynamic theory. The low temperature experimental data were taken from 
Ref. 94 and 95. Lvov and Macdonald [87] employed previously measured 
differences between ETLJ values for different electrolytes, MCln(aq.), so as 
to test the viability of the extrapolation. The results are shown in Fig. 1.17. 
As can be seen, good agreement exists between the calculated and observed 
data. Lvov and Macdonald [87] also calculated TLJPs for different electro-
lytes over a wide range of temperatures (Fig. 1.18 and 1.19). From the cal-
culated data, it can be seen that ETLJ depends strongly on both the 
temperature and the type of the electrolyte, and the difference could be 
more than ±150 mV. To our knowledge, these data represent the only 
reported attempt to estimate the TLJP for EPBREs.

All of the calculations described above correspond to Soret’s initial state, 
i.e., to a state where the concentration of electrolyte along the bridge is 
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constant. As noted above, maintaining the thermal junction in the initial 
state has been a vital problem in the operation of EPBREs. As also noted 
above, in the original design of the EPBRE [77] (Fig. 1.13), the thermal 
junction consisted of a PTFE tube and a porous ZrO2 plug at the end. The 
PTFE tube was also used to transmit the pressure pulses from the cell to 
the internal reference solution. Thus any thermal diffusion tendency was 
counteracted by the pressure pulse. When the EPBRE was used under 
supercritical conditions [6, 39, 40], a ceramic bridge was used in the high 
temperature (T  >  300ºC) part of the junction, and it was connected via a 
PTFE tube to the lower temperature region (since the highest temperature 
PTFE can sustain is 563 K). The uncertainty of the electrode potential was 
measured to be ±15–25 mV at temperatures below 573 K, and up to 100 mV 
at supercritical temperatures, and the measured potential was found to be 
extremely sensitive to pressure changes.

A variation of the external reference electrode concept was reported by 
Tsuruta and Macdonald [84] to measure the pH of a high temperature solu-
tion (Fig. 1.20). The ceramic membrane pH-measuring system is repre-
sented by

|← T1(25ºC) →|← T →|← T1(25ºC) →|
Ag/AgCl/Internal Solution/Test Solution/ZrO2(Y2O3)/Internal Solution/Ag/AgCl [1.26]
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Fig. 1.19 Concentration dependence of ETLJ (Thermocell I) for very 
dilute aqueous KCl and HCl solutions at 300°C [87].
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By using an YSZME containing a buffered internal solution (0.1 m 
KCl  +  0.01 m B(OH)3  +  0.01 m KOH) and a matched EPBRE containing 
the identical solution (with a liquid junction of porous ZrO2), and by equip-
ping both with Ag/AgCl electroactive elements at ambient temperature 
(Fig. 1.20), it was postulated that the TLJPs could be matched and hence 
eliminated from the measured cell potential. The measured cell potential is 
then given by

∆E  =  ED  +  ∆Φm [1.27]

where ED and ∆Φm are the isothermal liquid junction potential of the exter-
nal reference electrode and the membrane potential, respectively. ED can 
be obtained via Henderson’s equation and the estimates used to correct the 
measured cell potentials. A theoretical analysis shows that the membrane 
potential should exhibit a Nernstian pH response except for a small devia-
tion due to the difference in the activity of water in the internal and test 
solutions. To test the concept, a platinized platinum/hydrogen electrode was 
added to the test cell containing different buffers as indicated in the caption 
to Fig. 1.21, in order to compare the results with the ceramic membrane 

Type 316 reference
compartment

17% Y2O3 stabilized ZrO2
membrane

Porous ZrO2 junction

Test cell

Al2O3 tube

Ag/AgCl reference
electrode (25°C)

V

Fig. 1.20 Schematic of the ceramic membrane pH-measuring system 
(Eq. 1.26) [84].
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electrode. Various test solutions were employed to calibrate the pH response 
of the ceramic membrane. The measured membrane potentials were plotted 
against the hydrogen electrode potentials at temperatures from 100 to 
275ºC, with Fig. 1.21 showing data at 275ºC. It is indicated that the ZrO2 
(17% Y2O3) membrane does not exhibit a strictly Nernstian pH response, 
especially at the lower temperatures and in weakly acidic systems. Tsuruta 
and Macdonald have analyzed the possible reason, concluding that the rest 
of the error might be attributed to the effect of ionic strengths on the buffer 
properties of the internal solution and to errors in the estimates of ED. 
Retrospectively, it is now believed that the use of a silica ‘sintering aid’ by 
the manufacturer of the YSZ ceramic tubes, resulting in abnormally high 
membrane impedance, is the principal cause of the deviations from theory 
at the lower temperatures. While this approach is clearly a most promising 
way of eliminating the TLJP in high temperature pH measurement, it has 
yet to be fully explored.

Macdonald and Kriksunov employed a YSZME electrode (internal 
element Ag/O2) against the EPBRE to explore changes in acidity of dilute 
HCl and NaOH solutions for temperature ranging from 400 to 528ºC as the 
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Fig. 1.21 Potential vs pHT response for the ceramic membrane 
electrode (Eq. 1.26) in various B(OH)3/KOH and H2SO4/Na2SO4 systems 
at 275°C [84]. The various test solutions are: (A) 0.01 m KOH  +  0.01 m 
B(OH)3, (B) 10−3 m KOH  +  0.01 m B(OH)3, (C) 10−4 m KOH  +  0.01 m B(OH)3, 
(D) 0.01 m B(OH)3, (E) 0.00005 m H2SO4, (F) 0.0005 m H2SO4, (G) 0.005 m 
H2SO4, (H) 0.005 m H2SO4  +  0.005 m Na2SO4, (I) 0.005 m H2SO4  +  0.045 m 
Na2SO4.
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solution cycled from 0.01 m HCl to 0.01 m NaOH, as shown in Fig. 1.22 [43]. 
The utility of the sensor for detecting pH changes in response to changes 
in solution composition at temperatures well above the critical point is 
clearly indicated from the fi gure. By using the calculated pH values and the 
measured cell potentials, Macdonald and Kriksunov calibrated the refer-
ence electrode and obtained the pH of CCl4 solution assuming complete 
hydrolysis of CCl4 (Fig. 1.23 [43]).

The pH of the CCl4 solution was found to be a little higher than that 
calculated, assuming complete thermal hydrolysis of carbon tetrachloride. 
However, the level of agreement is still acceptable, considering the unknown 
actual extent of CCl4 thermal hydrolysis and the uncertainty in the calibrat-
ing cell voltages. While the level of uncertainty perhaps does not satisfy the 
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need for accurate thermodynamic work, it is satisfactory for monitoring 
SCWO systems [31].

In the fl ow-through EPBREs (FTEPBREs) [50, 51] (Fig. 1.14), fl uid fl ow 
was employed instead of pressure pulses to suppress thermal diffusion. This 
was done by pumping the internal reference solution through the inner 
compartment at a delicately set rate. The fl ow rate must be high enough to 
yield a constant electrolyte concentration along the nonisothermal bridge, 
but also not too high so as to maintain the temperature gradient along the 
electrolyte bridge. Since the concentration is kept constant along the bridge, 
the Soret initial state can be maintained and the thermal diffusion potential 
is constant for a given temperature difference across the junction. Thus, the 
uncertainty of the TLJP is assumed to be eliminated at any given tempera-
ture and pressure.

To test this assumption, Lvov et al. [51] employed two hydrochloride 
solutions of different concentrations (0.01 and 0.001 mol kg−1 HCl) as the 
test solutions, and measured the potential difference of the thermocell:

|← T1 →|← T2 → |← T1

Cu/Ag/AgCl/0.1 mol kg−1 NaCl(aq.)  |  0.1 mol kg−1 NaCl(aq.)  +  HCl(aq.)/H2,Pt/Cu [1.28]

with the potential difference being:
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Fig. 1.23 Plot of calculated pH against stoichiometric HCl 
concentration for T  =  525°C and p  =  5000 psi (closed circles). The 
measured pH for the hydrolyzed CCl4 solution is given by the closed 
triangle [43].
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The potential difference for the two different solutions was shown to be 
independent of the thermal diffusion potential and can be calculated theo-
retically. The calculated and measured potentials, listed in Table 1.1, show 
good agreement and demonstrate the effectiveness of the fl ow-through 
technique in maintaining the Soret initial state. At the higher temperatures 
(350–360ºC), the difference between the measured and calculated poten-
tials was of the order of 10 mV, corresponding to an uncertainty in a meas-
ured pH value (if it was used for that purpose) of about 0.08 (±0.04).

Lvov et al. [52] used a fl ow-through electrochemical cell (comprising a 
fl ow-through external Ag/AgCl PBRE and a modifi ed fl ow-through plati-
num hydrogen electrode) to measure pH at temperatures up to 400ºC and 
pressures up to 25.3 MPa. The measured accuracy was demonstrated to be 
better than ±0.03 logarithmic units, in good agreement with the estimate 
calculated above.

A similar FTEPBRE has been employed by Lvov et al. [96] in a four-way, 
once-through electrochemical cell (composed of one fl ow-through refer-
ence electrode, one fl ow-through Pt-H2 electrode, one fl ow-through YSZ 
electrode, and a thermocouple). Because the same dependence on the tem-
perature, pressure, fl ow rate and solution component of the platinum elec-
trode and YSZ electrode exist, the cell was run at 320 and 350ºC (pressure 

Table 1.1 Experimental and theoretical differences in potentials E(10−2  mol  kg−1  
HCl)  −  E(10−3  mol  kg−1 HCl) of the thermocell (Eq. 1.28) as a function of 
temperature and pressure [3]

Temperature  Pressure  E(0.01  mol  kg−1  HCl)  −  E(0.001  mol  kg−1  HCl)
(K) (bar) 

 Experimental  Theoretically
  observed (mV) calculated (mV)

298 275 64.5 59.1
298 338 61.4 59
373 275 81 74
473 275 97.8 93.7
573 275 100.3 109.8
623 275 93.4 102.2
623 338 97.4 106.2
633 338 91.7 102.4
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23.0 and 24.8 MPa) to test the precision and response time of the YSZ 
electrode as a pH-sensing electrode.

Using a similar concept, Sue et al. [97] designed another fl ow-through 
EPBRE using a platinum/hydrogen electrode instead of an Ag/AgCl elec-
trode. The cell they developed can be represented by:

Cu/Pt,H2/Test Solution | Reference Solution/H2,Pt/Cu [1.30]
T1 →|←  T2  →|←  T1 →|

in which T2 is the higher temperature and T1 is the lower (ambient) tem-
perature. The platinum/hydrogen electrode on the right side is the fl ow-
through EPBRE while that on the left side is the indicator electrode. This 
electrochemical cell has been used to measure pH at temperatures from 
23.9 to 400.2ºC and pressures from 25.0 to 35.1 MPa. The difference between 
the measured pH and the calculated pH proved to be less than 0.03 loga-
rithmic units. Sue et al. [98] also used the cell to measure the dissociation 
constant of phenol (PhOH) [98].

The development of FTEPBREs represents a signifi cant advance in the 
quest to make possible accurate pH measurements in supercritical aqueous 
systems. However, there are also a number of issues that need to be resolved. 
One is the delicate setting of fl ow rate to simultaneously maintain the 
system in the Soret initial state and maintain the temperature gradient 
down the nonisothermal bridge, which greatly complicates the system and 
makes the FTEPBRE unlikely to be used in many practical fi eld situations 
(e.g., SCWO system). The second is the calibration of the reference elec-
trode. Since the reference potential (measured against a hydrogen elec-
trode) strongly depends on the fl ow rate of the reference solution, it needs 
to be calibrated against a known standard over wide ranges of temperature, 
pressure, and solution type and composition, at accurately known fl ow rates. 
This feature alone indicates that the fl ow-through concept, which was ini-
tially introduced by Danielson [81] more than 20 years ago, is not the 
panacea in reference electrode technology.

1.6 Summary and conclusions

The current status of development of reference electrodes for use in high 
temperature/high pressure aqueous solutions has been reviewed, with 
emphasis on reference electrode technology for measuring potentials in 
high subcritical (300ºC  <  T  <  374.15ºC) and in supercritical (T  >  374.15ºC) 
aqueous solutions. The review covers both internal and external reference 
electrodes and summarizes the advantages and disadvantages of both, par-
ticularly for use at supercritical temperatures. The design philosophies 
adopted in each type, particularly with regard to avoiding the irreversible 
contributions of the isothermal liquid junction and the thermal liquid junc-
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tion to the measured potential, while avoiding the thermal hydrolysis of the 
electroactive element, are discussed in depth. It is concluded that no gener-
ally applicable reference electrode technology for measuring potentials in 
high subcritical and supercritical aqueous solutions has been developed, 
even though it remains the most pressing need in electrochemical studies 
in this fi eld.
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2.1 Introduction

With the increasing age of nuclear power plants, stainless steel core com-
ponents suffer from increasing irradiation damage. Cracking in such core 
components occurs due to a combination of high temperature, stress and 
irradiation, and is strongly affected by the corrosion potential. The corro-
sion potential is a useful measure for monitoring of cracking as it can help 
to identify when it is likely  to occur (high value of the corrosion potential) 
and when it is not likely to occur (low value of the corrosion potential). For 
example, irradiation-assisted stress corrosion cracking (IASCC) has been 
observed in both boiling water reactors (BWRs) and pressurized water 
reactors (PWRs) [1, 2]. The corrosion potential is used for monitoring and 
mitigating IASCC, since IASCC of stainless steels in BWRs can be pre-
vented if the corrosion potential is decreased below −230 mV (standard 
hydrogen electrode, SHE) [3]. IASCC occurs above a threshold fast neutron 
dose which depends on the reactor type (BWR vs PWR). To measure the 
corrosion potential a reference electrode is needed.

The main objective of the LIRES project is to develop reference elec-
trodes that can be used inside the core of a light water reactor (LWR) 
(hence LIRES: light water reference electrodes). Thus the electrodes must 
survive under high temperature, pressure and irradiation conditions, for a 
suffi ciently long life time, i.e., at least one fuel cycle. Also the potential of 
the reference electrode must be related to the SHE scale. One approach to 
such corrosion potential measurements is shown in Fig. 2.1.



44 Electrochemistry in light water reactors

Besides the measurement of the corrosion potential, other applications 
are possible such as the measurement of the oxidation–reduction potential 
with a platinum electrode (which is a measure of the oxidizing characteris-
tics of the solution) and pH measurements if there is a suitable pH 
electrode.

A four-step development trajectory is foreseen:

1 Defi nition of a testing standard for high temperature reference elec-
trodes to be used during the round robin test. This testing standard 
should be specifi c and clear enough to ensure reliable and reproducible 
results when used by different laboratories.

2 Design and development of high temperature reference electrodes for 
PWR and BWR conditions with operating temperature up to 350ºC at 
laboratory scale.

3 Round robin testing among the participating laboratories of the new 
developed reference electrodes, using the test procedure developed 
under step 1. Based on the round robin results, the best reference elec-
trodes will be selected and used for the irradiation experiment.

4 Testing of high temperature reference electrodes under appropriate 
irradiation conditions in a material test reactor. One irradiation will be 

Electric connection

In-core HTRE

Reactor

Reactor core

E

Reactor internals

E = corrosion potential of metallic structure
located nearest to HTRE

Voltmeter

Fig. 2.1 Schematic of an in-core high temperature reference electrode 
measuring a corrosion potential of a reactor internal. HTRE, high 
temperature reference electrode.
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performed under BWR conditions and one irradiation will be performed 
under PWR conditions. Both high temperature reference electrodes 
(for BWR and PWR application) are to be selected from the round 
robin test.

Based on a literature review, regarding all kinds of high temperature 
reference electrodes, the reference electrodes were categorized [4, 5]. Six 
categories of reference electrodes were distinguished:

1 External pressure-balanced reference electrode

The external pressure-balanced reference electrodes (EPBREs) offer 
considerable benefi ts in terms of long-term stability and serviceability. 
They are suitable to measure potentials when moderate accuracy 
(±25 mV) is acceptable (e.g., in corrosion systems). EPBREs can be 
calibrated to the standard hydrogen electrode (SHE) scale.

2 Internal Ag/AgCl reference electrode

To avoid the mixed potential produced by the presence of hydrogen, an 
Ag/AgCl internal reference electrode can be used, which contains high 
purity water enclosed in a sapphire body. The electrode potential is 
determined by the solubility of silver chloride in high purity water at 
temperatures up to 275ºC. This electrode has been operated successfully 
in nuclear power plants with hydrogen water chemistry not exceeding 
200 ppb dissolved hydrogen. However, the lifetime of such an electrode 
is limited due to degradation of the AgCl layer by the high temperature 
and presence of hydrogen.

3 Inorganic polymer electrolyte (sodium silicate) reference electrodes

An inorganic polymer electrolyte seems to be a promising design, con-
sisting of polymerized sodium silicate (highly gelled form) and doped 
with high amounts of Cl−. This electrode exhibits a fast and stable 
response up to 300ºC. However, prediction of the electrode potential is 
complex because the activity of Cl− and the activity coeffi cient of KCl 
in a solid electrolyte matrix are not well known.

4 Yttrium-stabilized zirconium oxide reference electrode

Yttrium-stabilized zirconia (YSZ) membrane and tungsten/tungsten 
oxide electrodes show a reversible response to pH at temperatures up 
to 300ºC. These electrodes therefore can be used as reference electrodes 
if used at a known pH.

5 Palladium/hydride, Pt and other noble metal reference electrodes

Electrodes of the palladium/hydride type are reversible with pH and 
can also operate as reference electrodes in a solution of constant pH. 
When the palladium/hydride electrode is utilized at temperatures higher 
than 275ºC, caution is recommended due to deviations from predicted 
Nernstian responses.



46 Electrochemistry in light water reactors

6 New reference electrode design concepts

New reference electrode design concepts have emerged from the use of 
kinetics of the hydrogen reaction on palladium and platinum type 
substrates.

Based on experience available in the research consortium and a literature 
review, the following high temperature reference electrodes were selected 
to be further developed [5, 6]: a YSZ nickel/nickel oxide electrode, an 
 external Ag/AgCl electrode, a rhodium electrode and a palladium/
hydride electrode.

2.2 Testing standard

A testing standard has been defi ned that can be used to test the proper 
functioning of reference electrodes in water at elevated temperatures. The 
procedures and methodologies described in this standard should be specifi c 
and clear enough to ensure reliable and reproducible results when used by 
different laboratories. The testing standard is based on the fl ow chart shown 
in Fig. 2.2.

Distinction was made between testing at room temperature and testing 
at high temperature. After a measurement equipment check-up (step 2.1) 
tests are to be performed at room temperature, consisting of a pressure test, 
an electrical insulation test, a comparison test with a commercial reference 

Measurement
equipment check-up

2.1

Room temperature
tests

High temperature tests

3.1...3.4 4.1...4.2

Pressure test

Electrical insulation
test

Comparison with the
SCE

3.1

3.2

3.3

Electrical insulation
test

4.1

Impedance
measurement test

Functional testing
> comparison of
   Pd/Pt vs CME
> comparison of
   Pd/Pt vs AgCl/Ag
> comparison of
   CME vs AgCl/Ag

4.2

4.3

Pass

Impedance
measurement test

3.4

Fig. 2.2 Testing scheme for reference electrodes in high temperature 
water. SCE, saturated calomel electrode; CME, ceramic membrane 
electrode.
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electrode and an impedance test of the reference electrode system. The 
latter is necessary because when the impedance or resistance of the refer-
ence electrode system exceeds 1 MΩ, the potential measurement becomes 
complicated and too sensitive to noise. Then testing at high temperature 
will be performed, consisting of an electrical insulation test, an impedance 
measurement test and functional testing against other high temperature 
reference electrodes (like EPBREs or Pt electrodes).

The functional testing consists of the measurement of the potential dif-
ference of the new reference electrode against well-known reference elec-
trodes. It was decided that all the potentials of the reference electrodes will 
be compared against each other including a simple Pt wire electrode. Meas-
urements will be performed under PWR conditions (1200 ppm B and 2 ppm 
Li) at three different temperatures: 300, 325 and 350ºC. It is assumed that 
when the electrode survives mechanically and chemically under PWR con-
ditions, the reference electrode can also be used under BWR conditions. 
For the test at 350ºC, a Pt wire electrode with an oxidized Zr wire as signal 
cable is used. Table 2.1 summarizes the potentials to be measured.

2.3 High temperature reference electrodes

2.3.1 Mixed metal oxide reference electrode

The principle of the mixed metal oxide reference electrode is based on the 
zirconia pH sensor developed by Niedrach [7, 8]. This zirconia pH sensor 
can be considered as the high temperature analogue of the low temperature 
glass pH electrode. The mixed metal oxide reference electrode consists of 
an YSZ tube. The lower end of the tube is fi lled with a mixture of Ni/NiO 
powder. The rest of the tube is fi lled with aluminum oxide tubes to close 
the tube and isolate the metal wire, which connects the Ni/NiO mixture with 
the mineral-insulated cable. The YSZ tube becomes an oxygen ion conduc-
tor at a suffi ciently high temperature (T  >  180ºC), which makes it possible 

Table 2.1 Potentials to be measured between the different reference 
electrodes

No. Electrode I Electrode II

1 YSZ electrode Pt wire electrode
2 External Pt wire electrode
 Ag/AgCl
 electrode
3 Rh electrode Pt wire electrode
4 Pd electrode Pt wire electrode
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to use this tube as part of a reference electrode. The potential of the 
 electrode is determined by the nickel–nickel oxide reference couple on 
the inside of the tube and the pH of the water on the outside of the tube 
[9]. A schematic and photograph of the reference electrode is shown in 
Fig. 2.3. This electrode is also frequently referred to as the ceramic mem-
brane electrode (CME).

The most innovative part of the electrode design is the metal ceramic 
connection made by means of the fast magnetic forming (compression) 
technique. A nickel tube was connected to the ceramic tube by means of 
this magnetic compression technique. A strong magnetic fi eld pulse com-
presses the nickel tube to the zirconia tube. A graphite layer is placed in 
between the ceramic and nickel tube to enhance a uniform force distribu-
tion. Figure 2.4 shows a cross-section of such a sealing.

This makes it possible to construct the whole high temperature reference 
electrode (HTRE) from radiation and high temperature resistant materials, 
resulting in a design that can survive inside an LWR under high tempera-
ture, high pressure and radiation. Test results under typical PWR conditions, 
a pressure of 150 bar and a temperature between 300 and 350ºC, showed 
that the reference electrode is mechanically stable and gives reasonably 
reliable potential measurements.

The potential of the YSZ reference electrode is only dependent on the 
pH. That means that when the pH is known the YSZ electrode can be used 

Mineral-insulated
cable

Swagelock
sealing

Inconel tube

YSZ tube

Aluminum oxide
filling tubes

Ni/NiO mixture

Ni pin (wire)

Thermocoax
sealing

CP10 connector

Fig. 2.3 Schematic of the yttrium-stabilized zirconia (YSZ) reference 
electrode and photograph of the fi nal design.
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as a reference electrode. On the other hand when the pH is not known and 
a proper reference electrode is available, this electrode can be used to 
determine the pH of an aqueous solution at high temperature.

The electrode reaction that determines the electrode potential is [9]:

Ni  +  H2O  ⇔  NiO  +  2H+  +  2e [2.1]

The Nernst equation will give the electrode potential related to the SHE:

E E
RT

F
= −Ni NiO pH/

.0 2 303
 [2.2]

where E0
Ni/NiO is the standard electrode potential for the reaction

NiO  +  H2  ⇔  Ni  +  H2O. [2.3]

The standard electrode potential can be calculated with the chemical poten-
tials of the individual species taking part in the electrochemical reaction. 
Figure 2.5 shows the theoretically calculated standard electrode potential 
as a function of temperature with a linear and polynomial curve fi t.

For a neutral solution the YSZ(Ni/NiO) potential as a function of temp-
erature is shown in Fig. 2.6, including experimental data from VTT [10].

For a PWR solution with 1200 ppm boric acid and 2 ppm lithium hydroxide, 
the pH at 300ºC is 6.9. At 300ºC this results in a potential of −746 mV SHE 
for the YSZ(Ni/NiO) electrode. Table 2.2 shows a summary of YSZ electrode 
potentials as a function of pH and temperature. The potentials were calcu-
lated using the polynomial relationship for E0

Ni/NiO of Fig. 2.5.

2.3.2 External Ag/AgCl reference electrode

The Ag/AgCl reference electrode is probably one of the most used refer-
ence electrodes [11–15]. Unfortunately the Ag/AgCl redox couple cannot 

Fig. 2.4 Cross-section of a nickel–graphite–zirconium oxide sealing.



50 Electrochemistry in light water reactors

y = 1E-09x3 – 6E-07x2 – 0.0002x + 0.137
R2 = 0.9836

y = –0.0003x + 0.1414
R2 = 0.9821

–0.1

–0.05

0

0.05

0.1

0.15

0.2

0 50 100 150 200 250 300 350 400 450

Temperature (°C)

P
o
te

n
ti
a
l 
(V

)

EoNi/NiO

Poly. (EoNi/NiO)

Linear (EoNi/NiO)
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Fig. 2.6 Yttrium-stabilized zirconia [YSZ(Ni/NiO)] electrode potential 
for a neutral solution as a function of temperature.

be used at high temperatures due to the instability of the AgCl layer. Also 
this AgCl layer is sensitive to degradation by hydrogen when this gas is 
present in large quantities such as in BWRs under hydrogen water chemis-
try (HWC) and in PWRs. Therefore an external reference electrode based 
on the Ag/AgCl reference electrode couple was developed, which was con-
nected to the test solution by means of a salt bridge. This salt bridge is then 
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responsible for the transportation of the electrochemical information from 
the in-core location to the external reference electrode. The length of the 
salt bridge then determines to what extent the desired in-core location for 
corrosion potential measurements can be reached.

The external reference electrode consists of a sapphire tube (Al2O3 
monocrystal) with an asbestos wick. Sapphire tubes were used as materials 
for the high temperature parts because of the stability and lifetime in boric 
acid environments.

An Ag wire with a diameter of 0.5 mm with an electrochemically depos-
ited AgCl layer is placed inside the tube. This tube is fi lled with distilled 
water with a chloride concentration based on the maximum solubility of 
AgCl. The sapphire tube with the electrode system is placed in a stainless 
steel tube with an outer diameter of 6 mm. There is a water cooler for con-
stant temperature maintenance of the electrode system. A connector head 
of the electrode with a BNC connector (central conductor is connected to 
the electrode system, shielding is connected to the body of electrode) serves 
for electrical connection of the electrode. The electrode can be connected 
to an autoclave via a Swagelok type coupling. Figures 2.7 and 2.8 show 
a schematic and a photograph, respectively, of the external reference 
electrode.

The selected structural materials enable uninterrupted service for a long 
time under primary circuit PWR conditions. In the case of mechanical 
damage of the sapphire tube or the electrode system, the electrode is quite 
safe from the point of view of pressure leakage.

The external electrode has been used for measuring corrosion potentials 
in the primary circuit under PWR conditions and has been used for the 
measurement of potentiodynamic polarization curves of primary circuit 

Table 2.2 Yttrium-stabilized zirconium oxide reference electrode potentials 
under pressurized water reactor conditions

T (°C) E0
Ni/NiO pH  =  6.8 pH  =  6.9 pH  =  7.0 pH  =  7.1 pH  =  7.2 pH  =  7.3

200 0.081 0.557 0.567 0.576 0.585 0.595 0.604
220 0.075 0.591 0.600 0.610 0.620 0.630 0.640
240 0.068 0.624 0.634 0.644 0.655 0.665 0.675
260 0.062 0.657 0.668 0.678 0.689 0.700 0.710
280 0.056 0.690 0.701 0.712 0.723 0.734 0.745
300 0.050 0.723 0.735 0.746 0.757 0.769 0.780
320 0.044 0.756 0.768 0.779 0.791 0.803 0.815
340 0.039 0.788 0.800 0.813 0.825 0.837 0.849
360 0.034 0.820 0.833 0.845 0.858 0.871 0.883
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materials in environments with crevices (strongly saturated salt solution) 
with good results.

The electrode has been calibrated against the standard hydrogen elec-
trode, resulting in the following equation,

ESHE  =  Emeas  +  E25  +  32.357  −  0.4299T  −  1.1126 · 10−2T 2  
   +  4.8983 · 10−5T 3  −  7.8717 · 10−8T 4 [2.4]

where T is the temperature in ºC, E25 is the electrode potential at 25ºC 
(determined by the solubility product of AgCl at 25ºC), Emeas is the meas-
ured electrochemical potential against this reference electrode and ESHE is 
the measured electrochemical potential against the SHE scale. Figure 2.9 
shows a comparison between the thermal potential drops obtained from 
different sources.

Sapphire tube

Asbestos wick

Graphite sealing

Ag wire with AgCl layer

Ceramic ring

Fig. 2.7 Schematic of the external Ag/AgCl reference electrode.

Fig. 2.8 External reference electrode Ag/AgCl.
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2.3.3 Rhodium electrode

The rhodium electrode has been developed with the emphasis on BWR 
application and more specifi cally for the monitoring of HWC. The main 
requirement of the electrochemical properties of the electrode is the capa-
bility to detect a departure from reducing conditions. In practice, this means 
that the electrode should be able to monitor weakly oxidizing conditions. 
More strongly oxidizing conditions are, however, of limited interest in con-
nection with HWC supervision. A platinum hydrogen electrode is therefore 
often a preferred choice for HWC monitoring, mainly because of its excel-
lent stability and long service life. Platinum electrodes have been used for 
more than 10 years in external pump BWRs, where the electrode can be 
located in a fi tting in a pipe wall. A reliable Pt electrode for the diffi cult 
operating conditions inside the reactor pressure vessel, and in-core, would 
be a valuable addition to the materials-monitoring equipment available to 
BWR operators.

Most common is to use sapphire as insulator. Sapphire can be brazed to 
a metal, which is considered an advantage. However, the sapphire has been 
found to dissolve slowly in both BWR and PWR reactor water and the 
brazing can corrode and cause leakage. A more robust solution is therefore 
warranted. One of the most stable insulating materials available is zirco-
nium oxide. The stability of this material towards reactor water is well 
demonstrated by the reliable performance of Zircaloy fuel cladding in 
water-cooled reactors. Zirconium oxide should therefore be a suitable insu-
lating material to use in an in-core electrode.
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The type of seals used in demanding applications in reactor technology 
is normally metallic C-ring seals or similar designs. A characteristic of metal 
seals of this type is that strong compressive forces are required for sealing. 
Platinum is a soft metal and is not suitable for use in combination with 
metal C-ring seals. Therefore platinum suitably alloyed with the harder 
noble metal rhodium has been used as the electrode material. A photograph 
of the rhodium electrode is shown in Fig. 2.10. Notice that the tip of the 
electrode is made from Rh/Pt alloy, which is not connected to the stainless 
steel part after the yellow/beige-colored ceramic insulation.

The question remains whether this Rh/Pt alloy shows the same electro-
chemical behavior as pure platinum. Therefore tests were carried out in an 
autoclave to investigate the electrochemical response of Rh to hydrogen 
and oxygen and to compare to the Pt response. The potentials of the Rh 
and Pt electrode were measured against two Ag/AgCl reference electrodes. 
Different combinations of hydrogen and oxygen concentrations were tested, 
corresponding to reducing, weakly oxidizing and oxidizing conditions. The 
results are summarized in Fig. 2.11.

The potentials of Rh and Pt respond similarly to variations in water 
chemistry. Also the values of the potentials are in the same region for 
similar water chemistries, showing that Rh is a good alternative for Pt. The 
electrode potential of the Rh electrode is assumed to be similar to the Pt 
electrode and can be calculated with the Nernst equation for the hydrogen 
equilibrium reaction H2  ⇔  2H  +  2e− [16]. Figure 2.12 shows the hydrogen 
electrode potential for various hydrogen concentrations and temperatures. 
Figure 2.13 shows the hydrogen electrode potential for various pH values 
with a fi xed hydrogen concentration.

Fig. 2.10 Photograph of the Rh/Pt electrode.
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Fig. 2.12 Infl uence of temperature and hydrogen concentration on 
the potential of a Pt hydrogen electrode in neutral water.

The use of this electrode for corrosion potential measurements depends 
on the fact that the Pt potential is less sensitive to oxidizing species than 
the construction materials, i.e., the exchange current density of the hydro-
gen equilibrium reaction is much higher on Pt than on stainless steel. 
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During weakly oxidizing conditions, the elevated corrosion potentials of the 
materials of construction can be measured at the almost unaltered potential 
of the Pt hydrogen electrode. This provides a ‘window’ for the practical 
application of the Pt hydrogen electrode and is the basis for its use as a tool 
to monitor HWC in BWRs.

2.3.4 Palladium electrode

The Pd-hydride reference electrode is a quasi-reference electrode where 
the potential only depends on the pH of the solution. The Pd electrode is 
polarized cathodically, thereby producing a suffi cient amount of hydrogen, 
so that the electrode reacts like a hydrogen electrode. An in-core high 
temperature reference electrode based on this principle has been devel-
oped elsewhere [17, 18]. The Pd-hydride reference electrode has already 
been tested both under oxidizing conditions and under neutron irradiation 
with good results. Therefore in the round robin test of this research, only a 
simple version of the Pd-hydride electrode will be tested, to allow compari-
son with the other electrodes.

The simplifi ed design consists of two wire electrodes: one of Pd and one 
of Pt. Between these two wire electrodes a constant current is applied that 
maintains a constant hydrogen concentration at the Pd electrode which 
then determines the electrochemical potential. Figure 2.14 shows a sche-
matic of the test set-up.
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A constant current of 50 µA is applied between a Pt (anode) and a Pd 
(cathode) electrode. Hydrogen is produced at the Pd electrode by electroly-
sis of the water, which then determines the electrode potential together with 
the pH of the test solution. The electrode potential can be calculated with 
the Nernst equation for the hydrogen equilibrium reaction [16]. For example: 
the composition of the PWR primary water used during the round robin 
results in a pH of 6.9 at 300ºC and contains 2 ppm hydrogen. At 300ºC this 
results in an electrode potential of −752 mV SHE.

2.4 Round robin test

Five different laboratories have tested the four high temperature reference 
electrodes. Four laboratories have tested three electrodes and one labora-
tory has tested four electrodes. That means a total of 16 tests, i.e., each 
electrode was tested four times. Table 2.3 shows the distribution of the ref-
erence electrodes over the fi ve laboratories. The developer of a high tem-
perature reference electrode constructed four electrodes which were then 
distributed to the testers according to Table 2.3.

All electrodes were tested according to a previously defi ned test standard 
[5]. All the tests were performed under PWR conditions (2 ppm Li and 
1200 ppm B and 2 ppm hydrogen) at three different temperatures (300, 325 
and 350ºC. During the test at 300ºC), the water chemistry was changed from 
reducing conditions to oxidizing conditions and back. The objective was to 

A V

Working electrode

PdPt

50 µA  

–+

Corrosion potential

Fig. 2.14 Test set-up for measuring corrosion potential with the Pd-
hydride reference electrode.
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observe the individual responses of the reference electrodes to a change in 
the environment. As a fi rst indication for the lifetime of the electrodes, a 
long-term test was planned at the test temperature of 300ºC over a period 
of 3 months. The potentials were measured against a Pt electrode. At 300ºC 
this Pt electrode consists of a small piece of Pt wire (2–3 cm) point-welded 
to a stainless steel wire. This stainless steel wire is then isolated with heat-
shrinkable Tefl on tubing. At 325 and 350ºC another construction is used as 
Tefl on cannot be used at temperatures above 300ºC. A zirconium wire is 
point-welded to a small piece of Pt and then this combination is oxidized 
in an oven at ±500ºC. The oxidation produces a nonconducting layer of zir-
conium oxide on the outside of the conducting zirconium wire.

The reference electrode potentials were all measured against a Pt elec-
trode as common reference. Table 2.4 shows the measured potentials. So 
it is also possible to relate the different reference electrode potentials to 
each other.

The reference electrode potentials have been related to the SHE scale. 
Table 2.5 shows the theoretically calculated potentials of the high tempera-
ture reference electrodes versus SHE at 300ºC for the water chemistry used 
in the round robin test [5].

Notice that the potentials of the Rh electrode and the Pd electrode are 
in principle equal to the potential of the Pt electrode. In reality there will 

Table 2.3 Test campaign for the four different high temperature reference 
electrodes

Laboratory Laboratory Type of
no. name reference
  electrode

1 AEKI Ag/AgCl Rh Pd
2 CEA  Rh Pd YSZ
3 CIEMAT Ag/AgCl  Pd YSZ
4 NRI Rez Ag/AgCl Rh Pd YSZ
5 Framatone Ag/AgCl Rh  YSZ

Table 2.4 Potentials to be measured between the different reference 
electrodes

No. Electrode I Electrode II

1 YSZ electrode Pt wire electrode
2 External Ag/AgCl electrode Pt wire electrode
3 Rh electrode Pt wire electrode
4 Pd electrode Pt wire electrode
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always be a small difference. Figures 2.15–2.18 show the fi rst results of the 
potential measurements of each high temperature reference electrode.

The potentials of the YSZ electrode and the Rh electrodes are quite 
stable and close to their theoretical values. Also the Pd electrode has a 
stable value although the differences between the three laboratories are 
slightly bigger. The Ag/AgCl electrode also has a potential close to the 
theoretical potential, but the signal of one laboratory is very noisy. This is 
most probably caused by small air bubbles in the capillary tube, which is 
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Fig. 2.15 Round robin test results of the yttrium-stabilized zirconia 
electrode at 300°C, pressurized water reactor primary water (2 ppm Li, 
1200 ppm B and 2 ppm H2).

Table 2.5 Potentials of the high temperature reference electrodes against 
standard hydrogen electrode (SHE) for pressurized water reactor primary water 
chemistry (2  ppm Li and 1200  ppm B and 2  ppm hydrogen) at 300°C

Reference electrode Potential vs SHE (mV) Potential vs Pt electrode (mV)

Temperature 300°C 300°C
pH 6.87 6.87
YSZ electrode −731 14
External Ag/AgCl 97 842
electrodea

Rh electrodeb −745 ≈ 0
Pd electrodeb −745 ≈ 0

a  The maximum solubility of AgCl at 25°C is taken as 1.26  ×  10−5 mol kg−1 [19].
b  Equal to Pt potential.
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Fig. 2.16 Round robin test results of the Ag/AgCl electrode at 300°C, 
pressurized water reactor primary water (2 ppm Li, 1200 ppm B and 
2 ppm H2).

used as a salt bridge. Then the impedance of the electrode is very high and 
the potential readings become noisy.

Table 2.6 summarizes the potentials of the high temperature refer-
ence electrodes collected to date. Although the potentials are sometimes 
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Fig. 2.17 Round robin test results of the Rh electrode at 300°C, 
pressurized water reactor primary water (2 ppm Li, 1200 ppm B and 
2 ppm H2).
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 scattered, in general they represent values that are in agreement with the 
theoretical values.

The most important conclusions that can be drawn are as follows.

• The potentials of the high temperature reference electrodes do have 
proper values with respect to theoretically calculated potentials under 
PWR + hydrogen conditions even if the potential readings are noisy.

• In most cases, problems with the electrical isolation resistance appeared 
sooner or later, but they do not always infl uence the measured 
potential.

• Part of the round robin test was an oxygen trip, i.e., the water chemistry 
was changed from hydrogen to nitrogen to oxygen and back. The Pt 
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Fig. 2.18 Round robin test results of the Pd electrode at 300°C, 
pressurized water reactor primary water (2 ppm Li, 1200 ppm B and 
2 ppm H2).

Table 2.6 Summary of the potential measurements

Reference electrode Measured potential vs  Theoretical potential
 Pt electrode (mV) (mV)

YSZ electrode 0–50 14
External Ag/AgCl 750–850 842
electrode
Rh electrode 5–10 ≈ 0
Pd electrode −50–0 ≈ 0
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potential (oxidation reduction potential) is very sensitive to these 
changes, but the Ag/AgCl electrode and the YSZ electrode are not. 
However, the oxygen trip has so far not been very successful. The 
responses to changes in oxygen content of the high temperature refer-
ence electrode are not very signifi cant. Part of the problem is related to 
diffi culties in controlling the amount of dissolved oxygen in the test 
solution. If oxygen is not supplied continuously, the concentration will 
decrease due to oxygen consumption by the autoclave walls.

2.5 Irradiation experiments

2.5.1 Boiling water reactor conditions

The YSZ electrode and the Rh electrode have been tested in a BWR loop 
in the Material Test Reactor R2 (Studsvik Nuclear). Therefore a special 
irradiation rig has been developed with a feed-through system for the signal 
cables. The two electrodes were connected to a long tube with the elec-
trodes at one end and at the other end the test rig head with the signal cable 
feed-throughs. Figure 2.19 shows the electrode arrangement in the test rig. 
The test conditions and theoretical electrochemical potentials (ECPs) are 
summarized in Tables 2.7 and 2.8.

ECP values were measured between the reference electrode and the 
stainless steel ground. Due to the low conductivity of the test solution, the 
working electrodes are those parts of the stainless steel tube surrounding 
the reference electrodes that are closest to the reference electrodes. The 
low conductivity of pure water means that fairly local variations of ECP 
level are possible. A source of such variations could be, for example, differ-
ences in corrosion rate. Higher passive current results in a lower ECP value. 

Fig. 2.19 Test rig electrode arrangement; the upper electrode is the 
yttrium-stabilized zirconia electrode and the lower electrode the Rh 
electrode.
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Temporal variations of corrosion rate, and hence of ECP, are also possible. 
In addition to ‘real’ ECP variations, electrical noise may also affect ECP 
measurement.

The reference electrodes have been tested during 6 reactor periods. Data 
from test campaign 0407 are shown in Fig. 2.20. Obviously there is no useful 
signal from the membrane electrode in most of this period. However, the 
start-up period is of interest and is shown in detail in Fig. 2.21. The loop is 
heated twice before the reactor is started up. Before the fi rst heat-up, the 
potential of stainless steel (SS) is 300–400 mV higher than after heat-up, as 
measured with the Pt-Rh electrode (the membrane electrode does not 
operate at low temperature). This is in good agreement with the fact that 
oxygen enters the loop water when the loop is opened up during the shut-
down. When the loop is heated up, the oxygen is consumed by corrosion 
and the SS ECP falls. When the temperature is lowered again, the loop 
water remains oxygen-free and the SS ECP stays low. From loop heat-up 
until reactor start-up, the potentials measured with the two reference elec-
trodes are close together. The start-up causes the signal from the membrane 
electrode to increase, and then to deteriorate. Just as during period 5, the 
potential measured with the Pt-Rh electrode remains at around 230 mV.

Figure 2.22 shows data from the last test campaign (period 0411). The 
reactor power level was very stable during period 11. Despite this, the 
measured potentials were not stable. In this period, however, there is a 
strong correlation between the two measured potentials. For example, in 
the 5-day period from day no. 332 to day no. 337, the coeffi cient of correla-
tion of the two signals is about 0.91. We assume therefore that there must 
be a common cause for the fl uctuations of the measured potentials. For the 
last 6 days of the test, the potential measured with the membrane electrode 
is stable. The level is about 230 mV. This is the same level where the Pt-Rh 
electrode was stable in some of the previous test periods.

Table 2.7 Test conditions for boiling water reactor loop

Temperature  280°C
pH at 280°C  5.7
Conductivity ±3  µS  cm−1

Dissolved hydrogen concentration  1  ppm
Flow rate  4  m  s−1

Table 2.8 Theoretical potentials under boiling water reactor conditions

Potential YSZ (Ni/NiO) −581  mV SHE (at 280°C)
Potential Rh electrode −573  mV SHE (at 280°C)
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Fig. 2.20 Potentials of the Rh electrode and yttrium-stabilized 
zirconium (YSZ) electrode in the boiling water reactor (BWR) loop 
in the R2 reactor (BWR primary water, hydrogenated, 280°C) – test 
campaign 0407.
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(YSZ) electrode in the boiling water reactor (BWR) loop in the R2 
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campaign 0407.
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To summarize:

• The measured potentials are periodically stable, periodically unstable. 
When stable, the measured potential level is about 230 mV. This is more 
than 200 mV above the expected level.

• The measured potential signals are characterized by several large, 
sudden shifts. SS ECP is known to vary slowly.

• The potential measured with the membrane electrode is especially noisy 
with many transients. Some of the transients, but not all of them, seem 
to be initiated by variations in the reactor power level. In some cases, 
there is a linear correlation between the reactor power level and the 
measured potential during a transient.

• Normally, the signal of the YSZ electrode is uncorrelated to that of the 
Rh electrode (except when both are stable at around 230 mV). However, 
during periods 9 and 11, both channels are noisy and the signals 
correlated.

2.5.2 Pressurized water reactor conditions

The YSZ electrode and the Rh electrode are being tested in a PWR loop 
in the BR2 material test reactor. Therefore a special irradiation rig has been 
developed with a special feed-through system for the signal cables [20]. 
Three YSZ electrodes and two Rh electodes have been tested. They are 
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Fig. 2.22 Potentials of the Rh electrode and yttrium-stabilized 
zirconia (YSZ) electrode in the boiling water reactor (BWR) loop in 
the R2 reactor (BWR primary water, hydrogenated, 280°C) – test 
campaign 0411.
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Fig. 2.23 Detail of the irradiation rig with yttrium-stabilized zirconia 
and Rh electrodes.

positioned infl ux (2  ×  YSZ electrode  +  1  ×  Rh electrode) and outfl ux 
(1  ×  YSZ electrode  +  1  ×  Rh electrode), to be able to investigate the infl u-
ence of radiation on the electrode potentials. Figure 2.23 shows a picture 
of the YSZ and Rh electrode mounted in the irradiation rig. The water 
chemistry is slightly different from the round robin test as requested for the 
CALLISTO loop: PWR primary water with 2 ppm Li, 400 ppm B and 2 ppm 
H2. Table 2.9 gives an overview of the test conditions.

The electrode potentials are measured against the frame of the rig and a 
high temperature Pt electrode. This Pt electrode consisted of a Pt cylinder 
connected to a mineral insulated signal cable. The feed through is a ceramic 
(aluminium oxide) connector with brazed metal covers at both ends. The 
aluminium oxide ceramic connector is surrounded with a zirconium oxide 
tube (similar construction as in Fig. 2.3). This construction can be used for 
at least 1 month (based on laboratory experiments) before the isolation 
resistance has decreased to an unacceptably low level due to dissolution of 
the ceramic isolation.

Figure 2.24 shows the potentials of the YSZ electrodes during one reactor 
cycle. The potentials are all close to zero. The infl ux electrodes tend to 
change with time. The electrodes respond to variations in hydrogen. 
Figure 2.25 shows the potentials of the Rh electrodes. With the start of the 
reactor they increased a little, due to the temperature increase (caused by 
γ-heating). The potentials are again close to their theoretical values.

Figure 2.26 shows the potential differences between the reference elec-
trodes positioned infl ux and outfl ux. These differences are small and so we 
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can conclude that the direct effect of radiation on the electrode potential 
is negligible. Only the potential difference between the Pt electrodes shows 
a small drift over time. As the Pt electrodes are the most sensitive to 
changes in water chemistry, this still can be related to formation of electro-
chemically active radiolysis products.

Figure 2.27 shows photographs of the LIRES rig after 1 year of testing 
in the CALLISTO PWR loop of the BR2 material test reactor. Both the 
Rh electrodes and the YSZ electrodes are mechanically intact. The elec-
trodes are covered with a layer most probably composed of corrosion 
products from other parts of the loop and the rig. Although the YSZ elec-
trode looks undamaged, the impedance is low probably due to this layer. 
This might have an infl uence on the potential measurements, although the 
potential readings are still within the expected range even at the end of the 
test period.

To summarize:

• The measured potentials were stable during all test campaigns, besides 
test campaign 2, where the test temperature was 80ºC.

Table 2.9 Characteristics of the pressurized water reactor loop CALLISTO

 Thermal fl ux Epithermal fl ux Fast fl ux Fast fl ux Gamma

 (1014 N cm−2 s) (1014 N cm−2 s) (>100 keV) (>1 MeV) heating

   (1014 N cm−2 s) (1014 N cm−2 s) (W GAL
−1)

Nuclear data: (at 56 MW BR2 reactor power and at mid-reactor plane)

 IPS 1 and  0.3  .  .  .  1.8 0.03  .  .  .  0.09 0.3  .  .  .  0.8 0.09  .  .  .  0.33 1.0  .  .  .  3.0

 IPS 3

 IPS 2 0.6  .  .  .  5.0 0.25  .  .  .  0.40 2.5  .  .  .  3.5  0.5  .  .  .  1.2 5.0  .  .  .  8.0

Thermohydraulic data

 Temperature 80°C  ≤ T ≤  300°C (inlet of the IPS)

 Pressure 1.0  MPa  ≤  P   ≤ 15.7  MPa

 Flow rate 1.8  kg  s−1  ≤  G  ≤  2.5  kg  s−1

Chemical data

 Boron ±400  ppm

 (H3BO3)

 Lithium 1.8  ppm  ≤  [Li]  ≤  2.2  ppm

 (LiOH) 

 pH 7.00  ≤  pH25°C  ≤  7.08 or 7.26  ≤  pH300°C  ≤  7.34

 Dissolved 25  ccSTP kg−1  ≤  [H2]  ≤  35  ccSTP kg−1

 hydrogen 
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Fig. 2.24 Potentials of the yttrium-stabilized zirconia (YSZ) electrode 
in the pressurized water reactor (PWR) loop in the reactor, PWR 
primary water (2 ppm Li, 400 ppm B and 2 ppm H2).
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Fig. 2.27 The yttrium-stabilized zirconia electrode and the Rh 
electrode after 1 year of testing in the BR2 reactor. (A) Outfl ux 
position; (B) infl ux position.
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• The potentials were in agreement with the theoretical values. However, 
these values were close to zero, a result which can also be obtained in 
the case of short circuit of the electrodes.

• The YSZ electrode followed a change in water chemistry during the fi rst 
test campaign, proving proper working of the reference electrode.

• Both the YSZ electrode and the Rh electrode were mechanically intact 
after 1 year of testing.

• The electrochemical impedance of the YSZ electrode was very low after 
1 year of testing. This could have corrupted a reliable measurement of 
the corrosion potential.

• One of the Rh electrodes was leaking. However, the infl uence on the 
potential measurement was small. This small effect could be diminished 
by draining the electrode.

2.6 Conclusions

Four potential in-core high temperature reference electrodes have been 
developed for use in LWRs: a YSZ electrode, an external Ag/AgCl elec-
trode, a Rh electrode and a Pd electrode (only for the round robin). The 
reference electrodes are constructed from irradiation resistant materials 
and can be used up to 350ºC, which allows them to be used inside a reactor 
core. The potentials of these high temperature reference electrodes can be 
related to the SHE scale.

The results, at laboratory scale, have shown that the electrodes work 
properly and are mechanically and chemically stable at the representative 
LWR water chemistries and operating temperatures and pressures. The four 
reference electrodes have been tested in a round robin test by most of the 
fi ve laboratories. The results collected show that the measured potentials 
are in agreement with each other and with theoretically calculated 
potentials.

The YSZ electrode and the Rh electrode have been tested in an irradia-
tion experiment under BWR and PWR conditions. The potential readings 
are in agreement with theoretical values and did not show any degradation 
despite the presence of the high radiation fi eld and the high testing tem-
perature. Visual inspection showed that both the YSZ and the Rh electrodes 
are mechanically intact. However, the impedance of the YSZ electrode was 
small, which may hamper the correct measurement of electrochemical 
potentials.
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3
In-plant corrosion potential measurements in 

light water reactor environments

A N D E R S  M O L A N D E R ,  Studsvik Nuclear AB ,  Sweden

3.1 Introduction

Electrochemical monitoring is the only method available to perform actual 
in-situ measurements in high temperature water. All other techniques rely 
on sampling and cooling of a limited fl ow of water before some kind of 
subsequent measurement is performed, but electrochemical measurements 
can be performed directly inside the system part itself. For this reason, 
measuring equipment has been developed for boiling water reactor (BWR), 
pressurized water reactor (PWR) primary and secondary systems as well 
as other types of reactors.

In this chapter, equipment used in the plants is described and some 
examples of the results are given. The increased understanding obtained 
over the years concerning the electrochemical reactions determining the 
corrosion potential in different environments is described. This increased 
understanding has been used to develop models to predict corrosion poten-
tials in the systems under study.

3.2 Measurements in boiling water reactors

Electrochemical corrosion potential (ECP) measurements were fi rst devel-
oped for BWRs with the prime goal to follow the corrosion potential during 
hydrogen water chemistry (HWC). Early measurements were performed 
using equipment installed in systems remote from the actual reactor com-
ponent [1]. It was gradually understood that too low ECPs were measured 
at such locations due to hydrogen peroxide decomposition, oxygen 
 consumption and mass transfer effects [2]. With time, better techniques 
were developed. ECP monitoring developed to a routine power plant tech-
nology necessary for HWC operation and essential for obtaining inspection 
relief [3].

The improved technique used was primarily the in-pipe reference elec-
trode as illustrated in Fig. 3.1 [4]. This is usually a Pt electrode installed 
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directly into the reactor piping. The dimension of these pipes is from 250 
to 600 mm. The fl ow rate in the pipes is 2–4 m s−1. By such an electrode, the 
ECP of the actual reactor component can be measured and sampling is not 
needed. Autoclaves are not needed either.

In Fig. 3.2, some possible monitoring points in a BWR are shown. In an 
external pump reactor, the main recirculation system is usually the prime 
area to protect by HWC and the amount of hydrogen is adjusted according 
to the potential measured in the primary loop recirculation system less than 
a second transport time from the vessel (position A in Fig. 3.2). As back-up 
and complement, measurements can also be performed in the reactor water 
clean-up system which connects to the main recirculation system. Such a 
position (position B in Fig. 3.2) is 10–20 s away, but the pipe diameter is still 
200 mm or more. Side-stream autoclaves (position C in Fig. 3.2) are no 
longer used for HWC surveillance.

In internal pump reactors, the bottom of the vessel is often the prime 
area to protect by HWC. Here, monitoring sometimes is performed in the 
bottom drain system (position D in Fig. 3.2) but also directly inside the 
vessel. This is a potential use of the LIRES electrodes as well as for in-core 
measurements (position E in Fig. 3.2).

Figure 3.3 shows the design of an in-pipe Pt electrode in more detail. 
The fi rst electrodes used were installed in existing pressure-monitoring 

ECP monitoring for HWC
From autoclaves to in-pipe measurements

In-pipe electrode

Side-stream
autoclave

Main
recircu-
lation
system

Feed water
system

Residual
heat removal
system

To water
clean-up
system

BA
C

D

E

Bottom drain

In-core
electrode

Fig. 3.1 In boiling water reactors the trend has been to fi nd 
monitoring locations for electrochemical corrosion potential (ECP) 
measurements without sampling. The effects of the location of the 
measurements were noted early and explained by H2O2 
decomposition, mass transfer effects and O2 consumption, especially 
with autoclaves connected with low diameter sampling lines with low 
fl ow rate. HWC, hydrogen water chemistry.
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Fig. 3.2 Illustration of common monitoring points in a boiling water 
reactor.

Piping diameter = 610 mm
Flow 1350–2500 kg s–1

Transport time 1 s

To pressure monitor

Fig. 3.3 Illustration of an in-pipe electrode for boiling water reactors.

connections. By welding a T-fi tting to the connector, the electrode could be 
installed and also the pressure monitoring could be kept. Later, electrodes 
have also been installed using new connections. Then, a similar pipe to the 
pressure connection has been welded to the existing piping and a hole 
through the pipe has been drilled for the electrode to be installed into. This 
kind of electrode is used for 2 or 3 years depending on the location where 
the electrode is installed. It has a number of seals for safety. A leakage can 
cause a cold shut-down of the plant.

The platinum electrode described above is possible to use as a pseudo-
reference electrode when a suffi cient amount of hydrogen is present in the 
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reactor water. For very low hydrogen additions or for normal water chem-
istry, a silver chloride electrode has also been developed for in-pipe use. 
The electrode is illustrated in Fig. 3.4. This electrode has a shorter lifetime 
compared to the platinum electrode described above.

When in-pipe measurements are impossible or unsuitable for different 
reasons, equipment in by-pass systems is still sometimes used. An example 
of equipment that can be used for such measurements is shown in Fig. 3.5. 

Fig. 3.4 Silver chloride electrode for in-pipe installation.

Fig. 3.5 Silver chloride electrode for high fl ow measurements in by-
pass or sampling system areas not accessible during operation.
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The fi gure shows a silver chloride electrode welded to a piece of piping to 
be connected to a by-pass or sampling system, preferably with a high fl ow 
rate. Such equipment includes double pressure boundaries allowing instal-
lation in an area that is not accessible during operation.

Sometimes even the equipment described above for use in by-pass 
systems or sampling systems may not be adequate and autoclaves are still 
used for some applications. Such equipment is used only in areas accessible 
during operation.

Equipment in by-pass and sampling systems has been used in power 
plants since 1978. In-pipe electrodes were installed for the fi rst time in a 
power plant in 1988. Studsvik has been involved in BWR measurements in 
more than 15 BWRs. Similar equipment has also been used in RBMK reac-
tors and in material-testing reactors.

From the in-plant measurements and also from laboratory measure-
ments, an improved ECP model for BWR environments was developed [5]. 
The model provides a mechanistic background to the measured ECPs with 
some new features. The user can easily change input values such as the fl ow 
rate, pipe geometry and chemistry conditions and immediately see the 
effect on the ECP. Thus, it is called a virtual ECP laboratory. The results of 
the model calculations are given as Evans diagrams as shown in Fig. 3.6 for 
a fairly high H2O2 concentration. The right part of the solid line shows the 
hydrogen peroxide oxidation to oxygen and the left part of the dashed line 
shows the hydrogen peroxide reduction to water. The calculated ECP is 
shown as the dashed line at the intersection of the two curves. The dashed 
and dotted line is the passive current of stainless steel. This Evans diagram 
explains the plateau regime of the ECP in water with hydrogen peroxide. 
A concentration change will only cause a vertical shift of the two curves, 
leaving the ECP unaffected.

With the Studsvik ECP model, plots of the ECP vs hydrogen peroxide 
concentration, for example, can be made for different conditions. In Fig. 3.7, 
good fi t is obtained between the calculated and the measured ECPs during 
certain conditions. Both the plateau level and the abrupt drop to a low 
potential is reproduced [5].

In summary, ECP monitoring for BWRs has developed to a routine 
power plant technology benefi cial for reactor operation and essential for 
obtaining inspection relief and extended inspection intervals. The lifetime 
of the in-pipe electrodes is 2–3 years depending on the installation location. 
With ECP monitoring the hydrogen addition can be optimized. This 
is impossible by modeling only. However, modeling of chemical and elec-
trochemical conditions in reactor systems is important, as actual measure-
ments cannot be performed at every point of interest. Modeling and 
experiment support each other and are both necessary ingredients in this 
type of work.
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Fig. 3.6 Schematic Evans diagram for a boiling water reactor 
environment with 100 ppb of H2O2. ECP, electrochemical corrosion 
potential; SHE, standard hydrogen electrode. The right part of the 
solid line shows the hydrogen peroxide oxidation to oxygen. The left 
part of the dashed line shows the hydrogen peroxide reduction to 
water. The dashed and dotted line is the passive current of stainless 
steel measurements in sampling lines. 
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3.3 Measurements in pressurized water reactor 

secondary systems

Electrochemical measurements have been performed both in PWR primary 
[6, 7] and secondary systems [8, 9]. Here, only PWR feedwater monitoring 
of the secondary system is described. Such measurements were initiated 
later than in BWRs and the database for PWRs is smaller than the BWR 
database. Studsvik has been involved in secondary side measurements in 
six PWRs.

When these efforts were started in the beginning of the 1990s the experi-
ence from BWRs was kept in mind when designing the measurement 
system. In spite of that, autoclave equipment was used for practical reasons 
for the fi rst measurements and three autoclaves were installed at different 
points in the secondary system of Ringhals 3. The sampling lines were kept 
as short as possible and were not longer than 1 m. A schematic design of 
such an autoclave and the electrodes used is shown in Fig. 3.8. Later, an in-
pipe electrode for secondary side conditions was also developed. The design 
and the installation point are shown in Fig. 3.9. The in-pipe electrode used 
in Ringhals was installed close to the sampling line for the third autoclave. 
The installation was made in a pressure-monitoring gauge directly into 
the feedwater piping. The electrode comprises a Pt electrode and a silver 
chloride electrode.

In Fig. 3.10, an example of the results is given. During normal steady 
operation, there is only a very small difference between the two potentials, 
but when an oxidant transient occurs the in-pipe electrode reacts much 
more strongly than the electrode exposed in the autoclave. For the example 
in Fig. 3.10, the potential measured with the in-pipe electrode goes up 
150 mV and the autoclave electrode shows a much weaker response.

The results of the secondary side measurements can be summarized as 
follows:

1 Electrochemical measurements are more sensitive to redox variations 
than other methods used in-plant.

2 Fast response to transients was obtained. Transients not detected by 
other measurements were identifi ed.

3 In-pipe monitoring is more sensitive than measurements in autoclaves.
4 Reliable service has been demonstrated.
5 Electrochemical monitoring offers improved water chemistry surveil-

lance and is an interesting method for routine use.

However, ECP measurements have not developed to such a routine 
method in PWRs in the same way as for BWRs on HWC. One reason for 
this is a very stable reducing chemistry in many PWRs. During such condi-
tions without transients, the potentials tend to be low and stable.
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Recently, but based on earlier experience, a modifi ed type of water chem-
istry called oxygenated water chemistry (OWC) has been suggested 
[10]. The aim of OWC is to improve on current methods of limiting iron 
transport to the steam generators. The dominant source of iron is carbon 
steel used as a structural material in the secondary system. Carbon steel 
corrodes and releases corrosion products to the coolant due to fl ow-assisted 
corrosion (FAC), under all-volatile treatment (AVT) chemistry. OWC has 
successfully been adopted in BWRs and some fossil units to suppress FAC 
of carbon steel. Figure 3.11 illustrates the OWC concept. Oxygen is added 
to the feedwater line and oxygen will be gradually consumed according to 
the different curves shown. Curve C shows a too low addition and curve A 
a too high addition. Curve B would be the optimum according to this 
concept.

For modeling work a so-called ‘OWC simulator’ has been developed 
which in its structure is similar to the BWR ECP model. In Fig. 3.12 an 
example of calculations using the OWC simulator shows the decrease of 

(a)

(b) (c)

Fig. 3.8 Schematic design of autoclave (a), working electrode (b) and 
reference electrode (c) for in-plant measurements of redox and 
corrosion potentials.
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Fig. 3.9 Illustration of the in-pipe electrode developed for the 
secondary side of pressurized water reactors (PWRs) and the 
installation point in the Ringhals PWRs.
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Fig. 3.10 The response to an oxygen transient as measured using the 
in-pipe electrode compared to the autoclave measurement [9]. SHE, 
standard hydrogen electrode.

the oxygen content and the corrosion potential in a 25 m long sampling line 
with a 10 mm diameter at 180ºC with a fl ow rate of 20 g s−1. The calculation 
shows that after 10 m there is no oxygen left. Due to the heterogeneous 
nature of the oxygen and hydrazine reaction, the oxygen decrease is very 
fast in a small diameter sampling line, as in the example given in Fig. 3.12. 
In large diameter piping the reactions occur more slowly. Thus, ECP moni-
toring is necessary to demonstrate OWC conditions.
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3.4 Conclusions

The present status of in-plant ECP measurements can be summarized as 
follows:

1 In BWRs electrochemical monitoring is an extremely valuable tool to 
monitor and control HWC.

2 In PWR primary systems, redox variations are small outside the core. 
For low hydrogen chemistry, electrochemical monitoring is of consider-
able interest.

3 In PWR secondary systems, electrochemical monitoring is a versatile 
tool for redox monitoring and redox mapping. Electrochemical meas-
urements are strongly recommended for any OWC application in PWR 
secondary systems.
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4
High temperature reference electrodes: 

a comparative analysis

M A R T A  N A V A S  and M A R I S O L  G A R C Í A , 
CIEMAT,  Spain

4.1 Introduction

In making electrochemical corrosion potential (ECP) measurements at 
high temperature, the main diffi culty is the development of a reliable refer-
ence electrode. The design of high temperature reference electrodes was 
very important during the 1980s, and many types were developed, mainly 
based on three types: noble metal electrode; Ag/AgCl electrode, internal or 
external; and yttrium-stabilized zirconia (YSZ) ceramic membrane elec-
trode with different metal/metal oxide mixtures. However, great care is 
required to assure that valid and useful data are being obtained, because 
many of them still have limitations in their uses.

The requirements to obtain reliable data with a reference electrode have 
been extensively studied [1,  2]. In the case of high temperature reference 
electrodes, they can be summarized as follows:

1 Stable and constant electrode potential.
2 Chemical and thermodynamic stability.
3 Reproducible measurements.
4 Electrode potential related to standard hydrogen electrode (SHE).
5 Electrode potential independent of the environment.
6 Design requirements: system integrity and material stability.

These requirements are not only related to the thermodynamic and elec-
trochemical behaviours, like any reference electrode; when these electrodes 
are going to be used at high temperature, particular emphasis must be 
placed on the system integrity. Several designs of high temperature refer-
ence electrodes are available for measurement under boiling water reactor 
(BWR) operating conditions [3]. However, the working conditions for a 
pressurized water reactor (PWR) reference electrode are more severe than 
for a BWR reference electrode. As the working temperature is higher 
(exceeding 300ºC), different design requirements are needed.

In addition, the requirements can be different depending on the future 
use of the electrode. An easily fabricated electrode could be suitable for 
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use in a laboratory, although in the case of a reference electrode for 
in-core electrochemical measurements it is necessary to have a robust 
 electrode with a long life.

This chapter includes the experience obtained at CIEMAT, both in previ-
ous tests and in the round robin test of the LIRES project (Development 
of Light Water Reactor Reference Electrodes). First tests have been per-
formed under simulated BWR operating conditions (290ºC) with reference 
electrodes developed at CIEMAT. Reference electrodes of the round 
robin tests have been tested under PWR conditions with temperatures 
of 300–340ºC.

4.2 Description of the work

The objective of this experimental work is to check the validity of different 
reference electrodes based on the experimental results. The qualifi cation of 
reference electrodes has been performed by means of the measurements 
of electrode potential and corrosion potential with several reference elec-
trodes. A comparison of the different types of reference electrodes simul-
taneously during service can indicate malfunctioning or good behaviour. 
The tests have been carried out under BWR and PWR operating 
conditions.

4.2.1 Tests under boiling water reactor 

operating conditions

High temperature reference electrodes

In this study three types of reference electrodes have been fabricated with 
some modifi cations and improvements with respect to the electrodes 
described in the literature, as follows:

1 The YSZ electrode consists of an yttrium-stabilized zirconia closed-end 
tube, fi lled with an internal junction of copper/cuprous oxide solid 
mixture (Fig. 4.1). It can serve as a membrane-type electrode because 
there is a direct relationship between the conduction of oxygen ions 
through the ceramic and the pH in the adjacent aqueous phase [4]. In 
this case, the electrode works as a membrane-type pH sensor and, when 
the pH of the system is known and constant, it acts as a reference 
electrode.

2 The Ag/AgCl internal electrode is a silver wire with electrodeposited 
silver chloride, enclosed in a solid Rulon chamber, fi lled with demineral-
ized water (Fig. 4.2). Some silver chloride crystals are added in order to 
avoid changes in silver chloride solubility with temperature. As long as 
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the solubility of silver chloride is known, the potential of the reference 
electrode is easily calculated in an SHE scale, using the Nernst 
equation.

3 The platinum electrode consists of a platinum wire joined to a stainless 
steel wire covered with heat-shrinkable Tefl on. The pressure seal was 
made with Rulon in the same manner as the previous electrodes. Plati-
num wire can be used as a reference only when there is a stoichiometric 
excess of dissolved hydrogen concentration. This sensor then acts as a 
reversible hydrogen electrode and when the pH and the hydrogen 
partial pressure are constant, it can be used as a reference electrode.

Experimental procedure

The experimental scope included the measurements of electrochemical 
potentials, both corrosion and electrode potentials, and the performance of 

Stainless
steel body

Rulon

Copper
wire

Glass
wool

Cu-Cu2O
powder

Teflon

YSZ ceramic
membrane

Fig. 4.1 Yttrium-stabilized zirconium (YSZ) reference electrode.
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constant extension rate tests (CERT). Tests were performed in experi mental 
facilities which simulate BWR operating conditions with high pressure–high 
temperature water (8 MPa and 280ºC). Figure 4.3 shows a scheme of the 
recirculation loop and a photograph of the autoclave with four reference 
electrodes, used for electrochemical measurements. Experimental facilities 
include three independent loops suitable for the performance of stress cor-
rosion cracking (SCC) tests. The autoclave, used for electrochemical meas-
urements, is located in an independent by-pass close to any of the autoclaves 
for SCC testing.

The experimental facilities are made up of a water-treatment system and 
a high pressure–high temperature loop. The fi nal product of the water-
 conditioning system is high purity water with 0.056 µS cm−1 conductivity. 
Deionized water is deaerated by vigorous purging with argon gas, through 
a series of three connected tanks. The make-up tanks are fi lled with test 
solutions, with the different impurities, bubbled and pressurized with hydro-
gen or oxygen in order to produce the required concentrations. Dissolved 
gas concentration and conductivity are automatically and continuously 

Rulon

Silver
wire

AgCl
electrodeposited

Autoclave lid

Stainless
steel body

Fig. 4.2 Ag/AgCl reference electrode.



 High temperature reference electrodes 89

measured. Solutions are recirculated from the make-up tanks, through the 
autoclave, and returned to the make-up tanks. The make-up tanks and drain 
solutions are sampled and analyzed at each start-up, periodically during 
testing and at the end of the test.

The recirculation loop used in this experimental work includes two 
 autoclaves. One autoclave is coupled with a mechanical system to perform 
CERT on six specimens. Another one-litre stainless steel autoclave is 
located close to the fi rst autoclave. Four different reference electrodes can 
be fi tted and tested simultaneously in this autoclave.

Laboratory studies have been carried out with two baseline BWR envi-
ronments: normal water chemistry (NWC) with 200 ppb of dissolved oxygen; 
and hydrogen water chemistry (HWC) with 125 ppb H2  +  20 ppb O2. Differ-
ent types of impurities and concentrations were added in order to evaluate 
the effect on the corrosion tests and the ECP measurements. Chemical 
additives used in this study included Na2SO4, ClNa and CuCl2. Usually, only 
one anion was added in each test with different concentrations from 20 ppb 
up to 100 ppb. The addition of these impurities, within the ppb range, did 
not change the solution pH and the variation of water conductivity was 
found to be no more than 1 µS cm−1.

The behaviour of reference electrodes was checked by means of elec-
trode potential and corrosion potential measurements. Electrode potentials 
were verifi ed easily under HWC, using a platinum electrode. Such measure-
ments were used to assess the viability and behaviour of the sensors, 
 comparing theoretical and experimental values. Corrosion potential 

Feedwater
treatment

Make-up
tank

Recirculating pump

ECP
measurements 

CERT Tests
Tensile machine and autoclave 

Fig. 4.3 Boiling water reactor experimental facilities (CERT  =  constant 
extension rate tests; ECP  =  electrochemical corrosion potential).
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 measurements were carried out for different materials: austenitic stainless 
steels, type AISI 304 and 316NG, and nickel-based alloys. Comparisons 
between the corrosion potentials, obtained with the different electrodes, 
were made in order to study the reliability and to confi rm the effect of 
impurities.

Results

Measurements of corrosion potential were equal and reproducible. Results 
obtained with these measurements were consistent with those reported in 
the literature data. The corrosion potential showed a clear dependence on 
the dissolved oxygen concentration. The changes observed in corrosion 
potential due to the presence of impurities were small and in practice 
sometimes negligible due to the small conductivity changes [5]. Here, only 
the most representative measurements are included. The potential meas-
urements were converted to the SHE scale, using the theoretical values 
calculated for each electrode, and these values are shown in the following 
fi gures.

Figure 4.4 shows the corrosion potential measurements of Inconel 600 
and AISI 316NG SS, under NWC with 20 ppb Cu2+, measured against two 
different reference electrodes. The reference electrodes used were the inter-
nal Ag/AgCl electrode and YSZ electrode, with Cu/Cu2O mixture. An 
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increase of corrosion potential, probably owing to oxide fi lm formation, was 
observed in the fi rst days when the electrode surface was fresh. Corrosion 
potential measurements of each material were quite similar, independent 
of the reference electrode used. In addition, the Ag/AgCl electrode poten-
tial measured against the YSZ (Cu) electrode was close to the theoretical 
value.

The corrosion potential of AISI 304 SS, measured against three different 
reference electrodes (Pt, YSZ and Ag/AgCl), under HWC environment plus 
100 ppb SO4

2−, can be observed in Fig. 4.5. During the fi rst days, the corro-
sion potential decreased until the desired gas concentration was achieved. 
The same value of corrosion potential was obtained with YSZ (Cu) and Pt 
electrodes. The use of dissolved hydrogen allows the use of the Pt electrode 
as a hydrogen reference electrode. This electrode presents very good behav-
iour and reproducibility with this environment and is a good reference in 
order to compare the behaviour of the other electrodes. YSZ electrode 
potential measured against Pt electrode showed a good response and was 
close to the theoretical value. In addition, the electrode potential remained 
constant when the hydrogen concentration was increased.

However, Ag/AgCl electrode potential was clearly lower than the theo-
retical value (130 mVshe). An electrode potential decrease and a corrosion 
potential increase can be observed during the course of the entire test with 
dissolved hydrogen when the potentials measured against this electrode are 
compared with other electrodes. This effect was higher when hydrogen 
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concentration was increased (Fig. 4.5). The decrease in the electrode poten-
tial produced a shift in the corrosion potential measurements against this 
electrode. The electrode potential behaviour is caused by a secondary reac-
tion due to moderate concentrations of hydrogen diffusing through the 
Rulon wall [6].

From all tests performed under BWR operating conditions, the following 
results were obtained for each electrode:

1 The platinum electrode showed a reversible behaviour in chemistry with 
hydrogen addition (HWC). However, some failures have been detected 
with high levels of oxygen or with the presence of electroactive species. 
This is the case of copper ions that can be reduced easily over the plati-
num surface with dissolved hydrogen.

2 The Ag/AgCl internal electrode showed some problems concerning the 
accuracy of electrode potential when dissolved hydrogen was used, as 
mentioned above. In addition, special care must be taken with the design 
in order to avoid an additional potential drop due to isothermal liquid 
junction potential. The design of Ag/AgCl external electrodes enables 
measurement of this potential with an electrode potential calibration at 
room temperature. Most of the internal Ag/AgCl electrodes use dem-
ineralized water inside, and the electrode potential is a function of the 
silver chloride solubility with temperature. The electrode potential could 
be infl uenced by the liquid junction potential and it is not possible to 
calibrate it.

3 The YSZ electrode has shown a reversible behaviour, good stability and 
reproducibility. The best characteristic of this electrode is its easy and 
reproducible construction. With regard to the chemical and thermody-
namic viability of this electrode, the thermodynamics of the YSZ mem-
brane have been extensively studied by different authors [7, 8]. The 
behaviour of the Cu/Cu2O mixture was checked using electron spectros-
copy for chemical analyses (ESCA). The mixture was analyzed, before 
and after the electrode use, and in no case was Cu(II) found, indicating 
a rever sible behaviour.

4.2.2 Tests under pressurized water reactor 

operating conditions

The tests performed under simulated PWR operating conditions at 
CIEMAT are enclosed in the round robin tests of the LIRES project. The 
objective of the LIRES project is to develop a reliable and robust high 
temperature reference electrode for in-core electrochemical measurements 
in light water reactors (LWR). Four different high temperature reference 
electrodes have been developed and the proper working of these electrodes 
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has been studied in a round robin test. Special attention is paid to the design 
and the testing of the proper working of the reference electrodes under 
PWR requirements and irradiation conditions.

High temperature reference electrodes

The validity of three electrodes, which have been developed under the 
LIRES project, has been evaluated in accordance with the test procedure of 
the round robin. Reference electrodes have been described in detail 
in previous reports [9, 10] and in other chapters in this volume. The fol-
lowing high temperature reference electrodes were tested at CIEMAT 
laboratories:

YSZ electrode with a Ni/NiO mixture

This electrode consists of an yttria-stabilized zirconia ceramic tube, fi lled 
with an internal junction of nickel and nickel oxide (Ni/NiO) solid mixture. 
The electrochemical behaviour is similar to the electrode mentioned above 
with a powder mixture of Cu/Cu2O. The advantage of this electrode is the 
innovative metal–ceramic sealing by magnetic compression which allows the 
electrode to be used at higher temperatures. The YSZ electrode has been 
developed by SCK·CEN under work-package 2.1 of the LIRES project [11].

Palladium hydride electrode

A simplifi ed design version of the palladium hydride electrode was used in 
the round robin tests of the LIRES project. The electrode consists of two 
small wires of palladium and platinum welded to two long wires of stainless 
steel covered with heat-shrinkable Tefl on. This Tefl on tube provides an 
electrical insulation although its use limits the maximum temperature to 
around 300ºC. The palladium electrode has been developed by VTT under 
work-package 2.4 of the LIRES project [12].

The palladium electrode is polarized cathodically against the platinum 
electrode. Therefore, a constant current (50 µA) is applied which produces 
a constant hydrogen concentration at the palladium electrode surface and 
it can act as a hydrogen reference electrode. The electrode potential is a 
function of the pH and hydrogen concentration, so it can be used as a 
reference electrode when both parameters are constant.

External Ag/AgCl electrode

The external Ag/AgCl electrode consists of a silver wire with a silver 
chloride layer deposited. This redox couple was connected to the test 
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solution by means of a salt bridge made of a sapphire tube with an asbestos 
wick fi lled with distilled water. Sapphire tubes were used as materials for 
the high temperature parts because of the stability and lifetime in boric 
acid. The electrode potential depends on the Cl− concentration reached by 
the maximum solubility of AgCl. It is necessary to measure the electrode 
potential at room temperature and a correction due to thermal liquid 
junction potential is required. The Ag/AgCl electrode has been developed 
by NRI under work-package 2.2 of the LIRES project [13].

Platinum electrode

This electrode consists of a small wire of platinum point-welded to a 
zirconium wire. This combination is oxidized in an oven at 500ºC. This 
thermal treatment produces a layer of zirconium oxide which isolates the 
conducting zirconium wire. This procedure allows the use of this electrode 
at higher temperatures than electrodes isolated with Tefl on.

In addition, a commercial Ag/AgCl electrode has been introduced in 
order to have another reference which is not affected by the hydrogen or 
oxygen concentration. This electrode is an external Ag/AgCl electrode with 
a salt bridge comprising a Tefl on tube fi lled with asbestos. The working is 
similar to that of the LIRES external Ag/AgCl electrode but the use of the 
Tefl on tube limits the maximum temperature range to around 300ºC.

Experimental procedure

The experimental procedure includes tests at room and high temperatures 
in order to characterize not only the reference electrodes but also the 
measurement system. However, the most relevant results are related to the 
study of the electrodes’ behaviour during the functional testing with differ-
ent high temperatures, the effect of an oxygen trip and the lifetime testing. 
On the functional testing, the accuracy and reliability of these electrodes 
have been studied by means of electrode potential measurements under 
typical PWR conditions.

Functional testing at high temperature consists of the measurements of 
electrode potential against ground (autoclave body) and with the Pt elec-
trode used as reference electrode. The potential measurements were carried 
out using a Keithley multimeter model 2700 with a data acquisition system. 
This system provides different channels of multiplexed measurement. 
During the test, several parameters are recorded using a personal computer, 
such as temperature, electrode potentials, dissolved gas concentration and 
conductivity.

High temperature tests were performed in high temperature–high pres-
sure facilities, suitable for simulating PWR conditions. PWR facilities consist 
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of a refreshed autoclave feed by independent high temperature–high pres-
sure loop (Fig. 4.6).

The water-conditioning system has a prefi ltration by a carbon fi lter and 
a reverse osmosis system followed by deionization (model Milli-RX system). 
The ultrapure water quality is obtained by the Milli-Q 185 Plus system, 
in which the water is exposed to ultraviolet light and a water purifi cation 
pack (Q-PAK). The fi nal product is high purity water with 0.056 µS cm−1 
conductivity.

Deionized water is deaerated by vigorous purging with argon gas, through 
a series of three connected tanks. Solutions containing boric acid and lithium 
hydroxide are deaerated by purging with argon and added to the pure 
water. Test solutions are analyzed to ensure the desired range. The make-up 
tanks are fi lled with test solutions, bubbled and pressurized with hydrogen 
or oxygen in order to produce the required level. Dissolved gas concentra-
tion and conductivity are automatically and continuously measured. Solu-
tions are recirculated from the make-up tanks, through the autoclave, and 
returned to the make-up tanks.

The autoclave is made of AISI-316 with a capacity of 8 l. Reference elec-
trodes were introduced by four holes in the autoclave cover. Figure 4.6 
shows the autoclave with the LIRES reference electrodes. Inside the auto-
clave the active tips of the reference electrodes were located as close as 
possible, ensuring that no electrical contact could be produced between 
them.

All the tests were performed with a solution of 1200 ppm of boric acid 
and 2 ppm of lithium hydroxide. The dissolved gas concentration used was 

Fig. 4.6 Pressurized water reactor experimental facilities.
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2 ppm of hydrogen, except for the oxygen trip test with 300 ppb of dissolved 
oxygen.

Results

As mentioned above, the functional testing included higher temperatures 
than 300ºC, lifetime testing and oxygen trip. Here, only the results of two 
of them are shown in order to assess the behaviour of each reference elec-
trode. The most important changes in the response of reference electrodes 
have been observed depending on the dissolved gas used. This effect is 
shown in the tests with hydrogen and the oxygen trip, both at 300ºC.

Test at 300ºC with dissolved hydrogen

Figure 4.7 shows the electrode potential measurements, obtained at 300ºC, 
in water with 1200 ppm of boric acid and 2 ppm of lithium hydroxide and 
2 ppm of dissolved hydrogen. The electrode potential of the Ag/AgCl elec-
trode showed a high level of noise at the beginning of the test, probably 
due to the presence of small bubbles inside the sapphire tube. After 20 h of 
testing, the scatter decreased because the bubbles were reduced by the 
effect of pressure and temperature. This is a typical behaviour of Ag/AgCl 
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electrodes if bubble size is very small and the conductivity through the tube 
is not interrupted.

The YSZ and palladium electrode responses are clearly observed in 
Fig. 4.8 using different potential scale drawing. Regarding the YSZ elec-
trode, when the electrode potential was stabilized, after around 20 h, the 
electrode working was correct with a potential value close to the theoretical 
value (−730 mVshe).

During the test, the polarization of the palladium electrode was changed 
from 10 to 50 µA in order to study the behaviour of the electrode. When 
the applied current is at the highest value, the potential is close to the theo-
retical value (−744 mVshe) and it indicates that the electrode is working 
correctly as a hydrogen reference electrode.

At the end of the test, the resistance measurement of the YSZ electrode 
showed a decrease at high temperature, in spite of the proper working of 
the electrode. At room temperature, the resistance of the YSZ electrode 
remained lower than the value before the test. A careful examination of 
electrodes was performed, when the running was fi nished, and no damage 
to isolated electrical wires or the ceramic membrane was detected.

Examination of the Ag/AgCl electrode revealed a large number of big 
bubbles inside the sapphire tube that could interrupt the conductivity 
through the tube. Bubbles were carefully removed and a new asbestos wick 
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was used. After this procedure, the electrode potential was again compared 
with SHE at room temperature and a small decrease was observed (338 
instead of 420 mVshe). However, this difference did not affect the correct 
behaviour of the reference electrode at high temperature in the following 
tests.

Test at 300ºC with 300 ppb of dissolved oxygen

The test was performed using oxidizing conditions (300 ppb of dissolved 
oxygen) followed by reducing ones (2 ppm of dissolved hydrogen). It has 
been considered that the desired gas concentration is achieved correctly 
when the difference between the inlet and outlet gas concentrations is less 
than 25% of the inlet concentration. Previously to the test, a precondition-
ing of the recirculation loop was carried out in order to begin the test with 
the desired oxidizing conditions when the consumption of the oxygen into 
the loop was stabilized.

The water chemistry and temperature are shown in Fig. 4.9. During the 
course of 143 h, the inlet oxygen concentration of 300 ppb was maintained. 
Measurement of oxygen level at the outlet water showed that only a small 
amount of oxygen was consumed and the concentration was higher than 
250 ppb O2. Prior to the change to reducing conditions, an intermediate step 
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with argon gas was performed in order to eliminate all the dissolved oxygen 
(26 h). Finally, dissolved hydrogen was introduced for 129 h.

The potential measurements are plotted in Fig 4.10, using as reference 
the Ag/AgCl electrode developed under the LIRES project. All of the 
potentials showed the same decrease at the middle of the test due to a short 
malfunctioning of this reference electrode. The other Ag/AgCl reference 
electrode presented a constant electrode potential in spite of the gas added. 
However, this value was lower than the theoretical one and a large scatter 
can be observed. This behaviour is due to a large number of bubbles inside 
the Tefl on tube, as confi rmed at the end of the test.

The potential of the YSZ electrode was quite stable and close to its theo-
retical value. Electrode potential has not been infl uenced by the changes in 
the gas concentrations. This electrode presented good behaviour as a refer-
ence electrode with the electrode potential independent of the environment 
when the pH was maintained at the same value.

Reference electrodes of noble metal, both palladium and platinum elec-
trodes, were strongly infl uenced by the presence of dissolved gas, as expected. 
The platinum electrode presented a stable potential with oxidizing condi-
tions and this value changed with reducing conditions. However, this elec-
trode had not achieved the reversible behaviour of the hydrogen reference 
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electrode because the electrode potential value was quite different from 
the theoretical one. On the contrary, the potential of the palladium elec-
trode at the end of the test was close to the theoretical value, indicating 
its correct working as a hydrogen reference electrode. The superior response 
of the palladium electrode could be due to the effect of electrode 
polarization.

From all of the tests performed under PWR operating conditions, the fol-
lowing results were obtained for each electrode:

External Ag/AgCl electrode

Most of the electrode potential measurements were stable and reliable. 
Only at the beginning of the tests was a large scatter observed due to the 
presence of small bubbles inside the sapphire tube. When the size of the 
bubbles is small, the good behaviour of the electrode is recovered at high 
pressure and temperature. However, when the temperature is decreased, 
these bubbles can grow and the conductivity through the tube can be inter-
rupted, damaging the reference electrode.

The main characteristic of the electrode design is the use of a sapphire 
tube as a salt bridge. The advantages of the design with sapphire are that it 
facilitates the removal of bubbles and it allows use of the electrode at tem-
peratures higher than 300ºC, due to the absence of Tefl on. However, the 
fragility of the sapphire tube imposes limitations on its use. Nevertheless, 
the easy handling of the electrode makes it ideal to employ in laboratory 
measurements.

Palladium hydride electrode

The palladium electrode worked correctly as a hydrogen reference elec-
trode when it was tested under reducing conditions. The electrode did not 
work properly in water with dissolved oxygen in spite of the polarization 
procedure. However, it seems that polarization improved its behaviour with 
respect to the platinum electrode without any polarization.

The palladium electrode used in the round robin test is a simple version 
of the design with two wires of palladium and platinum with heat- shrinkable 
Tefl on. The electrode examination revealed that the Tefl on was damaged at 
the end of the tests at temperatures higher than 300ºC.

YSZ electrode

The results showed that in most cases electrode potentials were stable and 
close to the theoretical values, giving reliable data. Measurements of the 
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electrode resistance were somewhat low, but surprisingly these low values 
did not seem to affect the electrode response. Only at the end of the tests 
could a small deviation of the theoretical electrode potential value indicate 
a small deterioration of the electrode. This behaviour is probably due to the 
extensive employment of this electrode, which has been used for 3300 h and 
has suffered from several thermal cycles. This design, especially the innova-
tive metal ceramic connection, showed a mechanical stability without any 
problems detected in the two different electrodes used.

4.3 Conclusions

A comparative analysis of the electrode behaviour differences, based on 
CIEMAT experience, has been carried out taking into account the chem-
istry of the environment, the temperature, the materials used and the 
design.

Regarding the design, the high temperature reference electrodes could 
be categorized in three main types:

1 Ag/AgCl electrodes: The fi rst advantage of this kind of electrode is that 
the electrode potential is only a function of the chloride activity. This 
reference electrode is not infl uenced theoretically by the environment 
tested, like pH or gas concentration. Therefore this is the only high 
temperature reference electrode that should be used on tests where a 
change in the pH of the solution can be expected.

These electrodes can be divided into two classes: internal or external. 
The advantage of the internal reference electrodes is that the electroac-
tive element is maintained at the same pressure and temperature as the 
system, avoiding thermal liquid junction potential. The disadvantage of 
this electrode is that sometimes it can suffer AgCl reduction by the dif-
fusion of dissolved hydrogen through the electrode walls and also 
thermal decomposition. This effect produces a shift of the electrode 
potential and higher corrosion potential measurements.

The use of a salt bridge on the external electrodes produced a thermal 
liquid junction potential across the electrolyte bridge, although its accu-
racy is enough for the corrosion studies. On the contrary, this design 
avoids contamination of the electroactive sensor. The main disadvan-
tage of this type of sensor is that there are some problems associated 
with the presence of bubbles inside the salt bridge. As demonstrated 
previously, sometimes when the bubbles were small and the conductivity 
was not totally interrupted, the proper working of the electrode was 
recovered and the scatter decreased. Special attention must be placed 
on the effect of the formation of bubbles when several thermal cycles 
are used. Another design includes a valve that relieves gas bubbles, 
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thus avoiding the problem, although it limits the use to laboratory 
 measurements [14].

2 Noble metal electrodes: Several types of noble metal electrodes are 
available. The simplest is the platinum electrode which presents a high 
reproducibility as a hydrogen reference electrode. However, this refer-
ence electrode is strongly infl uenced by the presence of oxidizers, espe-
cially small concentrations of dissolved oxygen or species that could be 
easily reduced over its surface, such as copper ions. As mentioned above, 
the palladium hydride electrode seems to present a better response due 
to the polarization of the electrode.

3 YSZ electrodes: YSZ electrodes have shown good behaviour independ-
ent of the powder mixture of metal/metal oxide used. The only require-
ment is that the stoichiometric of the internal couple is well defi ned. The 
main advantages are that a calibration electrode is not necessary and 
the ceramic membrane prevents the contamination with other species 
in the environment. However, its use is limited to measurements where 
pH is constant and known.

Taking into account the limitations on the use of the reference electrodes 
mentioned above, the choice of the better high temperature reference elec-
trode can depend on different aspects of the measurement as follows:

1 Location of measurements: The most important requirement of the 
reference electrode can be different if the measurements are to be per-
formed in the laboratory or in-core measurements in LWRs. In the fi rst 
case, a reference electrode with easy assembly and operation is enough, 
as in Ag/AgCl electrodes. However, for in-core measurements the refer-
ence electrode must have a robust design and the system integrity must 
be assured for a long time under high temperature, high pressure and 
high irradiation conditions.

2 Operating temperature: The main effect of the temperature is based on 
the materials used in the electrode design. When operating temperature 
is maintained around 300ºC (as under BWR-simulated conditions), the 
design of high temperature reference electrodes is facilitated by the use 
of plastic materials such as Tefl on or Rulon. These materials allow the 
electrical isolation and the seal with an easy and simple design.

The measurements under PWR conditions with higher temperatures 
make it necessary to improve the design. These high temperatures are 
just over the range of use of plastic materials and it is only possible to 
use metallic or ceramic materials. These kinds of materials may further 
complicate the electrode design. Thus there is much interest in the inno-
vative metal ceramic connection of the YSZ electrode developed under 
the LIRES project which shows very good mechanical stability.
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3 Chemical environment: Regarding the chemical environment, several 
aspects must be considered: dissolved gas concentration, pH and other 
electroactive species. For example, the presence of other electroactive 
species dissolved in the environment limited the choice of the reference 
electrode to YSZ or external Ag/AgCl electrodes. Only the design of 
these two electrodes avoids the electrochemical sensor being contami-
nated by other redox reactions.

The use of noble metal electrodes as reference electrodes is obviously 
limited to the presence of dissolved hydrogen. Thus they can be used 
with a very good response in a PWR environment with hydrogen. But 
also, one of the most important applications can be the control of HWC 
because it is very sensitive to the presence of small amounts of oxidizing 
conditions. However, when it is important that the changing of dissolved 
gas concentration does not affect the electrode potential, the best behav-
iour has been obtained with the YSZ electrode.

The pH of the environment affects the electrode potential of both 
noble metal and YSZ electrodes. So, if the pH is changed during the 
measurement, only the Ag/AgCl electrode can be used. However, if the 
pH remains constant (as for example in BWR conditions), it is possible 
to use any of the reference electrodes. Measurements with several refer-
ence electrodes at the same time allow using one of them as a pH 
sensor.
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The infl uence of corrosion potential on stress 

corrosion cracking of stainless steels 

in pressurized water reactor primary 

coolant environment
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5.1 Introduction

Due to ageing of the nuclear power plants, stainless steel core components 

are subjected to increasing radiation doses. This exposure enhances their 

susceptibility to a special type of stress corrosion cracking (SCC), known 

as irradiation-assisted SCC (IASCC), which is infl uenced by high tempera-

ture water environment, mechanical stresses and the presence of irradia-

tion. One way to assess IASCC is to measure the corrosion potential, which 

estimates whether it is likely that IASCC occurs (high value of potential) 

or not (low value).

The main task of this research project is to try to fi nd a direct link 

between the value of the corrosion potential and SCC present in stainless 

steels exposed to pressurized water reactor (PWR) conditions. Different 

values of the corrosion potential have been achieved by changing the water 

chemistry environment by adding oxygen or nitrogen into the autoclave.

5.2 Experiment

All tests were performed with AISI304. The chemical composition is shown 

in Table 5.1, together with the mechanical properties tested at 288ºC in an 

inert atmosphere. The steel was cold rolled by 35%.

Two sets of samples were prepared for the experiment. For the electro-

chemical measurements and analyses of oxide layers, fl at samples 

10  ×  10  ×  3 mm were prepared. For evaluation of mechanical behavior, 

standard slow strain rate tests were used.

All samples were exposed in the autoclave to simulated PWR primary 

circuit conditions (1000 ppm B, 2 ppm Li, 27 ppm H2, temperature 300ºC, 
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pressure 140 bar). There were basically three variations of the environmen-
tal conditions; the fi rst is the above-mentioned standard PWR, identifi ed as 
hydrogen in the following text. The second type of environment consisted 
of standard PWR conditions with 400 ppb of oxygen injected into the auto-
clave; this condition is identifi ed as oxygen in the following text. The last is 
similar to oxygen except that the injected gas was nitrogen; this is identifi ed 
as the nitrogen condition. The exposure of all tests was approximately 10 
days.

5.2.1 Flat samples

A stainless steel wire was spot-welded to each of the fl at samples. This wire 
was then covered with PTFE tube in order to isolate it from the autoclave 
environment. Previous experiments showed that if the temperature does 
not exceed 300ºC, this protection is suffi cient.

The complete procedure of preparation of the sample surface consisted 
of several steps: fi rst, both sides of all fl at samples were ground on the silicon 
carbide papers in sequence 320–600–1200. In order to reveal the true micro-
structure of the metal on the sample surface and to remove all artifacts 
produced by mechanical grinding (disturbed metal, mechanical twins and 
scratches), one side of each sample was electropolished. The method 
described in ASTM E1558-93 was used. Several solutions and parameters 
of electropolishing were tested and each time the effect on the surface was 
observed under a light microscope. It appears that higher contents of H2SO4 
may create intergranular attack on the sample surface; therefore it was 
decided to use in addition phosphoric acid. The composition of the solution 
used for polishing is shown in Table 5.2.

Table 5.1 Chemical composition (weight %) and mechanical properties of 
tested material

C Cr Ni Mn Mo Si S

0.04 18.2 8.7 1.22 0.53 0.33 <0.001
YS288  =  650 MPa TS288  =  650 MPa HV  =  290

Table 5.2 Solution for electrochemical etching

Water 330  ml
Phosphoric acid (85%) 550  ml
Sulfuric acid 120  ml
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The test standard proposes current densities of 0.05 A cm−2 during a 
period of 1 min. No information is given about the potential, which should 
be applied. With respect to the surface of the sample, the current was cal-
culated to be approximately 100 mA, resulting in a potential of about 1.8 V. 
The polishing time of 1 min proved to be too long and after several tests it 
was established that the ideal time for polishing is approximately 30 s. No 
fi lm formation is assumed to take place due to the low pH. The surface 
bears no traces of corrosion attack and is considerably smoother compared 
to grinding. All samples were fi nally cleaned in the ultrasonic bath in acetone 
and ethanol.

X-ray photoelectron spectroscopy (XPS) measurements were performed 
on a PHI 1600 photoelectron spectrometer equipped with an Omni Focus 
Lens III using a standard Al Kα X-ray source (15 kV, 350 W) and the hemi-
spheric electron energy analyzer with maximum resolution 0.8 eV. The ana-
lyzed area had a diameter of 0.8 mm. Spectra were obtained at a take-off 
angle of 45º relative to the sample surface. In order to obtain depth profi les, 
the oxide layer was gradually removed by ion sputtering. The surface sput-
tering was performed using 4.0 kV argon ions, with an ion beam current of 
20 mA, Ar gas pressure of 6  ×  10−5 Torr and an ion gun beam spot of 
3  ×  3 mm2.

The depth profi le is obtained by measurements that are followed by sput-
tering for the given period of time. This process is repeated until the oxide 
content is close to zero. The thickness of the layer can be estimated with 
reasonable precision by the total length of the sputtering. From the 
 sputtering of a standard sample with oxide layer of known thickness it is 
possible to establish the correlation between length of the sputtering and 
thickness. For the parameters used the sputtering rate is approximately 
3 nm min−1. The oxide layer–bulk material interface is not calculated from 
the point where the oxide content reaches zero. Due to the diffusion and 
effects connected with ion sputtering, the boundary of the oxide layer is 
considered at the point where the concentration curves of Fe and O inter-
sect in the graph.

All electrochemical measurements were performed with a Gamry 
 potentiostat and converted to the standard hydrogen electrode (SHE) 
scale. As a reference electrode, an external pressure-balanced Ag/AgCl 
reference electrode (EPBRE) was used [1]. For comparison, part of the 
measurement was performed with respect to a newly developed yttrium-
stabilized zirconium reference electrode (YSZRE). An artifi cial potential 
was applied using a Wenking TG97 potentiostat. Potentiodynamic scans 
were performed in the interval from −0.5 V vs EOC to +2 V vs EOC at a scan 
rate of 600 mV h−1 (EOC: open circuit potential). Since only qualitative fea-
tures of the polarization curves were of interest, no potential drop compen-
sation has been made.
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5.2.2. Slow strain rate test samples

Standard specimens for slow strain rate tests (SSRTs) were manufactured 
with gage diameter 2.5 mm and gage length 10 mm. Two wires for electro-
chemical measurements were spot-welded in the area between the end of 
the gage and the thread on both sides of the sample. The samples were 
insulated from the loading system by means of ZrO-coated fi ttings. Second-
ary protection against radial contact was realized by a PTFE band.

All the tests were performed with a strain rate of 5 × 10−7 s−1. After the 
tests the fracture surfaces were analyzed by means of scanning electron 
micro scopy (SEM) and the main mechanical values were calculated.

5.3 Results

5.3.1 Electrochemical measurements

Results from the electrochemical measurement of the open circuit potential 
are shown in Fig. 5.1. One curve represents measurements against the 
EPBRE, the other against the YSZRE. A total of six different samples were 
measured, two for each condition. The initial and fi nal parts of the curves 
were omitted, as they are affected by the electrochemical noise created 
during start-up and cool-down of the autoclave.
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Fig. 5.1 Open potential measurements against external pressure-
balanced Ag/AgCl reference electrode (EPBRE) and yttrium-stabilized 
zirconium reference electrode (YSZRE). SHE, standard hydrogen 
electrode.
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It is clear that the measurements performed against the EPBRE are more 
stable than against the YSZRE, with one exception being the small fl uctua-
tion in the middle part of the hydrogen test. Also the average values of the 
EOC are in good correlation with expectations, the highest potential meas-
ured for oxygen conditions, lower potential for nitrogen and the lowest for 
standard PWR conditions, around −800 mV vs SHE.

On the other hand the measurement results performed against YSZRE 
were not so stable. In particular there was no difference between the values 
of the open circuit potential for oxygen and nitrogen conditions. Measure-
ments for standard PWR water chemistry – hydrogen – proved to be stable 
and very close to the EPBRE results.

Potentiodynamic measurements were performed to detect activation/
passivation characteristics of the surface layer in different environments. 
The results are shown in Fig. 5.2. All measurements were performed after 
approximately 8 days of exposure in the different environments. All meas-
urements were carried out against the EPBRE and converted afterwards 
to the SHE scale.

The results follow the pattern found in previous tests, i.e., the potential 
of active–passive transition for hydrogen is the lowest (about −0.8 V SHE), 
with those for nitrogen and oxygen higher and close to each other. The EOC 
values obtained from the polarization curves are different from the EOC 
values measured statically. This is due to the fact that the cathodic part of 
the scan infl uences the electrode surface and so the EOC value.

The position of the polarization curves taken under three different condi-
tions (oxygen, nitrogen and hydrogen) can be related to the statically 
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 measured corrosion potentials. The polarization curve under oxygen is situ-
ated in the most anodic region followed by the curve under nitrogen. The 
polarization curve taken under hydrogen conditions lies in the most cathodic 
region. The corrosion potentials taken from the polarization curves are not 
exactly similar to their potentiostatically measured counterparts, as they are 
infl uenced by the cathodic part of the polarization curve. The three polariza-
tion curves all show similar behavior. Each curve has an active–passive 
transition and at more anodic potentials a transpassive region.

We know, however, from the results from SEM and XPS and from ther-
modynamics [2] that the stainless steel samples are all covered by an oxide 
layer. The existence of an active region in the given potential range is there-
fore not very likely. We assume that this typical ‘active-to-passive’ behavior 
is related to some fi lm formation or modifi cation that changes the polarizing 
capability of the stainless steel sample.

5.3.2 X-ray photoelectron spectroscopy

Unfortunately XPS is not able to distinguish between different oxides of 
Fe (magnetite, hematite) and also cannot detect the presence of composed 
oxides (Cr, Fe)2O4 and others. However, XPS can still answer the questions 
concerning the thickness of the oxide layer, concentration profi le of the 
main elements and their oxidation state.

Depth profi le results for the sample exposed to oxygen conditions 
are shown in Fig. 5.3. The elements analyzed were C, O, Cr, Fe and Ni. 
The concentration curves of Fe and O intersect after 64 min of sputtering; 
therefore the total thickness of the layer may be estimated at around 
190 nm.

Carbon is present only in the fi rst atomic layer, after the fi rst sputtering 
its concentration drops sharply. Its presence is due to surface contamination 
and is not shown on the graph. The Ni content is unchanged through the 
whole thickness of the layer. Detailed analysis of XPS data shows that only 
the fi rst atomic levels contain Ni in oxidized state, deeper in the layer Ni is 
only present in the metallic state. It corresponds with other experimental 
data [3] and is due to the fact that even for this environment the oxidation 
potential is not high enough to fully oxidize noble components of the alloy 
like Ni and possibly also Co.

At the outer surface layers Fe is fully oxidized; after 40 min of sputtering 
(approximately 120 nm, i.e., two-thirds of the layer thickness) Fe starts to 
appear in metallic form. The content of Cr is rather stable throughout the 
layer; Cr at the outer layer is fully oxidized and starts to appear in metallic 
form only after about 180 nm, very close to the layer–bulk interface. It cor-
responds to the fact that the diffusion rate for Cr in oxides is lower than 
that for Fe.
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Depth profi le results for the sample exposed to hydrogen conditions are 
shown in Fig. 5.4. The elements analyzed were C, O, Cr, Fe and Ni. The 
concentration curves of Fe and O intersect after 50 min of sputtering; so 
approximate total thickness may be estimated at around 150 nm. This is 
roughly three-quarters of the thickness of the layer created during oxide 
conditions, which corresponds to the fact that the oxidation potential for 
the hydrogen conditions is lower.

Apart from the difference in thickness of the layer, composition proper-
ties are very similar to the sample tested in oxygen. Carbon is only present 
as surface contamination. Except for the outer surface, Ni is present in 
metallic form throughout the layer. Both Fe and Cr are fully oxidized at 
the outer surface layers. Fe starts to appear in metallic form after removing 
approximately 60 nm of layer; Cr is partially metallic 120 nm deep in the 
layer.

As for the exact composition of the oxide layer and mechanism of cor-
rosion, Robertson [4] shows that corrosion of stainless steels in high tem-
perature water is controlled by diffusion of metal ions across the oxide 
layer. The layer is duplex with the inner part created by oxidation of the 
metal surface and the outer layer created by the metal ion diffusion along 
the grain boundaries. Only the inner layer determines corrosion rate. The 
outer layer is composed mostly of Fe3O4; the inner layer is composed of 
metallic Fe, Cr and (Fe, Cr)3O4 [5–7].

The oxide is spinel rather than Cr2O3-based fi lm, because the nonselective 
corrosion of alloy takes place during high temperature water corrosion. 
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Chromia fi lm does not have suffi cient time to spread after nucleation in the 
case of stainless steel water corrosion. The rate of nucleation falls rapidly. 
The model shows that with temperatures around 200–350ºC it would take 
about 107 years to create a compact layer.

5.3.3 Slow strain rate tests

The results from SSRTs are shown in Table 5.3. Stress–strain curves are 
shown in Fig. 5.5.

The sample tested in oxygenated water (see Fig. 5.6) shows completely 
ductile behavior. There is no trace of transgranular SCC facets on the frac-
ture surface; only dimples of ductile fracture are present. Uniaxial dimples 
of shear ductile fracture are found on the edges of the fracture surface. The 
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Fig. 5.4 Depth profi le of the sample exposed to hydrogen conditions.

Table 5.3 Summary of results from slow strain rate tests

 Yield strength Tensile Total Reduction
 (MPa) strength elongation of area
  (MPa) (%) (%)

Oxygen 621.4 640.2 15.0 56
Nitrogen 656.3 692.4 14.0 45
Hydrogen 663.1 684.7 14.0 34
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plane of the fracture surface is almost perpendicular to the main axis of the 
sample. Also the surface of the gage (Fig. 5.7) bears no traces of brittle 
fracture. A high degree of ductility is also documented in the value of the 
reduction of area, which is more than 50%. On the other hand samples 
tested in both nitrogen and hydrogen exhibit the presence of SCC facets.
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Fig. 5.5 Slow strain rate test diagrams.

Fig. 5.6 Sample tested in oxygen conditions, general view.
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Almost the entire circumference of the sample tested in nitrogen shows 
traces of SCC cracks (Fig. 5.8). Locally the facets reach up to 100 µm deep. 
The fracture surface is inclined to the main axis of the sample. From Fig. 
5.9 it can be seen that the gage surface up to a distance of approximately 
1 mm from the fracture is also affected by SCC.

The ductility of the sample is reduced compared to the sample tested 
under oxygen. The reduction of area is 10% lower.

Fig. 5.7 Sample tested in oxygen, fracture surface edge and gage 
surface.

Fig. 5.8 Sample tested in nitrogen conditions, general view.
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Figures 5.10 and 5.11 show the fracture of the sample tested in hydrogen. 
It is clear that the fracture surface bears traces of severe SCC transgranular 
cracking, in some cases reaching up to 300 µm deep into the sample. SCC 
facets are localized and interconnected with ductile shear fracture. The 
fracture surface is inclined by 45º to the main axis of the sample. As in the 

Fig. 5.9 Sample tested in nitrogen, surface of the gage.

Fig. 5.10 Sample tested in hydrogen conditions, general view.
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previous sample the gage surface close to the fracture is also affected by 
SCC.

The ductility of the sample is further reduced compared to the samples 
tested both in oxygen and nitrogen. The reduction of area is less than 
35%.

As only one sample per condition was tested, no fi rm conclusions may 
be drawn from the mechanical tests. The results are rather close to each 
other, within 10%, so the differences may be caused by error of measure-
ment. Values of total elongation are very close as well as times to failure, 
which are for all the samples slightly less than 130 h. This is most likely 
caused by the fact that even the strain rate of 5 × 10−7 s−1 is relatively high 
and different environments do not have enough time to infl uence the 
mechanical behavior of the samples. However, by careful comparison of all 
data together with SEM micrographs one can see an increasing tendency 
towards SCC.

For the oxygen conditions there is no SCC at all and the fracture is totally 
ductile, with the value of reduction of area being the highest of all three 
samples. On the other hand the sample tested in pure PWR conditions 
(hydrogen) shows extended SCC facets reaching deep into the specimen. 
The ductility of the sample is the lowest of all three, with the RA (reduction 
in area) value almost half of that in oxygen conditions.

The sample tested in nitrogen is somewhere between, closer to the hydro-
gen conditions, both by appearance of fracture surface and by mechanical 
values.

Fig. 5.11 Sample tested in hydrogen, example of stress corrosion 
cracking facet.
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5.3.4 Cracked round bars

One of the methods for the evaluation of mechanical properties of material 
subjected to different experimental conditions was based on tests per-
formed on cracked round bars (CRBs). A CRB is a metal rod with a notch 
in the middle, from which the crack propagates to the central region.

The theoretical background of the system, the calculation of the fracture 
toughness for different sizes of CRBs and the evaluation of processes 
during pre-cracking, etc., are given elsewhere [8]. Using CRBs has several 
advantages. The manufacturing procedure (including pre-cracking) is well 
known and developed and the testing times are relatively short. On the 
other hand, using CRBs presents some disadvantages, mainly resulting from 
the fact that the crack growth region is rather limited.

An example of the resulting fracture surfaces is shown in Fig. 5.12 and 
5.13 – samples tested in oxygen and hydrogen conditions respectively. The 
outer part of the samples is created with a notch and region of pre-cracking 
in air; the crack growth during the test is exhibited by rather distinctive 
fracture morphology in the central part of the sample; in all cases it is 
transgranular SCC. The sample tested in oxygen shows signifi cantly greater 
crack growth, in some directions up to 400 µm, with severe secondary cracks 
perpendicular to the fracture plane. On the other hand the sample tested 
in hydrogen conditions shows a much smaller amount of cracking, less than 
200 µm.

Unfortunately no reliable data were available from a.c. potential drop 
measurements of the crack growth rate. Even after recalculation of the 

Fig. 5.12 Cracked round bar: sample tested in oxygen.
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possible reference electrode drift, no consistent results could be obtained. 
The only possible way to estimate the crack growth rate was to use time-
to-failure information from the loading diagram (Table 5.4). Crack growth 
values were measured from SEM micrographs on four locations per sample. 
Average crack growth rate was calculated using average crack increment. 
Maximum crack growth rate, representative of the worst-case scenario, was 
calculated from the highest crack increment found on the sample.

The maximum crack growth calculated for the oxygen sample was about 
two times faster than for the hydrogen samples. The crack growth rate for 
the sample tested in nitrogen was lower by an order of magnitude.

No signifi cant change, either in fracture surface morphology or in calcu-
lated crack growth rates, was encountered in samples with applied potential 
compared to basic hydrogen conditions.

Fig. 5.13 Cracked round bar: sample tested in hydrogen.

Table 5.4 Summary of results from cracked round bar tests

 Crack    Average Time Average Maximum

 increment    increment to crack crack

 (µm)    (µm) failure growth growth

      (days) (mm  s−1) (mm  s−1)

 Top Right Bottom Left

Oxygen 90 400 50 400 235 6.9 4.0*10−7 6.7*10−7

Nitrogen 50  50 50  50  50 9.35 6.2*10−8 6.2*10−8

Hydrogen 80 180 80 180 130 8.36 1.8*10−7 2.5*10−7
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5.4 Conclusions

1 Electrochemical measurements indicate that addition of oxygen or 
nitrogen increases corrosion potential and decreases stability of the 
oxide layer.

2 XPS analyses and depth profi le measurements of protective layers show 
almost similar layer composition for all environments. The oxide layer 
formed under oxygen conditions is thicker than the one formed under 
standard PWR conditions.

3 Based on the XPS results, the corrosion potential does not have a sig-
nifi cant infl uence on the composition of the oxide layer. However, the 
corrosion potential has an infl uence on the oxide layer thickness.

4 SSRTs show high ductility and no presence of SCC on the sample tested 
in oxygen. The sample tested in pure PWR conditions shows high degree 
of hardening, decrease in plastic properties and extensive presence of 
transgranular SCC on the fracture surface. Properties of the sample 
tested in nitrogen are similar to the pure PWR test, with higher ductility 
and smaller degree of SCC on the fracture surface.

5 The highest crack growth rate calculated from ligaments of the CRBs 
was found on the sample tested in oxygen conditions. No signifi cant 
change was found in samples with applied potential compared to basic 
hydrogen conditions.

6 The summary of both SSRT and CRB test results would indicate that 
under oxygen conditions the SCC crack initiates slowly, but once it is 
initiated, it propagates much faster than under hydrogen conditions.
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6.1 Introduction

The interest towards more severe operating conditions and the lifetime 
extension of nuclear reactors has induced theoretical and experimental 
investigations. Along these lines, we developed an experimental programme 
in the fi eld of corrosion problems related to conditions which prevail in a 
VVER (Voda-Vodyanoi Energetichesky Reaktor) primary circuit; our 
interest has been focused on high temperature oxidation kinetics of zirco-
nium (Zr) alloys and high temperature reference electrode testing. In this 
contribution the results of in-situ temperature-dependent electrochemical 
impedance spectroscopy (EIS) are discussed in detail.

Impedance spectroscopy can be applied ex situ on pre-oxidised samples 
and in situ during oxidation. There is no general consensus in the literature 
about the interpretation of impedance spectra of Zr alloys, indicating that 
the analysis of results in terms of equivalent circuits is not straightforward. 
Among others, Wikmark et al. [1], Göhr et al. [2], Bardwell and McKubre [3], 
Gebhardt [4], Albinet et al. [5] and Schefold et al. [6] contributed to the better 
understanding of EIS results. By measuring oxidised Zr-1%Nb ex situ in 
potassium sulphate solution, Krysa [7] found a complicated equivalent circuit 
to be valid. Vermoyal et al. compared oxide on Zircaloy-4 and Zr-1%Nb by 
impedance spectroscopy in gaseous atmospheres [8].  Photoelectrochemical 
investigations of Macdonald et al. [9] and Lee et al. [10] show that ZrO2 and 
the passive fi lm on Zircaloy-4 are n-type semiconductors.

In our previous work we used a large number of techniques for the study 
of the corrosion processes on zirconium alloys and the characterisation of 
the protective oxide layer of these materials [11]. We found the oxide layer 
to be non-homogeneous. Below the water/oxide interface the zirconium 
content is almost constant in the ZrO2 phase. The thickness of this phase 

122
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increases with oxidation time. Further towards the metal the oxygen content 
decreases linearly as a function of depth within a non-stoichiometric ZrOx 
phase. The thickness of this phase also increases with oxidation time. A 
considerable amount of oxygen is dissolved in the alloy in the range of 
10 µm below the oxide layer. The oxide layer was also investigated by photo-
electrochemical measurements [12]. This method also provides quantities 
which are characteristic of the oxide layer; we could show that the oxide 
phase is an n-type semiconductor. With series of high temperature electro-
chemical impedance spectroscopic measurements we hoped to follow the 
oxidation of Zr-1%Nb in situ [13]. In the present contribution we are going 
to discuss the temperature dependence of the EIS spectra for both the 
oxidised and the non-oxidised Zr-1%Nb in detail.

The importance of redox potential measurements in high temperature, 
high pressure aqueous systems, such as boiling water reactors (BWRs) and 
pressurised water reactors (PWRs), is well known. The principles of the 
theoretical background in this fi eld are well known; the main problem is 
the reliability of the electrodes for long-term usage in such an aggressive 
environment [14]. There are several types of internal reference electrodes 
that have potential application in light water reactor (LWR) systems. Inter-
nal Ag/AgCl electrodes have already been tested successfully [15]. An Ag/
Ag2SO4 electrode has also been developed [16]. The yttrium-stabilised zir-
conium oxide electrodes have also been proved to be applicable [17]. Other 
types of metal/metal oxide electrodes have also been tested [18]. Reference 
electrodes containing polymer electrolytes are also promising [19]. Another 
group of internal reference electrodes consists of the hydrogen electrodes. 
The best known example of this type is the palladium hydride electrode, 
sometimes in alloy forms [20]. Other metal electrodes have also been used 
[21]. New types of electrodes are also under development [22].

Considering the state-of-the-art in this fi eld the main objective of the 
LIRES project, supported by the EC within the EURATOM FP5, was to 
develop such a reference electrode which is robust enough to be used inside 
an LWR. Our contribution to the project was to test three types of reference 
electrodes: (i) external Ag/AgCl reference electrode from NRI Rez, Plc; (ii) 
Pt-Ir alloy hydrogen electrode from Studsvik Nuclear AB; (iii) Pd-hydride 
reference electrode [Pd(Pt) double polarised active electrode] from VTT 
Technical Research Centre of Finland [23]. In this contribution we consider 
the temperature dependencies of the EIS spectra in detail.

In both research areas we came across the problem of understanding the 
temperature dependencies of impedance spectra. By analysing the results 
we found tendencies which contradicted the expectations based on simple 
theoretical considerations and, in some cases, certain elements of the equiv-
alent circuits have unexpected trends. The main objective of this chapter is 
to present and discuss these results.
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6.2 Experimental set-up

The experimental set-up consisted of a PARR 4532 type 2 litre autoclave 
with a maximum pressure of 137 bar. The autoclave was fi tted with gas inlet 
and outlet, manometer, safety valve with Inconel Rupture Disc, and a 
thermo couple. The operating temperature was monitored with a TES 1300 
digital thermometer.

We tested Zr-1%Nb tubes, a Pd(Pt) active electrode pair in a Conax 
MHC4-062-4-L feedthrough, an external Ag/AgCl electrode with Parker 
M6MSC″N feedthrough, a Pt and a PtIr electrode with Parker M6MSC″N 
feedthrough. The Pd active electrode was polarised galvanostatically with 
32 µA for producing hydrogen with a constant rate on the Pd surface. As 
counter electrode we used Zr-1%Nb tube or Pt wire.

We used Solartron 1286 and Electrofl ex EF453 potentiostats coupled to 
a Solartron 1250 frequency response analyser, or Autolab PGStat30 poten-
tiostat and frequency response analyser for the electrochemical measure-
ments. Electrochemical impedance spectroscopy was carried out in the 
frequency range of 64 kHz–0.1 Hz (for control experiments 0.001 Hz) with 
a.c. amplitude of 5 mV. The measurements were done in a two-electrode 
arrangement at open circuit potential [except for the Pd(Pt) double-
 polarised active electrode, for which the amperostatic condition of 32 µA 
was kept] at 290ºC during testing of the electrodes, and around 20, 110 and 
200ºC during heat-ups.

The experiments were carried out in solutions similar to those in VVER 
and PWR primary circuits. Zr-1%Nb samples were measured in solutions 
containing boric acid with ammonium hydroxide and potassium hydroxide 
for VVER conditions, while the reference electrodes were tested in solu-
tions containing boric acid with lithium hydroxide for PWR conditions, 
respectively. The oxygen content of the electrolyte solutions was reduced 
before the start of each experiment at room temperature by argon gas bub-
bling for at least 30 min.

6.3 Results and discussion

Under our experimental conditions, impedance spectra do not indicate 
complicated electrode behaviour. The spectra can usually be described in 
terms of a rather simple -Rs-Rp�CPE- combination in a wide frequency 
region of 0.1 Hz–10 kHz. Here Rs is the solution resistance, Rp is a parallel 
resistance, while CPE is the so-called constant phase element with two 
parameters, ZCPE  =  (1/σ)(iω)−α, where σ is the CPE coeffi cient and α is the 
CPE exponent (ω is the angular frequency and i is the imaginary unit).

The spectra of non-oxidised Zr-1%Nb with native oxide on the surface 
(Fig. 6.1) refl ect a single interfacial process, which is described by the above-
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discussed equivalent circuit. The absolute value is constant at high frequen-
cies giving the value of solution resistance. The phase angle has a maximum 
in the range of 0.1–10 Hz, depending on temperature. The fi tted values to 
the -Rs-Rp�CPE- combination are given in the inset. It was found that Rs 
decreases with increasing temperature, as expected for a solution resistance. 
Rp also decreases with increasing temperature. The CPE coeffi cient, σ, 
increases with increasing temperature, while the CPE exponent, α, 
decreases.

As oxidation proceeds, new features appear in the spectra (Fig. 6.2) at 
higher frequencies. Thus, we could attribute this part (the new peak on the 
phase angle diagram) to the presence of a thick oxide layer. The changes 
in the low frequency part may be related either to a diffusion-limited 
process (with semi-infi nite, or transparent boundary conditions) or to a 
process with long characteristic time. Since our preliminary aim was to 
understand oxide layer properties, we analysed the results only in the 
10 Hz–10 kHz frequency range by fi tting the above-introduced equivalent 
circuit. The fi tted values to the -Rs-Rp�CPE- combination are given in the 
inset. It is clear that the parallel resistance Rp can be attributed to the 
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Fig. 6.1 Impedance spectra of non-oxidised Zr-1%Nb at four different 
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 electric resistance of the oxide, Rox, and the CPE element is also connected 
to the oxide layer CPE  =  CPEox.

By measuring EIS in the function of oxidation time, we could conclude 
that the method is capable of following the oxidation process in situ. One 
can see that the CPEox coeffi cient, σox, decreases, whereas the CPEox expo-
nent, αox, is constant (Fig. 6.3), and the parallel resistance, Rox, increases (Fig. 
6.4). These trends are in accordance with expectations: the CPE element 
may refl ect the capacitive behaviour of the oxide layer, thus σox decreases 
with increasing layer thickness. Rox, refl ecting the electrical conductivity, 
should increase with increasing thickness. Since the R�CPE element may 
correspond to the charge transport through the oxide layer, we calculated 
a characteristic relaxation time, τox  =  (Rox · σox)1/α. Figure 6.4 shows that τox 
is practically independent of oxidation time, indicating that after the fi rst 
couple of days the chemical properties of the oxide layer do not change 
during corrosion (within our time scale).

Usually CPEox is considered to be a dispersive capacitance. In this context 
σ is regarded as a pseudo-capacity, although its dimension differs from 
farad, and α is the measure of the capacitive nature of the element: if α  =  1 
the element is an ideal capacitor, if α  =  0 it behaves as a frequency-
 independent ohmic resistor, whereas if α  =  −1 it behaves as an inductance. 
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(Note that there are known cases when ZCPE cannot be treated this way; 
e.g. the Warburg impedance, which is connected with diffusion, is a CPE 
element with α  =  0.5.) However, the temperature dependencies of these 
fi tted parameters, as shown in Fig. 6.5, contravene any explanation that 
would rest on a capacitor model. The capacity of a condenser of any geom-
etry is proportional to the relative permittivity of the dielectric material, ε. 
Since ε usually decreases with increasing temperature (with phase transi-
tions representing obvious but rare exceptions), increasing temperature 
would make the capacity decrease, i.e., within the framework of the disper-
sive capacity model σ is expected to decrease as T increases. Our observa-
tions contradict this expectation.

Hence it seems reasonable to make use of a model of dispersive resist-
ance instead of dispersive capacitance. As Macdonald [24] pointed out, the 
theory of continuous time random walk (CTRW) by Scher and Lax [25] 
can be applied to the present problem of charge transport in solid disor-
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dered media. Compte [26] and Bisquert and Compte [27] analysed a number 
of models and theories of anomalous diffusion in terms of fractional calcu-
lus, with a view to electrochemical impedance spectra. They proved that the 
mechanism and conditions of diffusion defi ne the spectrum, predicting CPE 
behaviour under certain circumstances.

By applying this theory we could obtain a coherent picture [28] about 
the oxide layer. The high frequency time scale of the charge transport 
process, τ, is in the order of 10−2 s. The low frequency time scale, is defi ned 
as the average waiting time characteristic to d.c. charge carrier motion, 
θ  ≅  1 s. 1/Rox can be regarded as a measure of oxide growth rate. The increase 
of 1/Rox with increasing temperature can be attributed to both the increase 
of mobile charge density, and the decrease of atomic hopping time, θ. The 
parameters of CPE, τ and α, are thought to characterise the non-Faraday 
charge transport across the oxide. The orders of magnitude difference 
between θ and τ together with the negligible temperature dependencies of 
both α and τ show that the charge carriers, which are due to a.c. conductiv-
ity, are different from the atomic carriers which account for Rox.

A similar situation to the one described above can be found for the Pt 
and Pt-Ir electrodes. As shown in Fig. 6.6, the impedance spectra have 
similar features. They can adequately be described with the -Rs-Rp�CPE- 
combination (the fi tted values are given in the inset). Again, it is found that 
Rs decreases with increasing temperature, as expected for a solution resist-
ance. Rp also decreases with increasing temperature. The CPE coeffi cient, 
σ, increases with increasing temperature, while the CPE exponent, α, 
decreases.

These fi ndings are similar to the results for the non-oxidised Zr-1%Nb. 
The temperature dependence of Rs and Rp may be understood based on 
conventional arguments but the observation of increasing σ with increasing 
temperature is not consistent with the fi ndings of negative temperature 
coeffi cients of the double layer capacitance at the pzc (see Ref. 29 and refer-
ences therein). Thus, we are inclined to conclude that the conventional 
assignment of impedance spectra to double layer properties may not be 
used. We think that under our experimental conditions there may be a thin 
oxide layer on the platinum surface and that this give rise to the same 
temperature dependence of the impedance spectra as in the case of the 
non-oxidised Zr-1%Nb with native oxide layer. The presence of oxide layer 
on platinum was demonstrated by Yajima [30].

Impedance spectra of Pd (Fig. 6.7) can be described phenomenologically 
by making use of the same equivalent circuit. But in this case the CPE 
coeffi cient, σ, has opposite temperature dependence: it decreases with 
increasing temperature. This indicates that the experimental data now 
refl ect double layer phenomena. Since Pd is cathodically polarised relative 
to a Pt counterelectrode [this is why it is called Pd(Pt) active electrode], 
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there is hydrogen evolution on the electrode surface and the Pd is obviously 
metallic. Thus, we may expect the double layer capacitance to appear in the 
impedance spectra, an element which is supposed to have the same tem-
perature dependence as we observed experimentally for σ.

Finally, for the sake of completeness, we present the impedance spectra 
of the Ag/AgCl electrode at room temperature and at 300ºC in Fig. 6.8. The 
results indicate that the a.c. response of this electrode is determined mostly 
by its geometrical parameters defi ned by its design. The large resistance is 
due to the distilled water layer and a ceramic frit which separate the Ag/
AgCl chamber from the environment. Clearly, this resistance decreases with 
increasing temperature. The capacitance value is tentatively identifi ed with 
the system’s stray capacitance.

6.4 Conclusions

Some problems related to corrosion under VVER primary circuit condi-
tions are the subject of the present chapter. We had a two-fold aim: (i) to 
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apply electrochemical methods in order to characterise the hydrothermally 
produced oxides of the cladding material (Zr-1%Nb) of nuclear fuel 
 elements used in Russian-made type VVER power reactors, and (ii) to 
investigate a number of possible reference electrodes with a view to high 
temperature applications.

Impedance spectroscopy proved to be a very useful technique to charac-
terise these systems. From temperature-dependent measurements we could 
draw some conclusions about the nature of the rate-determining interfacial 
process by analysing the trends of the equivalent circuit parameters. We 
found that different double layer properties may manifest themselves in 
similar impedance spectra. We were able to show that:

1 The a.c. response of the oxidised Zr-1%Nb is due to the charge transfer 
process in the oxide phase.

2 Probably the same effect is refl ected in the impedance spectra of the 
non-oxidised Zr-1%Nb, the Pt and the Pt-Ir electrodes due to the pres-
ence of a native oxide layer on the surface.

3 A real double layer contribution can be found for the cathodically 
polarised Pd electrode.

4 The impedance of the Ag/AgCl electrode is determined by its design 
parameters.

We believe that our results show the benefi ts of electrochemical impedance 
spectroscopy, which is a very powerful technique for the understanding of 
electrochemical systems. The temperature-dependent measurements helped 
us to identify the most important electrochemical processes for a wide 
range of systems of practical importance.
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7
High temperature corrosion of Zircaloy-4 

followed by in-situ impedance spectroscopy 

and chronoamperometry. Effect of an 

anodic polarisation

M .  T U P I N ,  C .  B A T A I L L O N ,  J .  P .  G O Z L A N  and 
P .  B O S S I S ,  CEA –  Saclay, France

7.1 Introduction

The study of the corrosion behaviour of several cladding tubes under pres-
surized water reactor (PWR) conditions is performed by analysing the 
oxide layer after irradiation cycles. There is at present no tool to follow in 

situ the oxidation rate of the zirconium alloy. Moreover, the corrosion 
process depends on many parameters: neutron fl ux, hydrodynamic condi-
tions, water vapour fraction, internal temperature, external pressure.

Because of the diffi culties of studying in-reactor corrosion processes, 
studies were fi rst aimed at the out-of-pile oxidation rate in order to get a 
better understanding of the corrosion mechanism and to fi nd the rate-limit-
ing step in these conditions. Since the beginning of the 1990s, many surveys 
have been carried out in this way [1–4]. At low water vapour pressure, the 
thermogravimetry is an effi cient technique to follow continuously the 
weight gain [5]. Concerning the corrosion in primary medium, the oxidation 
rate is usually studied by measuring the weight of the sample at different 
times, which is clearly a discontinuous method. That is the reason why other 
techniques have been tested in order to acquire a signal related to the cor-
rosion rate in real time inside a static autoclave. Impedance spectroscopy 
is one of the most convenient and widely used methods to study in situ the 
oxidation process of zirconium alloy in primary medium. Many articles have 
been written with the aim of showing the effi ciency of this technique [6, 7]. 
Moreover, some experimental devices (e.g., oxidation loops) are devoted 
to the study of the infl uence of hydrodynamic conditions or thermal fl ux 
on the corrosion rate. Finally, by using all these techniques, the impact of 
most of the determining rate parameters can be evaluated, quantifi ed and 
thus dissociated from each other. As a consequence, as soon as these effects 
are separately estimated, we should be able to deduce the real impact of 
neutron fl ux on the corrosion process under irradiation.

134
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In the light water reactor Zircaloy-4 has been the most used alloy, but 
in the last few years new cladding materials have appeared to replace 
 Zircaloy-4. However, this study specifi cally deals with the Zircaloy-4 corro-
sion process.

Whatever the operating corrosion conditions (oxygen, steam, water), the 
Zircaloy-4 kinetic curve is composed of a series of sub-parabolic regimes 
[7, 8], which means a regime slower than a pure diffusion-controlled process, 
i.e., parabolic regime. As a consequence, it is generally assumed that oxygen 
diffusion is the rate-limiting step during the whole corrosion process [9–11]. 
We aim to test whether our experimental results are consistent with this 
assumption.

Concerning the aims in this study, the fi rst objective was to design and 
construct a simple device able to be nuclearised in a hot line. Secondly we 
wanted to know if the polarisation had an effect on the corrosion rate and 
if the anodic current of the polarised sample obtained by chronoamperom-
etry was related to the current of the sample remaining at the free corrosion 
potential.

During this work, we have actually oxidised two samples at the same time 
and followed, by impedance spectroscopy, their oxidation rate. After 27 
days, one of the samples was polarised in order to access the anodic current 
variations during the corrosion process.

For those who want to know more about the theoretical basis of electro-
chemical measurements, we advise reading fi rst the technical report con-
cerning the ‘Identifi cation of electrochemical processes by frequency 
response analysis’ [12].

In this chapter, the operating conditions, the studied specimen and 
the experimental device used to acquire the impedance spectra and the 
anodic currents are fi rst described by insisting on the simplicity and 
the  advantages of this system. Secondly, the experimental results obtained 
with the sample at the free corrosion potential, called unpolarised or 
‘UP sample’, are exposed and analysed from a kinetic point of view. The 
potential variations of the samples as well as the electrolyte resistance 
evolution are exhibited; moreover, the Cole–Cole transform and the 
method of thickness layer determination are explained. The negative imag-
inary impedance variations and the real ones are fi nally exposed in order 
to show the kinetic stages. The next part is devoted to the polarised sample, 
called the ‘P sample’, and especially to the anodic current acquired. Its 
variations are compared to the real conductance evolution of the UP 
sample. The results of the ΦE test are also presented and the typical imped-
ance spectrum obtained with the P sample is analysed and compared to 
that of the UP sample. Finally the oxide layer micrographies of the samples 
are exhibited in order to show some differences in their thicknesses or 
their morphologies.



136 Electrochemistry in light water reactors

7.2 Experiment

7.2.1 Operating conditions and material

Two samples of stress-relieved Zircaloy-4 have been oxidised for a period 
of approximately 103 days. The temperature was set at 355ºC, the total pres-
sure in the autoclave was 18.7 MPa. The partial pressure of water was equal 
to 17.5 MPa, that of hydrogen 0.06 MPa and the pressure of inert gas was 
approximately 1 MPa at 355ºC. Moreover, the water composition was close 
to the primary media found in a PWR reactor, 1000 ppm of boron in the 
state of boric acid and 1 ppm of lithium as lithium hydroxide.

The chemical composition of the studied stress-relieved Zircaloy-4 is 
indicated in Table 7.1.

7.2.2 Device improvement

Because of the high pressure, it is necessary to use an autoclave (in 316 L) 
for studying the cladding corrosion. The main technological diffi culty for 
such an experimental system is to avoid gas leakage and so to maintain the 
water tightness of the autoclave.

The fi rst system used was composed of three electrodes per electrical 
feed-through; however, this device showed inconveniences. First of all, the 
current wires were welded to the cladding tubes and these connections were 
not very tough because of the localised corrosion at these spot welds. 
Moreover, the electric insulation of the different wires was ensured by many 
stabilised zirconia ceramic seals, in which the wires had to be stringed. This 
step was particularly long and laborious and its feasibility would not have 
been possible in a hot cell. That is the reason why a simplifi ed device has 
been conceptualized. This new system requires only one wire for each elec-
trical feed-through and just a long alumina tube for the electric insulation 
between the working electrode and the counter-electrode, which is in this 
case the autoclave. The pseudo-reference electrode is a cylindrical grid of 
platinum with a high surface using one electrical feed-through as well.

The water tightness of the electrical feed-throughs is ensured by a PTFE 
seal element. Because of the fact that the PTFE creeps beyond 200ºC, 
cooling systems have been installed under these electrical feed-throughs.

Table 7.1 Chemical composition of stress-relieved Zircaloy-4 (wt %)

Cr (wt%) Fe (%) O (%) Sn (%) Zr

0.105 0.21 0.132 1.27 Bal.
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Concerning the electric connection between the sample and the wire, the 
cladding tube is welded on a pressure cap used in the nuclear industry for 
the fuel rod. This element is also welded at three different points with a 
laser to the connection wire. In this case, the device is much tougher than 
the last one and clearly easier to perform, especially in hot line.

The advantage of this device is its simplicity and this working electrode 
system is very close to the fuel rod. As illustrated in Fig. 7.1, two samples 
can be studied with this system.

7.2.3 Experimental measurements

The corrosion of these two samples was fi rst followed by impedance spec-
troscopy at the free corrosion potential. The impedance spectra were 
obtained with GAMRY software (3.2 version) and the open circuit poten-
tial is measured before acquiring these spectra. After 27 days, the potential 
of one of the samples was increased from −270 to 0 mV versus the reference 
electrode potential, while the second one stayed at the free corrosion poten-
tial. These two samples were called P for the polarised sample and UP for 
the non-polarised sample. The anodic current of the P sample was directly 
measured at the set potential by chronoamperometry, although the corro-
sion rate was still followed by electrochemical impedance spectroscopy 
(EIS) for the UP sample. Moreover, few potential drops were performed 
on the P sample from 0 to 100 mV versus the platinum grid potential at 
different oxidation times, in order to determine whether the assumption of 
the rate-limiting step is justifi ed [14, 15]. Finally, impedance spectra were 
acquired under polarisation for comparing them to those obtained at the 
open circuit potential.

Furthermore, let us emphasise that the polarisation needs to be set with 
regard to the pseudo-reference electrode. Thus this one is no longer  available 

Fig. 7.1 Schematic drawing of the electrochemical device.

Pseudo-reference electrode:
platinum grid

Counter-electrode:
autoclave  

Working electrode:
cladding tube
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for acquiring the impedance spectra at the free corrosion potential for the 
UP sample. As a consequence, the autoclave is used as counter-electrode 
and reference electrode as well. As shown in Fig. 7.2, the spectra obtained 
with a two- or three-electrode acquisition system are nearly superimposed 
except at very low frequencies. The switch between the curves is actually 
the result of the oxidation time difference or can be due to the impedance 
of the autoclave can.

Z′ is the real part of the impedance and Z″ the negative imaginary part.

7.3 Experimental results and interpretation

7.3.1 Electrochemical measurements

The results obtained with the UP sample will be the fi rst to be described 
and analysed.

UP sample

Electrode potential variations

After about 3 oxidation days, the two working electrodes had the same 
potential. Concerning the counter-electrode, the autoclave potential was 
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equal to that of the reference electrode after 20 days, as indicated by 
Fig. 7.3; the potential variations of the P sample are also indicated. Taking 
into account the plots for the P and UP samples, we can conclude that the 
difference between the free corrosion potential of the UP sample and that 
of the P sample is fairly constant during the corrosion process (after 27 
days).

Another relevant parameter usually evaluated by impedance spectros-
copy is the electrolyte resistance.

Electrolyte resistance

The electrolyte resistance is determined by extrapolating at infi nite fre-
quency the Nyquist diagram. By using for instance a polynomial to describe 
the curve at high frequencies, the intersection of this fi tted polynomial with 
the abscissa corresponds to the electrolyte resistance. The extrapolated 
value obtained with the experiment exhibited in Fig. 7.4 is typically 240 Ω. 
This spectrum was performed after 90 days of oxidation.

Figure 7.5 shows the electrolyte resistance variations during the corrosion 
process. This parameter clearly increases with the oxidation time. This 
decrease of the solution conductivity may be due to the lithium or proton 
incorporation into the passive oxide layer of the autoclave can, whose 
immersed surface is around 1200 cm2. The electrolyte resistance variations 
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do not signifi cantly modify the potential imposed on the polarised sample. 
We can thus consider that they are acceptable during the oxidation time.

The evaluation accuracy of the electrolyte resistance is very important 
because this parameter will be used for the Nyquist to Cole–Cole diagram 
transformation.

Cole–Cole diagram and infi nite frequency capacitance

This transformation consists of defi ning a complex capacitance from the 
impedance, as follows:

C C jC
j Z R j Z R jZ

*
( ( ) ) (( ( ) ) ( ))

= ′ − ′′ =
−

=
′ − − ′′

1 1
ω ω ω ω ωe e

 [7.1]

where C′ is the real part of the complex capacitance, C″ the negative imagi-
nary part and ω the pulsation. It yields the following expressions for C′ and 
C″:

′ =
′′

′ − + ′′
C

Z

Z R Z

1
2 2ω ω( ( ) )e

 [7.2a]
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The Cole–Cole diagram indicates the variations of the negative imaginary 
part of the complex capacitance (C″) as the function of its real part (C′). This 
representation specifi cally reveals the capacitive properties of the studied 
system. As shown on Fig. 7.6, the curve obtained with the UP sample is about 
linear, which proves that the capacitance follows the Jonscher law [15].

The oxide layer can be considered at high frequencies as a perfect capaci-
tor. The real capacitance extrapolated at infi nite frequency is then related 
to the thickness by the classical formula of a plane capacitor:

C
S

X
∞ =

ε εr 0  [7.3]

where ε0 and εr are respectively the vacuum permittivity and the dielectric 
constant, S the electrode area and X the oxide thickness.

For this reaction system, the dielectric constant is taken to be equal to 18 
at 355ºC. This parameter was evaluated in order to obtain a fi nal oxide 
thickness close to that determined by scanning electron microscopy (SEM). 
We may observe that this value is not so far from that obtained at ambient 
temperature, which is 22 [16]. The immersed area of the samples was esti-
mated at 40 cm2.

The determination of this infi nite frequency capacitance is similar to the 
method used for the electrolyte resistance evaluation. So it is possible to 
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determine the thickness variations with respect to the oxidation time, as 
shown in Fig. 7.7. According to Fig. 7.7, the thicknesses determined by 
impedance spectroscopy (deduced from Eq. 7.3) are consistent with the fi t 
obtained from a typical weight gain fi tting curve (cf. continuous line in Fig. 
7.7). Analysing this curve, two kinetic stages can be distinguished, the pre-
transition and the post-transition after about 50 days, as usually observed. 
The oxidation rate of the former regime monotonously decreases, while the 
second one takes place after the rate maximum occurring at the end of the 
kinetic transition. However, as shown by the error bars in Fig. 7.7, this 
method of determination is not very accurate. The uncertainty arises from 
the electrolyte resistance evaluation obtained by extrapolating the Nyquist 
diagram at high frequencies. Consequently, the results obtained with this 
method have to be compared to other results deduced from the spectra or 
other experimental techniques in order to verify the data consistency.

Impedance spectrum shape

Figure 7.8 indicates the typical impedance spectrum obtained with the UP 
sample after 27 days of oxidation, the frequency varying from 105 to 10−5 Hz. 
This curve shows two loops, one at high frequencies (loop 1) and the other 
at low frequencies (loop 2). These are not well centred and are actually 
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fl attened on the real axis. This whole shape is consistent with the spectra 
described in the literature [6, 7].

A perfect circular loop can be fi tted by an R�C circuit in parallel, with a 
time constant equal to RC. It is also possible to describe the curve shown 
in Fig. 7.8 by an electric equivalent circuit but in this case it is necessary to 
introduce instead of a pure capacitance a complex one following the well-
known empirical Jonsher law [15]:

C C
B

j n
* = +∞ −( )ω 1

 [7.4]

where C∞ is the infi nite frequency capacitance, B and n two constants, n 
being the dispersion factor related to the slope of the Cole–Cole diagram. 
The second term corresponds to a CPE (constant phase element), which 
shows that the loop centre is not adjusted on the real axis.

Furthermore, these two loops are representative of physico-chemical 
processes occurring in the electrochemical system. They are defi ned by a 
kinetic constant, related to the characteristic frequency taken at the loop 
top. But the main diffi culty with this technique is to establish the link 
between a particular physico-chemical process and a typical signature 
obtained by impedance spectroscopy. Finally it is almost always possible to 
represent the EIS curve by an equivalent circuit but this electric analogy is 
not suffi cient from a kinetic point of view.

Concerning the interpretation of these loops found in the literature, 
Schefold et al. [7] considered that the high frequency loop results in the 
dielectric response of the total oxide layer and that the high frequency 
capacitance is related to the thickness of the whole layer. They also observed 
after the second kinetic stage the formation of a new loop at intermediate 
frequencies. This loop does not appear on our plots because the oxidation 
time is not suffi cient. It is interpreted as the result of the re-passivation/deg-
radation process of the dense layer and shows the cyclical behaviour of the 
Zircaloy-4 oxidation process. The work of Sala et al. [6] dealt more with the 
role of lithium and the effect of the oxygen partial pressure. Concerning 
the infl uence of these parameters on the spectra, they think that the low 
frequency loop is related to an interfacial step (metal oxidation, oxygen 
reduction or hydrogen oxidation). At present, we are still not able to confi rm 
or reject these interpretations.

Instead of looking at the whole impedance spectrum evolution as a func-
tion of oxidation time, we have chosen to focus on the variations of a par-
ticular point, like the loop tops. Figure 7.9 presents the evolution of the 
negative imaginary part and that of the real one minus the electrolyte resist-
ance taken at the high frequency loop maximum. The frequency in this case 
is around 2 Hz for this loop. The negative imaginary part and the real part 
have the same evolution during the corrosion process. We may observe in 
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particular that after a period of increase in the pre-transition stage, the two 
variables considered decrease drastically at the same time. After 65 days, 
they increase again. Considering that the impedance real part is related to 
the resistance of the oxide layer in terms of electronic conductivity, its huge 
variations observed after 50 days are certainly the result of the oxide layer 
degradation observed during the kinetic transition, which involves a partial 
permeability of the fi lm to the medium.

For the low frequency loop top, the conclusions would have been the 
same as previously.

P sample

Anodic current variations

As mentioned before, one of the two studied samples was progressively 
polarised from −270 mV to 0 mV/Pt, until the end of the experiment. Before 
describing the current variations of this sample, it is interesting to remind 
ourselves of the classical log(I)–V curve obtained for a metal corrosion 
process and to show the potential switch applied to the polarised sample 
(Fig. 7.10). In the fi gure, Vcorr and Vpol correspond respectively to the corro-
sion potential and the anodic potential imposed on the sample.

In the activity domain (cf. Fig. 7.10), the metal is dissolved by the corro-
sive medium up to a critical potential, called Flade potential. In this case, 
the current obeys the Butler–Volmer law and varies exponentially with the 
potential. After the drastic drop observed beyond the Flade potential, the 

0.0

2.0 × 104

4.0 × 104

6.0 × 104

8.0 × 104

1.0 × 105

0.0 40.0 80.0 80.0

Time (days)

Z
″ 

(Ω
 c

m
2
)

0

1.0 × 104

2.0 × 104

3.0 × 104

4.0 × 104

Z
′ (

Ω
 c

m
2
)

Z′–Re

Z″ (max
loop 1)

Kinetic
 transition

Fig. 7.9 Evolution versus time of the negative imaginary part and 
that of the real one taken at the high frequency loop top.



146 Electrochemistry in light water reactors

current depends slightly on the potential. The I–V curve actually shows a 
gentle slope and the metal is recovered in this case by a passivation fi lm. 
This is the passivity domain. Then, beyond this plateau, other reactions can 
occur like an oxygen release, which produces a current increase.

Figure 7.11 describes the measured current variations during the corro-
sion process of the P sample, compared to the current deduced from the 
kinetic curve obtained at the open circuit potential and calculated from a 
Code developed in the CEA.

The measured current curve is slightly above that calculated from the 
CEA Code. The rate ratio is around 1.3 in the pre-transition stage, which 
fi rst indicates that the cathodic part of the global current is negligible com-
pared to the anodic part. The slight dependence on the potential of the 
anodic current proves that the free corrosion potential for Zircaloy-4 in this 
environment is located at the passivity plateau. Moreover, this in-situ tech-
nique of current measurement clearly allows us to observe the kinetic 
acceleration happening during the transition.

Moreover, the oxide thickness variations of the P sample can be calcu-
lated by integrating the anodic current curve as a function of time. The black 
curve on Fig. 7.12 represents this thickness evolution during the corrosion 
process. This one is compared to the UP sample thickness evaluated by 
impedance spectroscopy and to the fi nal thicknesses determined by SEM 
at the end of the experiment.

According to these plots, there is no thickness difference between the 
two studied samples in the pre-transition stage, while a slight mismatch is 
observed in the post-transition stage. In this case (Fig. 7.12), the polarisation 

activity passivity trans-passivity
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Fig. 7.10 General shape of the log (i )–E curve.
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does not signifi cantly affect the corrosion rate. This conclusion is confi rmed 
by the thicknesses evaluated by SEM, which are respectively 3.1 µm for the 
P sample and 2.95 µm for the UP sample (cf. Section 7.3.2). However, a 
slope difference in pre-transition between the kinetic curves of the two 
samples should theoretically be found. Three reasons can be evocated to 
justify this discrepancy, as explained at the end of Section 7.3.2.

In order to verify that the kinetic transition occurs at the same time on 
the two samples, two curves have been drawn on Fig. 7.13, which describes 
the anodic current of the P sample and the real conductance variations of 
the UP sample. This real conductance is defi ned as follows:

Y
Z R

=
′ −

1
( )e

 [7.5]

As indicated by the curves in this Fig. 7.13, these two variables have the 
same evolution versus time. More specifi cally, the transition begins at the 
same time and lasts about 15 days for the two samples, which confi rms once 
again that the kinetic stages are not signifi cantly affected by the potential.

ΦE test

The aim of this test is to draw conclusions on the mathematical expression 
of the rate [5, 13, 14]. The experimental principle of this test consists of 
increasing suddenly the potential of the polarised sample, from 0 to 100 mV, 
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at different oxidation times and of determining the current variation due 
to this modifi cation. If the current ratio, equal to the corrosion rate ratio, is 
constant as a function of time, the rate-limiting step hypothesis is justifi ed 
in this case. The variations of this rate ratio are illustrated in Fig. 7.14.

The rate ratio is quite constant during the post-transition. Consequently, 
the rate-limiting step assumption after the rate peak is justifi ed for this 
reaction system. Moreover, the current ratio value is around 1.1 for a poten-
tial increase of 100 mV, which confi rms the slight potential dependence of 
the corrosion rate. This technique is actually a good way to estimate the I–E 
curve slope on the passivity plateau.

Furthermore, as the rate decreases in the post-transition, it means that it 
is monitored by a diffusion process, such as the vacancy transport. By 
assuming that the external interface vacancy concentration is negligible 
with regard to the internal one and that the electric fi eld in the oxide layer 
is quite constant and relatively low, the rate ratio for a diffusion process is 
yielded by the following expression [17, 18]:

I V

I V

F

RT
V V

( )
( )

exp ( )2

1
2 11= − −( )



α  [7.6]

where α is the polarisability of the external interface and V2 and V1 are the 
potential values, 0 and 100 mV versus the reference electrode respectively.
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150 Electrochemistry in light water reactors

Knowing the value of the current ratio (around 1.1), the polarisability of 
the internal interface can be evaluated. This parameter (1  −  α) is equal to 
0.05, which indicates that this interface is not very sensitive to a potential 
variation.

Impedance spectra under polarisation

As mentioned earlier, the global current density is composed of an anodic 
part and a cathodic one:

i  =  ia  +  ic [7.7]

Thus taking into account these two contributions, the impedance is expressed 
as follows:
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with Za and Zc the impedances respectively due to the anodic and cathodic 
currents.

In order to show the effect of the polarisation, two spectra are exhibited 
in Fig. 7.15, one obtained with the UP sample and the other acquired at the 
same oxidation time corresponding to the P sample. As the potential of the 
P sample is suffi ciently anodic, the cathodic current is negligible. As a 
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Fig. 7.15 Comparison of the spectra obtained with the sample under 
polarization (P) and the unpolarised (UP) one.
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 consequence, the admittance (1/Z) obtained with this sample only results 
from the anodic current, whereas that of the UP sample reveals the contribu-
tions of the anodic current and the cathodic one. These curves thus indicate 
that the cathodic process involves a huge decrease in the global impedance. 
And as its signature is due to the electronic transfer from the metal to the 
solution through the oxide layer, three steps – namely the charge (electron) 
transfer from the metal to the oxide, the electronic conduction in the oxide 
layer and/or the external interface reaction (water reduction) – may be 
responsible for this decrease. On the other hand, the anodic impedance is 
indicative of the vacancy diffusion and/or the interface reaction of the pro-
duction or the consumption of this point defect. At present, we are not able 
to assign these steps to each signature. However, by supposing that the 
anodic impedance is equally the same with or without polarisation, it is pos-
sible to deduce from the global impedance the cathodic contribution, as 
shown in Fig. 7.16, which describes the real part of the anodic, cathodic, 
global admittance with respect to the frequency. According to Fig. 7.16, the 
cathodic contribution is predominant at low frequencies, whereas in the high 
frequency domain it is much lower than the anodic contribution.

In conclusion, the global impedance is related to the anodic process at 
high frequencies and to the cathodic one at low frequencies, as suggested 
by Sala et al. [6].

7.3.2 Sample characterisation

The morphology of the UP sample oxide layer after 103 days of oxidation 
is illustrated in Fig. 7.17. This shows a relatively uniform oxide layer and a 

Frequency (Hz)

R
e
 (

Y
) 

(S
)

Re (Yc)

Re (Y)
Re (Y) (P)

1.0 × 10–4 1.0 × 10–2 1.0 1.0 × 102 1.0 × 104

1.0 × 10–5

1.0 × 10–4

1.0 × 10–3

1.0 × 10–2

Fig. 7.16 Real part variations of the anodic admittance (Re(Y)(P)), 
cathodic admittance (Re(YC)) and global admittance (Re(Y)) versus 
Frequency (Hz).



152 Electrochemistry in light water reactors

quite regular interface. Whichever micrograph is considered, the thick-
nesses are slightly below 3 µm. A dark line appears at around 1.5 µm from 
the external interface, which is the result of the oxide layer degradation 
observed during the kinetic transition. Moreover, the distance between this 
long crack and the internal interface is variable and depends signifi cantly 
on the analysed area, which confi rms the fact that the transition time is 
relatively long (15 days).

For the P sample, the conclusions are similar to those obtained with the 
UP sample. The only difference between these micrographs and the latter 
ones concerns the oxide layer thickness, which is greater than 3 µm for the 
P sample (Fig. 7.18). It seems also that there are more cracks at the internal 
interface on the polarised sample than on the UP sample. The former may 
be closer to the second kinetic transition than the latter.

In order to evaluate and compare the average thicknesses, more than 20 
different areas were analysed with each sample. The results obtained for 
each sample are presented on the histograms in Fig. 7.19. For the P sample, 
more than 60% of the analysed area presents an oxide layer thickness 
between 3 and 3.5 µm, whereas the thickness for the UP sample seems to 
be less than 3 µm. The average thicknesses determined from these micro-
graphs are actually 2.95 and 3.1 µm respectively for the UP and P 
samples.

In conclusion, the corrosion rate of Zircaloy-4 in the primary media 
seems to depend only slightly on the potential. However, it should be 
noticed that a doubt remains concerning the infl uence of the polarisation 
on the corrosion rate. Actually, if the current ratio deduced from Fig. 7.11 
(1.3) was constant during the corrosion process, the difference between the 
P sample thickness and that of the UP sample should be around 0.5 µm, 
contrary to the mismatch observed by SEM, which is only of 0.15 µm. This 
discrepancy can be due either to the uncertainty about the thickness deter-
mined by SEM or linked to the corrosion rate calculated from the fi tting 

(a) (b)

Fig. 7.17 Oxide layer cross-sections formed on the unpolarised 
sample taken at two different locations: (a) and (b).
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(a)
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Fig. 7.18 Oxide layer cross-sections formed on the polarised sample 
taken at two different locations: (a) and (b).
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unpolarised (a) and the polarised (b) samples.
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model curve (cf. Fig. 7.11) or to an undesirable current, such as that resulting 
from the hydrogen oxidation. This phenomenon, however, is not very prob-
able because the oxide is an n-type semiconductor.

7.4 Conclusions

The fi rst aim of this work was to design and construct a practical device 
allowing us to follow in situ the corrosion process by electrochemical meas-
urements. The most important advantage of this original experimental 
system developed in our laboratory is its simplicity and that the working 
electrode system used is very close to the fuel rod in a light water reactor.

Moreover, this study has confi rmed that the impedance spectroscopy is 
a good tool to follow the corrosion rate of zirconium alloys, as shown in 
previous works [6]. The technique allows us to distinguish the different 
kinetic regimes, such as the pre-transition stage, the kinetic transition and 
the post-transition stage. However, the determination of the oxide layer 
thickness from the impedance spectra is not very accurate. Nevertheless, 
this technique yields a rough estimation and allows us to follow oxide 
growth on-line.

Because of this uncertainty, one of the samples was submitted to an 
anodic polarisation, in order to access directly to the anodic current. In this 
sense, the corrosion process of this polarised sample was followed by 
chronoamperometry. Contrary to the impedance spectroscopy, this tech-
nique gives directly the oxidation rate as a function of time.

This study shows also that the corrosion rate depends only slightly on the 
potential, which proves that the free corrosion potential is located on the 
passivity plateau. Moreover, it seems that the currents of the UP and the P 
samples are similar during the pre-transition stage, and even beyond, but 
this must be confi rmed by future work.

The impedance spectra obtained with the P sample are clearly above 
those acquired at the open circuit potential. And these are representative 
of the anodic process whereas both the anodic and cathodic currents con-
tribute towards the impedance obtained with the UP sample. By assuming 
that the anodic impedance is independent of the potential, the cathodic 
impedance can be deduced from the global one. The dissociation of these 
contributions shows that the anodic and cathodic processes are respectively 
predominant in high and low frequencies. The most diffi cult thing is to 
assign each signature to a physico-chemical process.

Finally, this study proves once again that impedance spectroscopy is a 
good tool to follow the corrosion process of Zircaloy-4 but underlines also 
that it is important to couple this with another technique such as 
chronoamperometry.
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Electrochemical corrosion study of Magnox 

Al80 and natural uranium

R .  B U R R O W S  and S .  H A R R I S ,  Nexia Solutions Ltd, UK

8.1 Introduction

Spent fuel elements from the UK Magnox nuclear power station fl eet are 
stored in cooling ponds to allow decay of short lived radioisotopes. The high 
magnesium alloy Magnox Al80 is used as clad material due to its low 
neutron absorption cross-section. Clad penetration during aqueous storage 
would expose the uranium fuel to the pond water and potentially result in 
the release of fi ssion products through uranium corrosion.

Magnesium and its alloys quickly passivate in alkaline conditions due to 
the formation of a magnesium oxide/hydroxide layer [1]. This fi lm has a 
high stability due to its low solubility and rate of dissolution but can be 
disrupted by the action of aggressive anions, most notably chloride, which 
promote localised corrosion [2]. It is well known that the general corrosion 
rates of Magnox in alkaline conditions are suffi ciently low that no penetra-
tion of fuel element clad would be expected to occur over time scales of 
many years. However, localised attack can produce corrosion rates of the 
order of many millimetres per year in isolated areas. A number of dynamic 
processes are involved during Magnox corrosion under alkaline conditions, 
the most important being passive layer formation and the carbonation of 
the electrolyte.

Uranium corrodes in an active–passive manner, similar to that exhibited 
by stainless steels [3]. The rate at which corrosion proceeds is infl uenced by 
the degree of irradiation swelling which occurs as a result of fi ssion product 
precipitation within the uranium fuel matrix [4]. Temperature also infl u-
ences reaction rate; however, there have been few studies of the effects of 
solution composition under cooling pond conditions.

Fuel element aqueous storage environments have closely controlled 
chemistry; dosing of sodium hydroxide maintains a high alkalinity and the 
effect of absorption of atmospheric carbon dioxide is minimised by ion 
exchange treatment, which similarly maintains a low anion impurity level. 
The combined chloride and sulphate concentration is typically signifi cantly 
below 1 g m−3 [1].

156
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Substantial research work has been undertaken on the corrosion behav-
iour of Magnox Al80 and reactor grade uranium by the former CEGB [1, 
4, 5], and more recently by BNFL. Performance under nominal conditions 
is well understood as illustrated by several decades of plant operation. Cor-
rosion monitoring techniques have been developed signifi cantly, however, 
and the application of these contemporary methods is prudent in order to 
allow as full an understanding to be developed as possible. Electrochemical 
methods have been utilised historically in the study of Magnox [2], uranium 
[3] and more recently, with automotive magnesium alloys [6, 7] and these 
are suitable for studying what is a peculiar corrosion behaviour with 
enhanced sensitivity and depth of mechanistic detail. Here, contemporary 
methods have been employed to gain greater insight into the corrosion 
behaviour of Magnox Al80 and natural uranium under aqueous storage 
conditions, with particular regard to pitting initiation.

8.2 Method

Electrochemical tests employed a standard electrochemical cell utilising a 
three-electrode geometry. Working electrodes comprised commercial purity 
material and were of 2 cm2 surface area and, in the case of Magnox elec-
trodes, were etched with 2% citric acid immediately prior to use in order 
to minimise surface fi lm formation. Potentiodynamic and AC impe-
dance tests were performed with the use of Solartron 1280B Electro-
chemical Measurement Units. Data collection and post-processing 
involved the use of the Scribner Associates suite of electrochemistry pro-
grammes. Tests employed an Ag/AgCl reference electrode and platinum 
counter-electrode.

Electrolytes were prepared from high purity deionised water and AnalaR 
grade reagents. The nominal solution chemistry was 200 g m−3 sodium 
hydroxide which was equivalent to pH 11.7 at 25ºC. The pH was measured 
at intervals with the use of an Orion pH probe and meter.

Potentiodynamic scans were generally made in the range −0.5 to +3.0 V 
vs open circuit potential (OCP) with a scan rate of 0.2 mV s−1. AC impedance 
involved the application of a 10 mV excitation at OCP over the frequency 
range 2  ×  105 to 0.1 Hz, with analysis of the current response by the  Solartron 
1280B internal frequency response analyser. The corrosion rate was calcu-
lated by analysis according to a simple equivalent circuit [8].

8.3 Results: Magnox Al80

Potentiodynamic tests demonstrated clearly the formation of a stable 
passive fi lm on Magnox Al80 surfaces at pH 11.7 and above, with strongly 
limited anodic current densities (Fig. 8.1 and 8.2). Similarly, AC impedance 
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measurements showed that the corrosion rate fell very quickly to a low rate 
in the hours following immersion (Fig. 8.3–8.7). The effect of low levels of 
chloride was also apparent and initiation of localised corrosion was observed 
as a sudden increase in current density in a Magnox sample exposed to 
10 mg kg−1 chloride (Fig. 8.2). Initiation of localised corrosion could be veri-
fi ed visually by the evolution of hydrogen on the sample surface. Prior to 
this breakdown in passivity, the electrochemical behaviour of the Magnox 
surface was indistinguishable from the sample in the absence of chloride.
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Although the use of d.c. techniques yielded much useful information, the 
dynamic nature of the system under study has highlighted the shortcomings 
of these methods, as they demand a steady state system; a.c. impedance 
spectra may be collected over far shorter periods and therefore allow the 
initial passivation processes occurring on the Magnox Al80 surface to be 
studied.

The following common features were exhibited in Magnox impedance 
spectra (Fig. 8.3–8.7):

• A large semicircular time constant representing the charge transfer 
across the passive layer at medium frequency.

• A second smaller time constant representing a second (possibly local-
ised) corrosion process at high frequency.

• A Warburg diffusion impedance (constant gradient tail) at low 
frequency.
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Fig. 8.3 Sample Magnox Al80 impedance spectrum with fi tting from 
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Fig. 8.4 Equivalent circuit model used for fi tting Magnox a.c. 
impedance spectra.
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8.4 Results: natural uranium

The results of anodic polarisation tests show that increasing the electrolyte 
pH results in a cathodic shift of the Ecorr value and an increase in the cor-
rosion current density (Fig. 8.8). a.c. impedance spectra are simpler than 
Magnox, possessing a single time constant and a Warburg diffusion imped-
ance which is apparent at the lower frequency limit (Fig. 8.9 and 8.10). The 
calculated a.c. impedance corrosion rates are in good agreement with the 
d.c. results, particularly for the lower pH experiments (Fig. 8.11).
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8.5 Conclusion

The employment of a.c. impedance spectroscopy enabled the study of the 
initial stages of Magnox passive fi lm formation, showing that in alkaline 
conditions, a passive layer formed on the electrode surface resulting in dif-
fusion-limited corrosion behaviour. The presence of chloride promoted the 
breakdown of this passive fi lm at high anodic potentials. The performance 
of Magnox clad as a fuel clad material is dependent upon its ability to resist 
corrosive attack which can lead to localised pitting.
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The impedance spectrum of Magnox exhibited two time constants and a 
Warburg feature indicative of a diffusion-limited mechanism. Uranium cor-
rosion exhibited an active–passive behaviour, consequently exhibiting a 
simple impedance spectrum.

Complementary use of AC impedance spectroscopy alongside d.c. polari-
sation has allowed the study of general and localised corrosion, with greatly 
enhanced sensitivity and reduced time scales. Signifi cant practical benefi ts 
have also been afforded; for example, the radiological wastes arising are 
reduced by shorter measurement times.
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Analysis of mechanisms induced by sliding 

and corrosion: dedicated apparatus for 

pressurized water reactor environments

J - P h.  V E R N O T  and D .  K A C Z O R O W S K I , 
AREVA NP, France

9.1 Introduction

In pressurized water reactors (PWRs), some components are submitted to 
relative motions due to operational processes (localization and positioning 
adjustment) or to undesired effects (fl ow induced vibration). Thus, compo-
nents and associated supports are typically excited by a large range of kin-
ematics so that complex combinations of wear can occur. Furthermore, for 
each operational process [e.g. control rod drive mechanism (CRDM), rod 
cluster control assembly (RCCA), fuel rod in the assembly, etc.] these com-
ponents have a very specifi c geometry leading to a very low contact pres-
sure or a very high contact or pressure (typical impact and sliding for latch 
arm drive mechanism). Materials used in this application are usually auste-
nitic stainless steel or zirconium alloys.

To understand the wear behaviour of the two partners in pressurized high 
temperature water, a tribometer able to work under this specifi c condition 
is used. The excitation movement is adjusted with regard to measurements 
and analyses obtained on real components in the plant or derived from 
simulators at different scales. More specifi c analyses between wear facies 
in the plant and damage on the samples in the tribometer are also com-
pleted to ensure that the degradation process is governed by the same main 
wear phenomena. This comparative examination revealed that degradation 
cannot be explained only by mechanical aspects but must be associated with 
other aspects like corrosion activity.

Let us recall that typical PWR environments coupling temperature 
(320°C), pressure (154 bar) and chemistry solution (deaerated, low conduc-
tivity water) involve corrosion processes which can play an important role 
in the development and synergy of wear processes. It has been clearly iden-
tifi ed that wear due to mechanical aspects and wear due to corrosion aspects 
are lower than the wear when the two components are coupled [1, 2]. It has 
been shown for CRDMs, that interactions between drive rod of AISI 410 
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martensitic stainless steel and gripper latch arm protected by a cobalt-based 
hard facing alloy (Stellite grade 6), have a large effect of time latency on 
the degradation [3]. The comparison consists on the one hand of results 
acquired from the mock-up scale 1, and on the other hand of the experience 
feedback on the components. The main difference was that the interaction 
has been reproduced at a frequency greater than that applied on plant. Due 
to this time latency effect, the wear damage is lower for high frequency 
interaction and can introduce singular artefacts to estimate the lifetime of 
components [3].

These kinds of experiences highlight the importance of corrosion proc-
esses in PWR conditions such as those clearly shown by a parametric study 
carried out at room temperature with activated water (e.g., NaCl, H2SO4, 
etc.) [4]. Nevertheless tribocorrosion has been studied on analytical systems 
such as the pin-on-disk tribometer and mainly with typical environments 
which probably overestimate the infl uence of corrosion. That is why it 
seems diffi cult to extrapolate the results to PWR environments.

To investigate the repassivation phenomenon in such particular environ-
ments, Framatome ANP has developed a specifi c apparatus running at 
PWR conditions in order to understand the complex synergy when mechan-
ical and corrosion effects are occurring at the same time. The aim of this 
investigation is to distinguish the relative infl uence of corrosion in wear 
processes considering that a number of parameters can be involved, i.e., 
materials, surface preparation and roughness, normal load, kinematics, time 
between contacts, temperature, chemistry of the environment, etc.

9.2 Experimental device

9.2.1 Description of the original apparatus

The test apparatus was originally designed to test under PWR conditions 
two contacting surfaces such as control rod against support, fuel rod section 
against grid. The original test bench, dedicated to mechanical wear pro-
cesses, is housed in an autoclave at a temperature up to 320ºC  ±  5ºC and a 
pressure of 154 bar. The water environment during the test is preliminarily 
controlled and its chemical composition is similar to the primary coolant 
PWR ([O2]  <  0.1 ppm, [B]  =  1300 ppm, [Li]  =  2 ppm, [Cl−]  =  0.1 ppm), its pH 
is about 7 and the bulk is deaerated [5]. Nevertheless, composition can be 
adjusted to particular operating conditions.

A schematic representation of the tribometer is presented in Fig. 9.1. The 
samples are a tube element and a ring. The tube is moved in the autoclave 
by a specifi c excitation induced by four electromagnets each oriented at 90º 
to each other. Figure 9.2 represents the trajectories of the centre of the tube 
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for several combinations of electromagnet piloting. Typical movements can 
be proposed to induce solicitations as simple impacts, orbital sliding, semi-
orbital sliding, orbital sliding plus impact, semi-orbital sliding plus impact 
or fretting.

The test specimens are cylindrical stationary sleeves and cylindrical tubes 
(diameter of tube  =  9.7 mm, diameter of sleeve  =  10.7 mm).

Tube

Ring

Tube support mast 

Ring support

Tube displacement sensor 

Strength sensors  

X′

Y′

Y

X

Fig. 9.1 Schematic cross-section of the tribological apparatus.
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Fig. 9.2 Trajectories of the centre of the tube for various kinematics. 
(a) Normal impact: movement is rectilinear and the impact zone is 
always the same. (b) Rolling with orbital sliding: the tube’s centre 
rotates on a 500 µm radius circle. (c) Impact plus orbital sliding. 
(d) Impact plus semi-orbital sliding, the tube moves forward 
and backward.
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• Sheer impact is used to obtain a normal contact of the tube with the 
ring.

• Sliding with an orbital movement is detailed in Fig. 9.3. During the move-
ment, the contact point C makes revolutions, at a frequency f1 between 
1 to 10 lap s−1, on the tube and on the ring. Therefore, it is a rolling and 
sliding movement.

• Impact plus sliding with an orbital movement is performed by superpos-
ing a higher frequency, f2 (5–120 Hz), to the orbital sliding described 
above. The contact between the tube and the sleeve is thus periodically 
disturbed. The result is a succession of oblique impacts with sliding. 
Signals composed of two frequencies are applied to electromagnets in 
order to obtain these kinematics.

• Impact plus sliding with a semi-orbital movement is also encountered in 
reality. It is obtained in the test bench when impacts are spread over 
only half of the periphery of the specimens.

In this specifi c tribometer, forces and displacements are recorded during 
the test. The trajectory of the tube support mast is measured by eddy 
current sensors. The defl ection measurement of the ring support gives the 
contact force between the specimens.

The analysis of each channel measurement, with dedicated software 
running at high frequency, allowed us to correlate normal and tangential 
displacements, normal and tangential forces. Statistical analyses are also 
performed in order to characterize the evolution of main parameters (wear 
evolution, friction coeffi cient, duration of the contact, sliding distance, etc.). 
At the end of the test, results are compared to local investigation performed 
on the samples by several methods (microscopic analysis, SEM observation, 
etc.).

OR

RingTube

c

OT
C

Fig. 9.3 Schematic representation of the orbital rolling and sliding. 
Contact is maintained between ring and tube at the point C. An orbital 
motion is applied to the centre of the tube (OT). Due to the radius 
difference between tube and sleeve, a relative sliding speed occurs 
between the two specimens.
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It has been shown in previous studies [6] that contact kinematics is an 
important parameter in order to represent the same wear scars as obtained 
in a power plant.

9.2.2 Description of the adapted apparatus

Based on the well-known mechanical test bench described above for  
specifi c mechanical measurement at PWR conditions, electrochemical 
measurements were implemented in order to characterize corrosion effects; 
in particular to defi ne the reciprocal infl uence of the mechanical and elec-
trochemical parameters during the test: force, displacement, current, poten-
tial in connection with parameters like water chemistry, time latency, contact 
forces, etc.

Eddy current sensors are used for the fi rst measurements. They give 
mechanical information while electrochemical information about the bulk 
infl uence and oxidation reactions are given by current and potential which 
are measured in relation to an Ag/AgCl main reference electrode or to a 
secondary reference.

In fact, because of the dimensions of the actual apparatus the Ag/AgCl 
reference electrode is too voluminous to be put near the specimens. Con-
sequently, as this electrode is essential, it is put on the side of the apparatus 
but quite far from the specimens. This leads to signal disruption problems 
due to ohmic fall and answer quickness. This is avoided by the use of a sec-
ondary reference placed as near as possible to the samples.

The Aurore apparatus principle is described in Fig. 9.4. The principle of 
electrochemical measures is the classical one with three electrodes. The refer-
ence electrode is Ag/AgCl, the working electrodes are the specimens sub-
jected to rubbing in the specifi c bulk described above. The counter-electrode 
also is a noble metal very similar to the secondary reference electrode.

The samples were defi ned as small as possible but providing a good rep-
resentation of the contact phenomenon in a higher scale in order to decrease 
the galvanic coupling risk. Dimensions were improved, e.g. the only free 
part is the contact part. It is necessary to electrically insulate the various 
electrodes, which is done by using zirconium parts. Specifi c insulation has 
also been developed for necessary connection and allows leak tightness 
from the PWR environment to room temperature, all along the linkage to 
the specimens and electrode.

Another step in the apparatus development had been the upgrade of the 
software in order to acquire several data on the same computer at the same 
time. Records come from a Gamry potentiostat for electrochemical meas-
urement and from a data acquisition board for mechanical measurements. 
The Gamry potentiostat also permitted adjustment of the current or the 
potential for the test (running in galvanic or in potentiostatic modes).
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A testimony sample is also used. In contact with the bulk and the solution 
perturbations due to turbulences created by the movement of the samples, 
it can be compared with the specimens submitted to rubbing in the bulk.

Wear is calculated from the difference between the weighings carried out 
before and after the test. In fact the implementation of electrochemistry 
measurements needed specifi cs studies, developments and tests that are not 
described in this chapter. The list includes (and it is not exhaustive): position 
of the counter-electrode, response on counter-electrode and Ag/AgCl refer-
ence, and electromagnet infl uence.

9.3 Results and discussions

9.3.1 Static characterization

The purpose of the fi rst campaign was to assess the ability of the Aurore 
electrochemical system to detect the elementary phenomenon of 
depassivation.

The fi rst set of experiments allowed determination of the polarization 
curves for the 304L stainless steel ring at 80ºC and 300ºC. The tests were 
performed with the Ag/AgCl reference electrode and with two potential 
scanning speeds: 0.5 and 2 mV s−1. The infl uence of the surface state was 
clearly demonstrated by applying several prepolarizations in the cathodic 
fi eld before the potential scanning. As shown by Fig. 9.5 an activity peak is 
observed after a prepolarization of −1 V for 3 min (reference Ag/AgCl) and 
increases for the same duration at −2 V (for a same voltage scan speed of 
2 mV/s). This effect is not so evident at 300ºC (Fig. 9.5 and 9.6). A scanning 
speed effect is noticed due to small differences between the curves obtained 
at 0.5 mV s−1 and 2 mV s−1 (see Fig. 9.5).

Ring

Mast
Counter- 
electrode 

Tube

Secondary reference 

Fig. 9.4 Schematic cross-section of the Aurore apparatus with the 
three-electrode set-up.
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The result shows a very good reproducibility of the response with a very 
similar corrosion potential for all the polarization curves. The effect of scan-
ning speed seems to be limited. It appears that due to differences in the 
initial state (duration and level of the initial potential before scanning), a 
singular response in the polarization curve such as peak activity is appear-
ing. This can be explained by the high level and the high duration of pre-
polarization which induce a replenishment of the surface and produce an 
increasing current before renewal of the substrate.

9.3.2 Scratch test solicitation

The objectives are to determine the electrochemical components of wear 
in high temperature water. The ability to detect some depassivation 
 phenomena was investigated, with the help of a scratch test. This method 
creates a single event and allows quantifi cation of the surface area of a 
scratch generated by an indenter and is suitable to follow the repassivation 
kinetics of a bare metal surface. This method is commonly used, and some 
papers deal with its application in pressurized high temperature water 
[7, 8].

The purpose was to study transitional currents associated with scratches 
for different polarization values. An indenter described in Fig. 9.7, made of 
ZrO2, was developed and adapted to our apparatus as the mobile sample. 
The trajectory followed by the indenter is described in Fig. 9.7. The static 
sample is an AISI 304 stainless steel with fl at geometry (see Fig. 9.8).
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Fig. 9.7 ZrO2 indenter and trajectory in the ring to create the scratch. 
(Dimensions are in mm.)
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The fi rst test series was performed in 40ºC deaerated water and various 
values of polarization were applied to the ring in order to record transi-
tional current linked to depassivation. The corrosion potential was about 
−500 mV measured with Ag/AgCl reference electrode. The system appeared 
to be very sensitive to disruptions. Furthermore the current sent through 
the magnets generated an important interference signal.

To observe phenomena as Stellwag [7] did, the polarization values have 
to be very high (polarization of +300 mV higher than corrosion potential). 
The current transient observed is shown in Fig. 9.9. The applied potential 
does not vary during the test. Before the scratch occurs, a 40 µA current is 
applied through the counter-electrode to maintain the polarization. A 
current peak (amplitude near to 23 µA) is observed early at the beginning 
of the scratch (the scratch is realized in 10 ms and its length is around 
500 µm, according to the displacement signal analysis). The repassivation 
phenomena is also observed with a duration of 16 s to obtain the current 
stability. Small electric disturbances are observed on the potential and 
current signals.

A second series of tests was realized at 300ºC under the same conditions 
as the tests at 40ºC. No signal was recorded during the scratch. It seems that 
the corrosion phenomenon plus the structure interference gives a back-
ground noise around 100–150 µA. So, if the transitional current peak is only 
a few microamperes high it cannot be observed. This battery of tests showed 
the possibility of realizing polarization curves at 300ºC and 154 bars with 
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Fig. 9.8 304L stainless steel ring. (Dimensions are in mm, roughness 
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the existing Aurore system. The initial surface state infl uences the electro-
chemical response.

9.3.3 Orbital test confi guration

Scratch tests were performed to illustrate the electrochemical signature of 
an elementary depassivation phenomenon but they were not conclusive at 
300ºC. The lightly depassivated surface generates a weak answer against 
the background noise due to fl uid movements or magnets. Even though the 
lower temperature scratch tests seem more useful they mainly show the 
magnet disruptions. The more highly depassivated surfaces were then inves-
tigated. A stainless steel tube was used as a mobile sample and a classical 
ring (without fl at geometry) as a static sample, similar to those described 
by Bosch et al. [8]. The kinematics was rolling with sliding. Both samples 
are electrically connected at the outside of the tribometer and correspond 
to a unique working electrode. A secondary reference electrode was used. 
A polarization +30 mV above the corrosion potential was applied to the 
samples. A current peak is observed early at the beginning of the friction 
(see Fig. 9.10) and a stabilized state is obtained after 300 s. At the end of 
the friction (total duration: 600 s) a decay is observed and the repassivation 
is observed after 7000 s. The stable state corresponds to the sum of the newly 
active area created by friction and repassivation.

The total depassivated area concerned the tube and the ring, and was 
around 2 cm2, corresponding to the surface affected by sliding. It is clear 
that this whole surface was not activated at the same time.
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9.4 Conclusions

In PWRs, components can be submitted to a coupling effect involving 
interactions at localized areas (mechanical aspect) and also the environ-
ment atmosphere (corrosion effect). Due to this particular phenomenon, 
so-called tribocorrosion, it seems diffi cult to appreciate the relative effect 
of each component, although studies at room temperature and room 
 pressure highlight this relationship between mechanical and chemical 
loadings.

The analyses of the main infl uence of each part are necessary in PWR 
environments. So Framatome ANP’s Technical Center has adapted a spe-
cifi c tribometer to allow electrochemistry measurements. Three-electrode 
mounting permits us to regulate or to access current or potential under 
PWR conditions, with regard to the mechanical solicitation induced in the 
test apparatus. A fi rst static test series showed the infl uence of temperature 
on the electrochemistry response and the good reproducibility of sequence 
in specifi c aqueous environments. This result revealed the importance of 
test conditions and the need to integrate corrosion kinematics.

Scratch tests do not lead to a signifi cant depassivation–repassivation 
phenomenon in the environment considered. It is shown that the limited 
dimensions of the indent mark cannot provide a high current density. 
However, corrosion kinetics is clearly recognizable. Based on this last 
experiment, orbital confi gurations have been carried out to increase the 
contact area. The electrochemical phenomena are clearly identifi ed in rela-
tion to mechanical parameters.
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Fig. 9.10 Current transient during orbital sliding friction between two 
304L samples. After 600 s, the contact stop and the current decrease. 
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178 Electrochemistry in light water reactors

The future objectives are to carry out tests in several confi gurations and 
to estimate the relative importance of mechanical and corrosion processes.
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Tribocorrosion in pressurized water reactor 

environments: room temperature results and 

fi nite element modeling
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P .  P O N T H I A U X  and F .  W E N G E R ,  Ecole Centrale Paris, France

10.1 Introduction

In pressurized water reactor (PWR) nuclear power plants, many mechanical 
components suffer from wear damage due to fl ow-induced vibrations. A 
recent review of the wear scar patterns by Ko [1] shows that corrosion is 
often involved in wear phenomena. Moreover, tribocorrosion is proven to 
be active in wear of control rod mechanisms [2, 3]. Electricité de France 
(EDF) is thus investigating the role of corrosion in the wear process taking 
place in high temperature (300–320ºC) pressurized water (155 bar).

For about 20 years, different research groups have developed electro-
chemical methods to study wear in corrosive environments. An excellent 
review was recently published by Landolt et al. [4]. Several tribometers able 
to work in corrosive electrolytes under electrochemical control have been 
developed [5], but to our knowledge, none of them can work at high tem-
perature (above 300ºC). EDF has thus added an electrochemical apparatus 
to a tribometer able to operate in high temperature water.

In this paper, the device is presented, and fi rst experiments on the tribo-
electrochemical behavior of an AISI 304L stainless steel are reported. All 
tests are done at room temperature for the purpose of comparison with a 
classical pin-on-disk tribometer.

10.2 Presentation of the Electricité de 

France tribometer

The machine (Fig. 10.1) was designed and manufactured by Atomic Energy 
of Canada Limited (AECL). It is an autoclave containing a cylindrical wear 
specimen and a cantilevered tube. The tube passes through a seal assembly 
to the outside of the autoclave. Its motion is generated by a vibration gen-
erator consisting of two-step motors connected in parallel and driven 
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 synchronously in opposite directions. Each motor drives an eccentric mass. 
Motor speed, mass values and their relative orientation can be varied to 
generate vibrations. Different motions likely to occur in service can be 
generated, from the easiest ones (pure impact/pure sliding) to the more 
complicated ones (combination of impact and sliding with different fre-
quencies and locations). Displacement and force transducers able to operate 
at high temperature are used in order to record the contact conditions 
resulting from vibrations. The average normal load can be varied from 0 
to 6 N, and the vibration frequency between 14 and 30 Hz. A more 
detailed description of the mechanical aspects of the device can be found 
elsewhere [6].

The original machine was modifi ed to perform electrochemical measure-
ments on the wear samples (working electrode). These samples – tube and 

Reference
specimen

Autoclave shell

Outlet

Support structure

Wear specimens

High temperature
displacement transducer

Excitation tube

Inlet

Vibration generator:
two-step motors turning
eccentric masses

High temperature
force transducer

Flow deflection plate

Fig. 10.1 The Electricité de France (EDF) wear simulator. A motor 
generates the vibration of a cylindrical tube inside a fi xed cylindrical 
guide. Vibrations induce impact and sliding, but no rotation.
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guide card – are insulated from the structure using high temperature resist-
ant zirconia pieces. A hole in the autoclave shell enables insertion of a high 
temperature reference electrode, designed by EDF, a few centimeters away 
from the samples. The stainless steel autoclave is used as counter-electrode. 
The fi nal schematic corrosion cell is shown Fig. 10.2. During the experiment, 
the tube and the guide can be short-circuited by connecting their electrical 
output outside the autoclave so that the same potential is always applied 
to both of them, even when they are not in contact. The resulting cell is 
quite far from ideal electrochemical conditions, especially due to the ohmic 
drop. Therefore, tests were performed at ambient temperature to allow 
comparison with results from another tribometer, and fi nite element mod-
eling (FEM) simulations were done to get a better idea of the current 
repartition in the cell.

10.3 Experiments

10.3.1 Test material and test solutions

Measurements were performed using AISI 304L stainless steel (Table 10.1). 
Samples – tube and guiding card – are represented in Fig. 10.3. The test 

Insulating pieces
(oxidized zirconium alloy)

Force

Potentiostat

Displacement

Ref. WE CE

Guiding card

Tube

Fig. 10.2 Electrochemical connections of the wear simulator. The 
wear samples are insulated from the autoclave using zirconia pieces 
and connected as working electrodes of a three-electrode cell.
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 solution was a mixture of boric acid (1000 ppm of boron) and lithia (130 ppm 
of lithium) dissolved in high purity distilled aerated water. This electrolyte 
had a low conductivity (210 µS cm−1) and an initial pH of 8.7. Taking into 
account the modifi cation of the water ionic product with temperature, this 
slightly basic pH was representative of the in-reactor pH at 320ºC (the 
water ionic product decreases with temperature from 14 to 10.7 at 320ºC, 
and the in-reactor pH lies around 7.1–7.3).

Mechanical conditions

A constant vibration frequency of 22 Hz was applied to the tube, leading 
to a pure orbital motion with the same frequency (Fig. 10.4). The average 
mechanical parameters resulting from the vibration are gathered in 
Table 10.2. Full contact between the tube and its guiding card was not 
always achieved. In order to take into account the contact discrepancies, a 
parameter was defi ned, the contact rate r, the percentage of time during 
which the normal load is above 0.2 N. The contact rate, and the actual 

Fig. 10.3 Wear samples after a wear test and cleaning. On the left, 
the mobile tube which is plugged into the longer excitation tube. 
On the right, the guiding card which is fi xed to the autoclave and 
electrically isolated from it.

Table 10.1 AISI 304L composition

 Element

 C Mn Si S P Ni Cr Mo Cu N2

Weight  0.029 1.86 0.37 0.004 0.029 10.00 18.00 0.04 0.02 0.056

fraction (%)
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motion resulting from the vibration of the tube varied during the long term 
wear test, when the tube or the card became worn.

Electrochemical conditions

The electrochemical control was achieved using a PAR 263A potentiostat 
with fl oating ground. A reference electrode developed by EDF R&D for 
high temperature test conditions was used. It consisted of an Ag�AgCl cell 
(0.372 V vs standard hydrogen electrode at 20ºC and atmospheric pressure) 
thermally isolated from the autoclave. All potentials were reported vs this 
reference. Classical electrochemical techniques were used to characterize 
the behavior of the passive fi lm before and during sliding. Information on 
these electrochemical techniques for tribocorrosion studies has been given 
elsewhere [7]. Different kinds of measurements were applied:

• Recording the sample open circuit potential (OCP) when sliding started 
and during sliding.

• Potentiostatic control when sliding started and during sliding. A slightly 
anodic potential lying in the passive region of the steel, from 0 V, was 
chosen.

7.0 × 10−4

0.0

−7.0 × 10−4

−7.0 × 10−4 0.0 7.0 × 10−4

Fig. 10.4 A typical orbital motion of the tube inside its guide 
recorded during the wear test. Units: meter.

Table 10.2 Mechanical conditions of the wear test

 Average Maximal Standard deviation

Global load (N) 3.76 11.2 1.98
Normal Load (N) 3.00  9.93 1.94
Tangential load (N) 0.847  7.42 2.04
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• Potentiodynamic curves recorded before sliding and during sliding. The 
potential scan rate was fi xed at 1 mV s−1.

Ex-situ wear analysis

The worn specimens were analysed to evaluate wear and wear pattern. The 
weight loss was measured using a ±10 µg microbalance and three- dimensional 
profi lometry. The wear scars were examined using optical and scanning 
electron microscopy.

10.4  Results

10.4.1  Triboelectrochemical measurements: open circuit 

potential and potentiostatic study

Thirty minutes after immersion in the solution the OCP of the specimens 
stabilizes around −200 mV. When sliding starts, the OCP decreases and 
reaches a steady state potential, EM  =  −410 mV (Fig. 10.5, top left). The 
potential recorded during the wear process is a mixed potential refl ecting 
the state of both worn and unworn parts of the material. Abrasion causes 
local thinning or removal of the passive fi lm, which makes the worn area 
more sensitive to corrosion. As the passive fi lm regrows, a partial anodic 
current fl ows from the worn area which modifi es the global electrochemical 
state of the sample. The OCP shifts toward less noble values where the 
oxygen reduction equilibrates the metal oxidation. This result is classical 
for passivated material in aerated water and is qualitatively reproduced 
using a pin-on-disk tribometer (Fig. 10.5, bottom left).

During a potentiostatic experiment at EM  =  −410 mV without sliding, an 
average cathodic current of −30.2 µA is measured. As EM is the OCP during 
sliding, the anodic shift of the global current due to the wear process is thus 
from −30.2 to 0 µA. By neglecting the variation of the oxygen reduction due 
to sliding at EM, the anodic current may be taken as equal to the increase 
of the metal corrosion.

The corrosion enhancement in the wear track is also observed during 
potentiostatic experiments at E  =  0 V (Fig. 10.5, right). This potential lies in 
the middle of the passive range, and very low current densities are measured 
(average current 0.80 µA). When sliding starts, the anodic current increases 
quickly to reach in a few seconds a steady state with an average current of 
97.0 µA (standard deviation 8.18 µA). As explained concerning the open 
circuit potential, this increase is due to the growth of the passive fi lm which 
is periodically removed. It is qualitatively in good accordance with the 
results obtained with a pin-on-disk tribometer (Fig. 10.5).
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In a fi rst approximation, it is possible to use the variation of the anodic 
current observed at EM  =  −410 mV and E  =  0 V to compute corrosion rates 
using Faraday’s law:

ɺm t
i t M

n F
( )

( )
=

·
·

 [10.1]

where ṁ(t) is the mass of material corroded per unit time (for example in 
milligrams per month), M the stainless steel average molecular weight, F the 
Faraday’s constant (which is the charge of one mole of electrons) and n the 
average valence of dissolution of metal taken as the sum of the valence of 
the elements of the alloy ponderated by their atomic fraction. Using the 
numerical values n  =  2.628, M  =  55.07 g mol−1 and F  =  96 490 C mol−1, one 
fi nds a weight of stainless steel oxidized per unit charge M/n·F  =  0.217 g C−1. 
This value enables computation of the corrosion rates given in Table 10.3. 
The value is higher at E  =  0 V than at EM which may correspond to the 
rebuilding of a thicker passive fi lm under anodic polarization.
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Fig. 10.5 Triboelectrochemical characteristics of the AISI 304L. First 
line: Electricité de France (EDF) tribometer. Second line: pin-on-disk 
tribometer. Left: open circuit potential versus time (sliding starts at 
t  =  100 s). Right: current evolution during sliding under potentiostatic 
conditions (E  =  0 V, sliding starts at t  =  50 s and stops at t  =  250 s). ECP, 
electrochemical corrosion potential.
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Potentiodynamic curves of the AISI 304L

Polarization curves of the as-received AISI 304L recorded before the wear 
experiment are shown in Fig. 10.6 (dashed curves). After cathodic polariza-
tion at −1.5 V, a small anodic peak is observed around −0.5 V, which may be 
due either to the regrowth of a passive fi lm or to the oxidation of adsorbed 
hydrogen. The passive range extends up to 0.3 V. Above this potential, the 
current increases to a secondary passivation state. An E–pH diagram of 
chromium at ambient temperature indicates that this may be due to the 
oxidation of Cr3+ to Cr6+. The oxidation of water is observed above 0.8 V, 
which leads to oxygen production. On reverse potential scanning, reduction 
of Cr6+ is observed. There is no active region below, and the processes at 
work are the reduction of dissolved oxygen below −0.35 V, and the reduction 
of water protons below −1 V, leading to hydrogen production.
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Fig. 10.6 Polarization curves of the AISI 304L in the boric acid/lithia 
media. Surface area  =  40 cm2, potential scan from −1.4 to 1.1 V, scan 
rate 1 mV s−1. Dashed curves were recorded before the wear test and 
the solid curve during the wear test.

Table 10.3 Current variations ∆i during the short-time sliding test for both 
electrochemical conditions. iws: current without sliding; is: current under sliding; 
∆m/∆t : corrosion rate

 iws (µA) is(µA) ∆i(µA) ∆mI∆t (mg month−1)

EM  =  −0.410  V −30.2  0 30.2 17.2
E  =  0  V    0.80 97.0 96.2 54.9
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Polarization curves recorded when vibrations are applied are also shown 
Fig. 10.6 (solid curves). Currents are higher during the wear experiment 
than on the as-received material between −0.35 and 0.8 V. No electrochemi-
cal reactions involving oxygen occur in this range of potentials. Since direct 
scans follow a cathodic polarization which produces hydrogen, it is safer to 
compare currents on reverse scannings than on direct scannings: hydrogen 
oxidation hardly infl uences their values. The current increase can then 
be attributed to the metal corrosion (dissolution and/or oxide regrowth). 
Between −0.35 and 0.3 V, the average current increase is 99.7  ±  32.6 µA. This 
is nearly equal to the value reported at E  =  0 V.

Wear test

Wear experiments are performed for a period of 6 days at OCP. Variations 
of its value are observed during the test (amplitude 50 mV), which are cor-
related with the motion discrepancies, as shown by comparing the OCP and 
the contact rate (Fig. 10.7). It shows that the primary factor for depassiva-
tion is contact, and that a load above 0.2 N is enough to induce depassiva-
tion. The higher the contact rate, the greater is the depassivated area, and 
the lower the potential. This is in total accordance with the interpretation 
given in the previous sections.

P
o
te

n
ti
a
l 
(V

)

−0.20 70

65

60

55

50

C
o
n
ta

c
t 
ti
m

e
 p

e
rc

e
n
ta

g
e
 (

%
)

45

40

35

30

−0.22

−0.24

−0.26

−0.28

−0.30

−0.32

−0.34

−0.36

−0.38

−0.40

−0.42
0 10 20 30 40 50

Time (h)

60 70 80

Fig. 10.7 Open circuit potential (OCP) of the tube and its guide during 
a long-time wear experiment. The evolution of the OCP can be 
connected to the evolution of the contact rate (percentage of time for 
which FN  >  0.2 N).
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A typical wear scar is shown in Fig. 10.8. After 6 days, reddish oxides are 
present all around the worn area. Most of the particles are deposited on 
the card. The worn area looks like having been mechanically polished and 
almost no oxides are observed on it. The oxide deposit has a quite low 
adherence and can be removed using an ethanol bath. The underneath 
surface is not attacked and looks as-received. The oxide localization around 
the wear track may be due either to its ejection from the contact area by 
the tube or to the fact that precipitation of the oxide occurs at this location, 
where the local pH may be higher due to oxygen reduction [8]. Weight 
losses of the tests are given in Table 10.4. By extrapolating the results from 
the electrochemical measurements, it seems that the volume removed by 
oxidation (whether it is due to anodic dissolution or fi lm regrowth) may 
account for one-quarter of the global weight loss. This division of wear 
between a mechanical and a corrosion part is often done in the literature, 
and results usually vary between 0 and 100% [9]. The ‘mechanical part’ 
of wear, deduced from the electrochemical part, is due to the occurence of 
some adhesion or abrasion processes, which can lead to the ejection of 
mechanical particles before they become oxidized. For example (Fig. 10.8), 
abrasive marks are present along the wear track, elongated in the direction 
of motion. This approach, consisting of dividing the wear resulting from 
corrosion and mechanical removal, is dangerous as corrosion may modify 
deeply the tribological conditions in the wear track: corrosion products can 
form a third body with abrasive properties, leading, for a given mechanical 
solicitation, to a much higher ‘mechanical part’ than in a noncorrosive 
environment.

Fig. 10.8 Scanning electron micrograph of the worn tube. The top 
part of the photograph corresponds to some oxide deposited on the 
border of the worn area.
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The relative importance of the corrosion processes in the weight loss and 
the presence of solid corrosion products in the wear track prove that it is 
important to develop a global approach to wear taking into account both 
mechanical and electrochemical parameters.

10.5 Finite element modeling of 

the electrochemical results

10.5.1 Background

During a wear experiment, the sample surface is highly heterogeneous and 
always disturbed due to the pin motion. The current-line distribution is thus 
permanently disturbed and results from the interaction between the unworn 
area (with high electrochemical impedance), the active area created by the 
tube vibration (with low impedance) and the area which repassivates itself 
after a previous contact (with an intermediate impedance).

In a fi rst approximation, it is possible to simplify the problem by consider-
ing that the global surface AT is divided in two parts with distinct electro-
chemical characteristics: an active area AA and a passive area AP. When the 
steady state is reached, the fraction of active area may be considered 
constant.

The current repartition of the specimens depends on the experiment. If 
jA and jP are the current density fl owing respectively from the active and 
passive areas, they verify:

AA · jA  +  AP · jP  =  0 [10.2]

for open circuit conditions, and

AA · jA  +  AP · jP  =  I [10.3]

when a potential is applied, where I is the measured current.
jA and jP depend on the intrinsic characteristics of the interface, especially 

its potential, Φ. In a fi rst approximation, a linear relationship between 
current and potential can be considered, which can be written:

Table 10.4 Weight variations during a 6 day wear test performed at open 
circuit potential

 Weight loss (mg) of test ref. 6.003 Equivalent in mg month−1

Card 34.3 174.0
Tube  7.17  36.4
Total 41.47 210.4
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EA and EP are the intrinsic equilibrium potentials of the active/passive 
interface, traducing their relative nobility; and RA and RP are the polariza-
tion resistance of the active/passive interface, traducing their ability to 
become polarized. This simple model explains schematically the electro-
chemical behavior of the sample. For example, the potential drop can be 
considered as a mixed potential resulting from a galvanic coupling between 
both areas (Fig. 10.9). The bare surface potential tends to be lower than that 
of the passive surface, and the potential observed during sliding is lower, 
with a value derived from Eq. 10.2 and 10.4:

Φ = =
+

+
E

R E R E

R R
M

A P P A

A P

· ·
.  [10.5]

Even if the total current fl owing out of the surface is zero (Eq. 10.2), there 
is an exchange current between active and passive areas. The active area is 
polarized anodically, which increases the repassivation kinetics, and the 
passive area is polarized cathodically.

Without
sliding

During
sliding

∆E

EP

IT = AT 
·

 
jP

IT = AA 
·

 
jA + AP 

·
 
jP

IA = AA 
·

 
jA

EA EM

IP = AP 
·

 
jP

EP

Fig. 10.9 Schematic explanation of the potential drop due to sliding 
using the formalism developed in Section 10.5.1: the open circuit 
potential observed during the wear experiment. EM is a mixed 
potential between EA and EP. IT: total current.
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An idea of the current distribution between these parts can be obtained 
using fi nite element modeling. The commercial software FEMLAB 3.0 is 
used. (FEMLAB is a trademark from COMSOL.) For the sake of simplicity, 
the cell is considered to have an axial symmetry (Fig. 10.10), and the active 
area is assumed to be uniformly distributed on the whole sample circumfer-
ence (this hypothesis is possible due to the fact that the rotation frequency 
of 20 Hz is high with respect to the time necessary for the specimen to 
repassivate). The simulation consists of a resolution of the equation: 
∆Φ  =  div(−σ · g→rad(V))  =  0, where Φ is the potential. This equation estab-
lishes the local conservation of the current. The conductivity of the water 
is taken as equal to 210 µS cm−1. The cell is discretized. Boundary conditions 
are imposed. They depend on whether a potential is applied or not.

10.5.2 OCP experiment

For open circuit conditions, all borders are considered as insulating except 
the sample surface. For the passive area, Eq. 10.4 is applied, with an intrinsic 
potential EP of −200 mV and a polarization resistance RP of 10 kΩ. The value 
of the potential is derived from measurements performed before sliding, 
when the whole sample is passive, and the value of the polarization resist-
ance is computed in an independent experiment reported elsewhere [10].

The same kind of relation is used for the active area, but it is harder to 
access the parameters RA and EA, due to the fact that the naked material 
is unstable in the solution. A value of −1.6 V is chosen for EA, which is the 
lowest OCP reached after cathodic depassivation, and the slope RA is 
chosen as a fi tting parameter: RA is adjusted so that the potential read at 

Counter-electrodeReference
localizationAxial

symmetry

J normal (µA cm−2)

Active part

Passive part
V

Solve
Div(−σ.grad V ) = 0

JN = constant
chosen so that

E(ref) = E wanted

or

JN = 0 (open circuit
potential conditions)

Insulated
jN = 0

Fig. 10.10 Schematic explanation of the fi nite element modeling of 
the cell. The simulation consists of a resolution of div(−σ.g

→
rad(V ))  =  0 

in the solution using the boundary conditions reported.
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the point where the reference electrode is located corresponds to the exper-
imental OCP, i.e., −410 mV.

Graphical results are displayed in Fig. 10.11. It can be observed that the 
potential is not homogeneous over the whole cell. Current lines fl ow from 
the active area to the passive area, and the chosen parameters lead to a 
potential distributed between −0.410 and −0.576 V on the surface of the 
specimen. The software enables us to compute the value of the current 
fl owing out of the active part. It gives a value IA which is of the same order 
of magnitude as the experimental value reported for open circuit conditions 
(Table 10.3):

I j dA j dA
A A

A A A P P

A P

A= = ≈∫∫ ∫∫· · 23µ .  [10.6]

10.5.3 Potentiostatic experiment

Potentiostatic experiments are modeled assuming the same behavior as in 
the previous section with the difference that the counter-electrode is con-
sidered as a homogeneous current source (primary current distribution). 
The value of the current fl owing out is adjusted so that the potential near 
the reference electrode is the imposed potential 0 V: precisely how a poten-
tiostat proceeds to adjust a potential. The resulting distribution is displayed 
in Fig. 10.12.

The potential distribution at the surface of the specimen is heterogene-
ous. It varies between 0 V, the imposed value, and −0.305 V in the wear track. 

mm

60

50

40

30

20

10

0

0 10 20 30 40 50

−0.42

−0.44

−0.46

−0.48

−0.5

−0.52

−0.54

−0.56

60 mm
Min: −0.576 V

Max: −0.404 V

Fig. 10.11 Finite element model of the cell for open circuit conditions. 
Surface: electric potential; streamline: total current density. The 
sample’s average potential ES  =  −410 mV. The actual potential of the 
samples lies between −410 and −576 mV.
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The difference between applied and ‘real’ potentials is particularly high in 
the small area between the two samples: the diameter clearance between 
both samples is d  =  0.6 mm. The current lines show that in the immediate 
neighborhood of the sample, the passive area is polarized cathodically 
(below EP), and thus provides a cathodic contribution to the global equi-
librium (which may correspond to some oxygen reduction). Some current 
lines begin and terminate on the surface of the sample and do not reach 
the counter-electrode. The current measured at the counter-electrode does 
not take into account this galvanic effect. Some current fl owing to the 
counter-electrode also comes from the passive part of the sample. The 
measured current thus results from the interaction between these different 
phenomena, and it may differ signifi cantly from the oxidation current in the 
wear track. According to the simulation, the global current fl owing out of 
the active part is fi nally in reasonable accordance with experimental results 
(Table 10.3):

I j dA
A

A A A

A

A= =∫∫ · 70µ .  [10.7]

10.6 Conclusions and perspectives

This preliminary study shows that under mechanical conditions representa-
tive of those encountered in primary water, the impact-sliding motion 
degrades the passive fi lm formed on AISI 304L stainless steel at room 
temperature. This degradation leads to a huge increase of corrosion in the 
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Fig. 10.12 Finite element model of the cell for potentiostatic 
conditions at E  =  0 V. Surface: electric potential; streamline: total 
current density. The sample potential actually lies between 0 V and 
−305 mV. Part of the current fl owing out of the active area is not 
sensed by the counter-electrode.
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wear track, and to the formation of some oxide deposits. Final oxidation 
rates are important in regard to the fi nal wear rate. Any attempt to model 
wear in this environment should thus take corrosion into account. Mechani-
cal and electrochemical processes have to be considered as a whole, leading 
to the material degradation.

Electrochemical measurements are also interesting as they provide in-
situ data enabling characterization of the intensity of the wear process: in-
line OCP measurements enable determination of whether a given vibration 
leads to the degradation of the passive fi lm or not, and the more wearing 
the motion, the lower is the resulting OCP.

Similar experiments will now be performed in water at high temperature 
(320ºC). More work will also be performed with FEM simulation: non-
linearity between current and potential will be introduced to increase the 
representativeness of the results.
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11.1 Introduction

In pressurized water reactors (PWRs) of nuclear power plants, the gripper 
latch arms of the control rods’ command mechanisms are protected from 
corrosion and wear by thick stellite 6 layers. A few years ago, it was sug-
gested [1] by damage surveys of numerous latch arms worn in PWRs, that 
tribocorrosion was involved in the degradation of these layers. Tribocorro-
sion is the process leading to wear by a combined action of friction and 
corrosion.

This conclusion was drawn from the following observation: the wear loss 
W of the gripper latch arms not only increases with the number of steps N 
(mechanical interaction between an arm and the control rod, involving 
impact plus sliding friction) but also increases, for a given number of steps, 
with the average duration between two successive steps (latency time τ). 
An empirical law was proposed:

W Nw
t

n

= 





−

0
0

1τ ( )

  [11.1]

where n is a dimensionless parameter, with value close to 0.6, and w0 is the 
average mass loss per step, while t0 is a time constant.

This law was explained by a tribocorrosion mechanism in which the wear 
of the material is mainly due to the periodic mechanical destruction (during 
friction step) of the passive oxide fi lm (Cr2O3 fi lm) protecting the alloy from 
the aqueous environment, and restoration of this fi lm by oxidation of the 
bare alloy areas during the subsequent latency period.
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With this mechanism, the evolution i(t) of the oxidation current on the 
bare metal areas during the latency periods can be derived from Eq. 11.1 
[2]:

i t i
t

t

n

( ) .= 





−

0
0

 [11.2]

When a tribocorrosion process is involved, the wear is often expressed as 
the sum of an electrochemical component, We, and a mechanical one, Wm:

W  =  We  +  Wm. [11.3]

In this case the total wear W can be identifi ed with the component We since 
the wear rate is controlled by the kinetics of the oxidation reaction leading 
to passive fi lm growth. The component Wm corresponds to the mass of bare 
alloy removed by a purely mechanical action. In this case, Wm seems to be 
much smaller than We.

In a previous study [3], the tribocorrosion of stellite 6 was studied in the 
laboratory, at ambient pressure in a solution of sulfuric acid (0.5 M) at 20ºC. 
In this solution, which is much more oxidizing than the pressurized water 
medium, accelerated corrosion and tribocorrosion tests could be carried 
out. A pin-on-disc tribometer was used and a test procedure of intermittent 
sliding friction was applied in cycles consisting of a short step of friction, 
followed by a longer latency step without applied friction. The same type 
of wear law (Eq. 11.1) was found, suggesting that similar tribocorrosion 
mechanisms are active in sulfuric acid as in a PWR environment.

Therefore, a more detailed investigation of the tribocorrosion mechanism 
was undertaken. The study was carried out at ambient pressure in two 
electrolytes:

1 0.5 M sulfuric acid at 20ºC.
2 A solution of boric acid (1000 ppm of boron) and lithia (12 ppm of 

lithium) at 85ºC. This solution was chosen because its chemical composi-
tion and properties are close to those of water in PWRs.

The following tests were implemented:

1 Tribocorrosion tests in conditions of continuous or intermittent friction 
with wear measurements.

2 Potentiokinetic polarization curves.
3 Analysis of the transient current responses of the alloy to anodic poten-

tial jumps of different amplitudes.

11.2  Experimental conditions

The specimens for tribocorrosion tests were prepared by plasma spraying of 
thick layers (1 mm) of stellite 6 at one end of stainless steel (304 L)  cylinders 
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of 25 mm diameter and 25 mm height. The composition of stellite 6 is given 
in Table 11.1.

In the tests in water or water  +  B  +  Li, the working surface was the disc-
shaped end of the stainless steel cylinders, covered by stellite 6. The area of 
the disc is 4.91 cm2.

In the tribocorrosion tests carried out in sulfuric acid to determine the 
wear law, the disc-shaped end of the cylinder was partly ‘masked’ by an 
insulating cataphoretic paint, and the working surface was reduced to a ring 
(internal diameter 14 mm; external diameter 18 mm) of 1.0 cm2 area. This 
delimitation of the working surface was used in our previous study of 
 stellite 6 in sulfuric acid to prevent depassivation and corrosion on the areas 
along both sides of the wear track [3].

Before each test, the working surface was polished with emery paper 
(grade 1200) and rinsed with distilled water.

For tribocorrosion pin-on-disc tests, the specimens were mounted in a 
cell, containing the electrolyte and electrodes, with the working surface of 
the specimens facing upwards. The counterbody (pin) was a corrundum 
cylinder with a fl at end (2.0 mm diameter; apparent contact area  =  3.14 mm2), 
mounted vertically on a rotating head, on top of the specimen. The lower 
end of the pin was applied against the stellite disc at an adjustable normal 
force Fn in plane-on-plane contact conditions. When rotation was applied, 
the end of the pin drew a circular wear track (16 mm in average diameter) 
on the working surface (see Fig. 11.1).

Tribocorrosion tests were carried out at average contact pressures of 
120 MPa (Fn  =  377 N) and 30 MPa (Fn  =  94 N).

Both continuous and intermittent friction tests were carried out to obtain 
the experimental relationship between wear and latency time. In the inter-
mittent tests, friction was applied periodically: during each cycle, friction 
was fi rst applied for 2 s at an average contact pressure of 120 or 30 MPa at 
120 r.p.m. and then stopped during a latency time of 20 or 200 s. This mechani-
cal solicitation was repeated for 2500 cycles (10 000 rotations in all). Some 
features of these tests reproduce the wear conditions of stellite in the PWR: 
intermittent friction, average contact pressure of 120 MPa. Friction tests 
under continuous sliding conditions were carried out under the same tribo-
logical conditions (30 or 120 MPa; 120 r.p.m.; 10 000 rotations).

Table 11.1 Composition of the stellite 6 layer

 Element

 O Si Cr Fe Co Ni W

Weight % 6.4 2.1 28.3 3.0 55.4 2.4 2.4
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Three aqueous solutions were used:

1 0.5 M H2SO4 prepared from pure sulfuric acid and distilled water. The 
tests were carried out in this electrolyte at 20ºC.

2 A solution of boric acid and lithia, named ‘Water  +  B  +  Li’, containing 
1000 ppm of boron and 12 ppm of lithium, with a pH of 7.5. The solution 
was prepared from pure boric acid and lithia dissolved in distilled water. 
The tests were carried out in this electrolyte at 85ºC.

3 Additional tests were also carried out in distilled water at 20ºC, in order 
to reduce the contribution of corrosion to a minimum and evaluate the 
mechanical component Wm of the total wear.

For electrochemical measurements, a three-electrode set-up was used, 
with the specimen as working electrode and a circular platinized titanium 
grid as counter-electrode. As reference electrode, an Hg/Hg2SO4/saturated 
K2SO4 solution electrode [SSE; E  =  +670 mV/standard hydrogen electrode 
(SHE)] was used in sulfuric acid at 20ºC. In the boric acid and lithia solution 
at 85ºC, an Ag/AgCl/saturated KCl solution electrode (Ag-AgCl; at 85ºC, 
E  =  +360 mV/SHE) was taken. The electrodes were connected to a PAR 
273A potentiostat and Corrware 2.2 (Scribner) software was used.

Polarization curves were recorded without friction and under continuous 
friction conditions, by applying a linear time-dependent potential scan 
(1.67 mV s−1) from the cathodic hydrogen evolution potential domain up to 
the beginning of the anodic transpassive dissolution domain. The ohmic 
drop due to the resistance of the electrolyte was measured and corrected.

Fn

Counter-

electrode (CE)

Reference

electrode (Ref)

Corundum pin

Ref CE WE

Insulated jaws

Tribometer stand

Cell

Specimen (WE)

Mandrel

Electrolyte

Potentiostat

Rotating head

Fig. 11.1 Schematic representation of the electrochemical cell and of 
the mounting of the specimen on the tribometer.
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In the potential jump experiments, the potential steps were applied by 
the potentiostat and the current transients were recorded by a data acquisi-
tion chain (CBO Instrumentation) at an acquisition frequency of 4 kHz.

At the end of the tribocorrosion tests, the wear volume was deduced from 
three-dimensional surveys of the wear track recorded with a high resolution 
optical microtopograph, at a lateral resolution of 1 µm and vertical resolu-
tion of 30 nm. The volume of the wear track was measured and the cor-
responding weight loss was calculated. Direct weight loss measurements 
(accuracy: 0.2 mg) were also carried out and compared to the values deduced 
from microtopographic measurements, in order to detect the possible devel-
opment of corrosion out of the wear track.

11.3 Wear laws

The determination of the wear laws We(τ) was performed through tribocor-
rosion tests under continuous and intermittent sliding. It must be noted that, 
when continuous sliding is applied at 120 r.p.m., every part of the wear track 
is in contact with the pin every 0.5 s. Consequently, such a test can be con-
sidered as an intermittent test with a latency time of 0.5 s. Consequently, the 
wear laws were determined from results of wear measurements correspond-
ing to three values of the latency time, namely 0.5, 20 and 200 s.

To calculate the electrochemical component We of the total wear, the 
mechanical component Wm had to be substracted from the measured wear 
W. The value of Wm was estimated from tribocorrosion tests carried out in 
distilled water. In this environment, the contribution of the oxidation pro-
cesses to the total wear is expected to be much smaller than in the other 
electrolytes. Actually, the smallest wear was obtained in distilled water, and 
the variation of wear with latency time was found to be much smaller than 
in the other electrolytes (Fig. 11.2).

The oxidation reaction seems to be very slow in distilled water. During 
continuous sliding tests, the amount of oxide formed during the short 
latency period (0.5 s) and then removed by the pin, should be smaller than 
the amount of bare material removed by a mechanical action of the pin. 
Hence, the contribution of the electrochemical component We to the total 
wear was assumed to be negligible and Wm was derived from the wear value 
measured after a test carried out in continuous sliding motion conditions:

Wm  =  (0.8  ±  0.3) mg. [11.4]

This value of Wm was assumed to represent the mechanical component of 
wear, independent of the latency time, obtained after 10 000 rotations, for 
the tribocorrosion tests carried out under a contact pressure of 120 MPa 
in the other electrolytes. It must be noted that, for a contact pressure of 
30 MPa, the wear was too small to be measured with suffi cient accuracy 
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(Wm  ≈  0.2 mg). In Fig. 11.3, the variation of We is plotted versus τ. The 
 variations are in agreement with Eq. 11.1. The values of w0, t0 and n are 
gathered in Table 11.2.

It must be noted that the lines obtained at 120 and 30 MPa are parallel 
for a given electrolyte. This indicates that oxidation reaction kinetics 
involved in the repassivation of the surface after friction are the same at 
both contact pressures. The shift between the lines at 120 and 30 MPa can 
be explained by the difference in the real contact areas. When the apparent 
contact pressure is multiplied by 4 (from 30 to 120 MPa), the contact area 
increases by a factor of 1.9 for the sulfuric acid solution and 3.9 for the 
solution of boric acid and lithia. It must be noted that these factors do not 
give the ratios between the real contact areas, but the ratios between the 
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Fig. 11.2 Variation of the total wear of stellite 6 with latency time τ in 
distilled water at a contact pressure of 120 MPa.
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areas depassivated by friction. Observations of the surface at the micro-
scopic scale after tribocorrosion tests show that, in the wear track, depassi-
vation and dissolution of the material do not take place only in the contact 
areas but also between these areas. As a result, the ratios of the values of 
w0 are not identical to the ratios of real contact areas.

The value of n seems to be related to the oxidizing and corrosive proper-
ties of the electrolyte. If the value of n is small, the decrease of the oxidation 
current (Eq. 11.2) is slow. It could mean that the surface fi lm can grow 
during a long period of time and that a large amount of metal can be oxi-
dized during the latency period. This is the case in 0.5 M H2SO4. It must be 
noted that the growth of the passive fi lm is perhaps not the only origin of 
the anodic current, and that parallel dissolution of the alloy might also 
occur, as shown by other authors [4] in the study of passivation of chromium 
and stainless steels in sulfuric acid. In addition, in our previous study of the 
wear law of stellite 6 in sulfuric acid by intermittent tribocorrosion tests [3], 
the occurrence and the infl uence of dissolution were pointed out. However, 
on areas where the fi lm can grow in applied potential conditions, the dis-
solution of the metal should stop very quickly.

In water  +  B  +  Li, the value of n is higher, indicating that a thinner oxide 
fi lm is removed at every friction step. The growth of the passive fi lm seems 
to be slower. However, even though the growth of the fi lm is slow, the dis-
solution of the alloy can remain negligible, if the rate of the dissolution 
reaction is smaller than the rate of passivation.

Finally, it is important to compare the values of n found here for the two 
electrolytes, with the values determined on the latch arms worn in a PWR 
environment [1]: n  =  0.6. This value of n seems to rank the corrosiveness of 
the PWR environment under tribocorrosion solicitation between those of 
the H2SO4 solution (smaller value of n, higher corrosiveness) and of the 
solution of boric acid and lithia (higher value of n, lower corrosiveness).

Nevertheless, tribocorrosion tests under continuous and intermittent 
sliding conditions are not well suited for a detailed investigation of the 
kinetics of the oxidation processes, mainly for the following reason: the tests 

Table 11.2 Values of the parameters w0, t0 and n of Eq. 11.1 corresponding to 
the lines of Fig. 11.3

Electrolyte Pavg (MPa) w0 (mg) t0 (s) n

0.5 M H2SO4  30 1.6 1 0.40  ±  0.05
 120 3 1 0.40  ±  0.05

Water  +  B  +  Li  30 0.9 1 0.70  ±  0.05
 120 3.5 1 0.70  ±  0.05
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are performed in open circuit (or free) potential conditions. During the test, 
the potential of the specimen undergoes periodic variations with large 
amplitudes (Fig. 11.4).

Under open circuit potential conditions, there is a galvanic coupling 
between the depassivated areas of the wear track and the surrounding areas 
remaining in a passive state. The instantaneous value of the potential 
depends on the ratio between depassivated and passive metal areas. It 
depends also on the thickness of the passive fi lm in these areas. These 
parameters are continuously varying during an intermittent tribocorrosion 
test. Conversely, the kinetics of oxidation of the alloy depend on the poten-
tial, and so the passivation and dissolution (if possible) rates vary during 
the test.

To obtain more detailed information on the oxidation process of the alloy, 
electrochemical methods such as polarization curves and potential jumps 
can be used.

11.4 Electrochemical behavior of stellite 6

11.4.1 Polarization curves

The potentiokinetic polarization curves I(E) of stellite 6 in water  +  B  +  Li 
and in the 0.5 M H2SO4 solutions are given in Fig. 11.5 and 11.6. The shape 
of the curves recorded in both electrolytes without applied friction reveals 
the existence of a wide passivation plateau (0.8 V) limited at the cathodic 
end by the hydrogen evolution and oxygen reduction domains, and at the 
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Fig. 11.6 Potentiokinetic polarization curves (corrected from ohmic 
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with no friction and under continuous sliding friction (30 and 120 MPa; 
120 r.p.m.). Working surface: disc (4.9 cm2). The potential of the 
standard hydrogen electrode (SHE) (−0.36 V/Ag-AgCl) is marked.

anodic end by the transpassive dissolution domain. The curves reveal that, 
in both electrolytes, there is no active dissolution peak. The magnitude of 
the anodic current on the passivation plateau is 5 µA in sulfuric acid and 
10 µA in water  +  B  +  Li.
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When friction is applied, the curve is not affected in the cathodic 
range. This indicates that the rates of the cathodic reactions are roughly the 
same on passive and depassivated areas. On the contrary, the curves in the 
anodic range are drastically changed. It is important to note that, at poten-
tial where passivation of the alloy occurs, most of the anodic current is 
fl owing from the depassivated areas of the wear track. Out of the wear 
track, the alloy remains in a passive state and the corresponding current 
is probably very small, of the same order of magnitude as the passivation 
current measured when friction is not applied. Consequently, the anodic 
parts of the curves reveal the behavior of the alloy under friction in the 
wear track:

1 In H2SO4, an anodic active peak appears around −0.6 V/SSE. At higher 
potentials (between −0.45 up to +0.45 V/SSE) a current plateau is 
obtained with a characteristic current around 0.5 mA.
• The existence of the active dissolution peak reveals that, around the 

potential value of −0.6 V/SSE, the passivation kinetics are slow and 
that, on bare alloy areas, the dissolution reaction prevails. In our 
previous study of tribocorrosion of stellite 6 in sulfuric acid [3], the 
existence of this narrow potential domain, where passivation is not 
effective enough to protect the alloy from dissolution, has provided 
an explanation of the gradual depassivation of the surface of 
stellite 6 specimens out of the wear track in the course of intermit-
tent  tribocorrosion tests.

• The current plateau observed under friction between −0.45 and 
+0.45 V/SSE shows that, in this potential range, the kinetics of the 
oxidation reactions in the wear track are no longer controlled by the 
potential-dependent rate of the activation processes. The oxidation 
rate could be controlled by slow mass transfer processes, perhaps 
related to the passive fi lm growth.

2 In the boric acid and lithia solution, the curves recorded under friction 
show that the passivation plateau disappears and a continuous increase 
of the anodic current with the potential is observed:
• The above-mentioned limitation of the kinetics of oxidation  

reactions by mass transfer processes is not observed in this case. 
This could suggest that the fi lm growth is very slow and that the fi lm 
never becomes so thick that a limiting mass transfer can take 
place.

11.4.2 Potential jumps

Additional information can be obtained from potential jump experiments. 
For these tests, the following procedure was applied:
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1 First, a cathodic galvanostatic polarization was applied to the specimen 
(disc; 4.9 cm2) at a cathodic current density of 10 mA cm−2. Hydrogen 
evolution, which occurs on the disc surface, induces cathodic reduction 
of the superfi cial oxide fi lm. This method of ‘cathodic depassivation’ of 
the alloy is commonly used [4] in studies of the kinetics of the passive 
fi lm growth on various stainless steels or passivating metals, by potential 
jump experiments. The conditions implemented in this work (10 mA cm−2; 
15 min) were determined from a preliminary study, in which the infl uence 
of various cathodic polarizations (current density; duration) on the elec-
trochemical behavior of the alloy and on the response to potential jumps 
were tested.

2 The cathodic polarization was then switched off, and a potentiostatic 
polarization was instantaneously applied at −0.7 V/Ref (potential of the 
reference electrode). In both electrolytes, at this potential, hydrogen 
evolution is stopped, a zero current is measured, and it was shown by 
various measurements (impedance measurements) that the rate of oxi-
dation of the alloy is very slow. Actually, in our experiments, this value 
of the potential is only applied for 2 s, which is the time necessary to 
remove the hydrogen bubbles from the surface with a soft brush. 
Remaining hydrogen bubbles could be oxidized during the anodic 
potential jump and induce an error in the determination of the passiva-
tion current.

3 Finally, a potential step is applied from −0.7 V/Ref to a more anodic 
value. The current transient is recorded for at least 3 min, at a frequency 
of 4 kHz.

In both electrolytes, potential jumps were applied to stellite 6 from the 
initial value of −0.7 V/Ref (SSE or Ag-AgCl) to fi nal values of −0.4, −0.2, 0, 
+0.2, +0.4 V/Ref. It must be noted that, for both electrolytes, it was verifi ed 
that the current response of the electrode was not limited by ohmic drop 
effect due to the electrolyte resistance.

Sulfuric acid solution

In Fig. 11.7, two current transients obtained in the sulfuric acid solution are 
presented as log–log scale. They are representative of the behavior of the 
alloy over the whole passivation domain from −0.4 to +0.4 V/SSE). The most 
signifi cant result is that almost the same transient was obtained independ-
ent of the amplitude of the jump (provided that the fi nal potential value 
was between −0.4 and +0.4 V/SSE). This surprising result is in fact consistent 
with the existence of the current plateau (Fig. 11.5) in the polarization curve 
of the alloy under friction. It can be interpreted in the same way: the pas-
sivation kinetics of a bare metal surface are independent of the applied 
anodic potential at potentials from −0.4 to +0.4 V/SSE.
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The shape of the transients in Fig. 11.7 suggests that two stages might be 
distinguished:

1 From t  =  0 to t  =  0.1 s, the response of the working surface could 
be interpreted by two main processes: the charge of the double layer 
capacitance, and an electrochemical oxidation reaction leading to the 
adsorption of an intermediate acting as the ‘precursor’ from which the 
passive fi lm will grow.

2 For t  >  0.1 s, a linear decrease of log(i) versus log(t) is recorded with 
a slope of −0.7. Between 0.2 and 300 s, the current density variation is 
given by the following expression:

i t i
t

t

p

( ) = 





−

0
0

 [11.5]

with p  =  0.7.

It is interesting to note that this expression has the same mathematical 
form as Eq. 11.2, which gives the variation of the current density during 
repassivation of a bare metal area under open circuit conditions. In fact, 
there is no clear justifi cation for this similarity, because the transient 
described by Eq. 11.5 corresponds to potentiostatic conditions on a 
metal surface in a homogeneous state, whereas Eq. 11.5 corresponds to 
open circuit conditions, with a large evolution of the potential under 
galvanic coupling control conditions, on a heterogeneous surface. 
Anyway, the value of p is different from the value of n.

Such a linear decrease was also found on other materials and electro-
lytes in potential jump experiments (with other values of p) [2, 5, 6]. A 
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Fig. 11.7 Examples of current transients recorded on stellite 6 
in 0.5 M H2SO4 after potential jumps (from −0.7 V/SSE to −0.2 and 
0 V/SSE). SSE, Hg/H2SO4/saturated K2SO4 solution electrode.
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few authors have interpreted this result as the consequence of the build-
up of the passive fi lm. Actually, the models of passive fi lm growth, like 
the high fi eld conduction model (HFCM) or its variants, cannot predict 
such a linear decrease of log(i) versus log(t) over more than three 
decades of current.

Nevertheless, the HFCM was considered further, because it could explain 
the results that suggest a limitation of the passivation kinetics by ionic mass 
transport through the fi lm, and the invariability of the current response with 
the potential. One of the main predictions of the HFCM and of many of its 
variants is the linear relationship between log[i(t)] and 1/q(t), where i(t) and 
q(t) are respectively the current and total charge at time t:

log[ ( )]
( )

.i t A
B

q t
= +  [11.6]

An example of experimental relation is given in Fig. 11.8. We verifi ed that, 
whatever the time scale is, a relation like Eq. 11.6 can never be clearly 
observed in our results. Consequently, it seems that the HFCM is not the 
appropriate model to develop a more detailed interpretation of our results 
and a realistic description of the behavior of stellite 6 in the sulfuric acid 
solution.

Water  +  B  +  Li

The current density transients obtained in the boric acid and lithia solution 
are represented in Fig. 11.9. Clear differences with the behavior in sulfuric 
acid are observed:
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Fig. 11.8 Experimental relation between log[i(t)] and 1/q(t) obtained 
on stellite 6 during a test of potential jump from −0.7 to −0.2 V/SSE. 
SSE, Hg/H2SO4/saturated K2SO4 solution electrode.
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1 The initial currents are much smaller (two orders of magnitude).
2 The linear decrease of log(i) versus log(t) is hardly visible over only one 

decade of current.
3 As in sulfuric acid, the current transients obtained for fi nal potentials Ef 

between −0.2 and +0.4 V/Ref, are nearly identical, but the transients 
obtained for Ef  <  −0.2 V/Ag-AgCl are very different.

As in the case of sulfuric acid, it was not possible to obtain an experimental 
relationship log[i(t)]  −  1/q(t) in agreement with the theoretical Eq. 11.6 
derived from the HFCM.

Additional information on the passivation mechanism and kinetics can 
also be derived if the variation of the current is analyzed in terms of fi lm 
growth. In Fig. 11.10, the evolution of the thickness h(t) of the fi lm is 
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 represented for both electrolytes, for two jumps (Ef  =  −0.2 V/Ref and 
Ef  =  0 V/Ref). To calculate these curves, it was fi rst assumed that all of the 
anodic current during the transient was used for the growth of the fi lm, and 
that no parallel anodic reaction (dissolution of components of the alloy for 
example) took place. The only reaction then considered is:

2Cr  →  2Cr3+  +  6e−

2Cr3+  +  3H2O  →  Cr2O3  +  6H+.

The current transient was integrated to obtain the charge variation and 
Faraday’s law was used:

h t
M

zF S
i u u

t

( ) ( )= ∫
1
2 0ρ

d  [11.7]

where M is the molecular weight of Cr2O3 (=  152), z the valency of the 
chromium cations (z  =  3), F the Faraday’s number (96 500 C mol−1), ρ the 
density of Cr2O3 (ρ  =  5.19 g cm−3) and S the working surface (S  =  4.91 cm2). 
It must be noticed that the values of h(t) at the end of the transient (a few 
nanometers) are in agreement with the values reported in the literature for 
stainless steels at ambient temperature and pressure in an acidic environ-
ment. The increase of h(t) is much faster in sulfuric acid, and identical 
 evolutions are observed. This result was expected since the transients are 
also identical. On the contrary, the growth of the fi lm in water  +  B  +  Li is 
much slower, and the curves do not merge. Surprisingly, the growth at 
0 V/Ag-AgCl would be slower than at −0.2 V/Ag-AgCl.

If the values of h(t) at short times (0.1 and 0.5 s  =  period in the tribocor-
rosion tests under continuous sliding friction) are compared, the following 
values are found:

0.5 M H2SO4: −0.2 V/SSE h(0.1)  =  0.60 nm h(0.5)  =  0.92 nm
      0 V/SSE h(0.1)  =  0.85 nm h(0.5)  =  1.10 nm

Water  +  B  +  Li −0.2 V/SSE h(0.1)  =  0.03 nm h(0.5)  =  0.10 nm
      0 V/SSE h(0.1)  =  0.05 nm h(0.5)  =  0.12 nm

This result could explain the differences in the polarization curves in H2SO4 
and water  +  B  +  Li, and the existence of a plateau in the polarization curve 
in H2SO4:

1 One may consider that, in tribocorrosion tests in H2SO4, from 0.1 s after 
depassivation by the pin, a (thin) passive fi lm has been built up. There-
fore, the fi rst step of adsorption of a ‘precursor’ (under kinetic control 
of charge transfer) seems to be a very fast reaction and after 0.1 s (or 
less) the current density on a small area of the wear track is related to 
the fi lm growth which is independent of the potential, and limited by 
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ionic transfer in the fi lm. This means that, under friction at 120 r.p.m., 
on most parts of the wear track, the growth of the fi lm occurs. The 
current fl owing from the wear track is then mainly due to this process 
and, as a result, independent of the potential.

2 On the contrary, we see that, in water  +  B  +  Li, after 0.1 s or even after 
0.5 s, the fi lm is not built up (h  ≤  0.12 nm). Consequently, in tribocorro-
sion tests at 120 r.p.m., the fi rst step of adsorption of the precursor still 
occurs on the whole wear track and the current is potential dependent 
(Fig. 11.6).

11.5 Conclusions

The comparison of the wear laws of stellite 6 found in this study, with the 
wear law determined on the worn gripper latch arms of pressurized water 
reactors, leads to the conclusion that similar tribocorrosion mechanisms are 
encountered in the PWR environment and in the laboratory in acid or 
neutral electrolytes at ambient pressure.

The mechanism involves a major infl uence of the passivation reaction 
responsible for the repair of the passive fi lm at areas where it has been 
removed by friction. In the case of a periodic solicitation of the surface, the 
results can be explained in the following way: if the oxidation reaction is 
fast (in H2SO4 for example), the protective fi lm is rapidly repaired after a 
friction step and its growth is also fast. As a result, at the end of the latency 
time, the following friction step removes a large amount of oxidized mat-
erial, and the amount is larger if the latency time is longer, probably because 
the mechanical resistance of the fi lm is low and most of the fi lm is removed 
whatever its thickness may be. On the contrary, in a less oxidizing environ-
ment (such as water  +  B  +  Li), for the same duration of the latency period, 
the amount of passive fi lm developed in the contact areas during the latency 
period is thinner, and the amount of oxidized material removed during the 
friction steps is smaller.

The kinetics of this process of fi lm removal and repair determines the 
electrochemical component of wear, We. The mechanical component of 
wear Wm can be defi ned as the amount of material removed from the 
surface by friction on the bare metal. This component seems to have always 
a minor contribution in the total wear because the hardness and mechanical 
resistance of the alloy are very high, much higher than those of the passive 
fi lm.

Beside passivation, the infl uence of a dissolution reaction can be consid-
ered, especially at bare metal areas in the wear track. In fact, the infl uence 
of this reaction has been pointed out, studied and explained in our previous 
paper on tribocorrosion of stellite 6 in 0.5 M H2SO4 [3]. In this study, its 
contribution to the wear in the tribocorrosion tests carried out in sulfuric 
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acid has been eliminated. In the water  +  B  +  Li, and probably in the PWR 
environment, its contribution must also be negligible: the oxidizing proper-
ties of these electrolytes are weaker than those of H2SO4. The development 
of a protective passive fi lm is then longer and more diffi cult but the dissolu-
tion is also much slower, leading to a negligible contribution of dissolution 
to wear.

The similarities between the mechanisms of tribocorrosion in the elec-
trolytes and in the PWR environment permit us to envisage the develop-
ment of tribocorrosion studies, easy to implement in laboratory conditions 
at low temperature and ambient pressure, with many powerful investigation 
techniques available for research work, to test for example the effect of 
changes in operating conditions (contact pressure, composition of the envi-
ronment, etc.).

In addition, our results have shown that it was possible to rank the dif-
ferent environments (water  +  B  +  Li at 85ºC, pressurized water, 0.5 M H2SO4 
at 20ºC) in relation to their oxidizing properties and aggressiveness towards 
stellite 6 in tribocorrosion conditions.
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