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ABSTRACT
Nearly 90% of today’s fission reactors use Zr based fuel cladding materials. The
Boiling Water Reactors (BWRs) and Pressurized Water Reactors (PWRs) are the two
most common water-cooled nuclear reactors. Corrosion is the principal threat to the
failure of the fuel in these reactors, resulting in the release of fission products to the
coolant and hence to the establishment of radiation fields in out-of-core regions of the
coolant circuit (e.g., steam generators in PWRs and turbines in BWRs). As is well
known, corrosion is an electrochemical phenomenon; however, electrochemical effects
are often neglected in corrosion studies on zirconium and its alloys, because of the
difficulty in performing well-defined experiments under the appropriate conditions (high
temperatures and pressures).
In-situ studies have been carried out to examine the electrochemistry of passive
zirconium under simulated BWR and PWR coolant conditions by using a controlled
hydrodynamic, high temperature/high pressure test cell.

The oxidation/hydriding

mechanisms are elucidated by measuring the current, impedance, and capacitance of
passive zirconium as a function of formation potential. The data are interpreted in terms
of a modified point defect model (PDM) that recognize the existence of a passive film
comprising a thick oxide outer layer over a thin barrier layer. From the composition of
the zirconium passive film and thermodynamic analysis, it is postulated that a hydride
barrier layer forms under PWR coolant conditions whereas an oxide barrier layer forms
under BWR primary coolant conditions.
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Transients in current density and the thickness of the passive film formed on
zirconium, when stepping the potential in either the positive or negative directions, have
confirmed that the rate law afforded by the PDM adequately describes the growth and
thinning of the passive film at high temperatures. The experimental results demonstrate
that the kinetics of either oxygen or hydrogen vacancy generation at the metal/film
interface control the rate of film growth when the potential is displaced in the positive
direction, whereas the kinetics of dissolution of the barrier layer at the barrier
layer/solution interface control the rate of passive film thinning when the potential is
stepped in the negative direction. Both the growth rate and dissolution rate of the passive
films formed in the hydrogenated solution are lower than that formed in the
dehydrogenated solution.
In addition, the effects of second phase particles (SPPs) on the electrochemistry of
passive zirconium in the hydrogenated, high temperature aqueous solutions are examined
by using different heat-treated Zircaloy-4 samples; i.e., as-received, β-quenched, and αannealed. Optical microscopy with polarized light and scanning electron microscopy
(SEM) were used to characterize the microstructure and determine the size and density of
the SPPs. The average size of the second phase particles in the Zircaloy-4 samples was
in the sequence of β-quenched < α-annealed < as-received, with the reverse sequence
being observed in the areal density. The size of the SPPs is found to be comparable to
the passive film thickness. Electrochemical studies show that the size and density of the
second phase particles are the determining factors of the electrochemical properties of the
passive films. Thus, the β-quenched sample has the highest corrosion resistance, while
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the α-annealed sample has the lowest. It is also evident that the second phase particles
play an important role in determining the electronic character of a passive film, as
demonstrated by Mott-Schottky analysis. The second phase particles may cause short
circuits in the electrical path across the passive film, which would explain the effect of
the size and the density of the SPPs, and hence heat treatment, on the corrosion properties
of passive Zircaloy-4.
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Chapter 1
INTRODUCITON

1.1 General Background
Zirconium and its alloys have been studied extensively [1-9] with respect to their
application in thermal nuclear reactors to separate the coolant water from the nuclear fuel.
They are used in this application because of their low thermal neutron capture crosssection, relatively high mechanical strength, and excellent corrosion resistance.

To

improve the mechanical properties and corrosion resistance of zirconium, it is commonly
alloyed with a small amount of iron (Fe), chromium (Cr), nickel (Ni), and tin (Sn), to
yield Zircaloy-2. Zircaloy-4 is a low Ni variant of Zircaloy-2, where the Ni has been
partially replaced by a corresponding amount of Fe for better hydrogen pickup resistance.
Zr-2 and Zr-4 are the two most frequently used alloys for light water cooled nuclear
reactors. More information about the properties of zirconium and Zircaloys is found in
Chapter 2.
There are typically two types of light water cooled reactors: Pressurized Water
Reactors (PWR) and Boiling Water Reactors (BWR). PWR is comprised of two coolant
systems. The primary coolant circuit, which transfers heat from the core to the steam
generator, is pressurized to the extent that sustained boiling does not occur. Then, the
heat is transferred from the primary coolant circuit to the secondary circuit via a heat
exchanger, the steam generator, and the steam produced in the secondary circuit drives
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the turbine generator (Fig. 1-1). In case of a BWR, the water is heated by the fuel rods to
steam used directly to drive the turbine generator (Fig. 1-2). By having a single loop, the
need for steam-generators and other expensive equipment in a PWR is avoided. However,
this simple design has the disadvantage that if there is a fuel failure, radioactive fission
products my spread throughout the entire cooling system. Pressurized water reactors
operate with boric acid as a nuclear shim in the primary coolant circuit, in order to
control the nuclear reactivity. Lithium hydroxide (LiOH) is produced by the nuclear
reaction 5B10 + 0n1 Æ 3Li7 + 2He4, but the total lithium concentration is controlled by ion
exchange in concert with the boric acid concentration, in order to minimize the release of
corrosion products into the coolant and to inhibit their deposition onto the fuel surfaces.
Typically, a hydrogen concentration of 25 – 35 cm3(STP)/kg(H2O) is maintained to
inhibit the formation of radiolytic oxygen in the coolant.
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Figure 1-1: Pressurized Water Reactor (PWR). From Roberts [11]

Figure 1-2: Boiling Water Reactor (BWR). From Roberts [11]
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Materials degradation under high burn-up conditions is inevitable, due to the
severe environment that exit in-core, even though Zircaloy has excellent mechanical
properties and corrosion resistance. The principal threat to the integrity of the zirconium
alloy fuel cladding is oxidation/corrosion, leading to more-or-less uniform thinning and,
in some instances, to localized corrosion in the form of nodular attack and/or hydriding.
Failure leads to the release of fission products into the coolant, which, in turn, contributes
to the radiation exposure costs of operating the system. Extensive fuel failures may
require shutdown, which results in the unit being unavailable for normal operation. Thus,
strong operational and economic reasons exist for enhancing fuel cladding reliability, and
any successful program to achieve this goal requires a detailed knowledge of the
electrochemistry and corrosion behavior of zirconium and its alloys. Passivity is one of
the fundamental issues in assuring adequate corrosion resistance of materials. The initial
study on the passivity of zirconium and its alloys was that reported by Gunterschultze and
Betz [10] in 1931 (well before the advent of nuclear reactors), who described the passive
behaviors of a number of valve metals. Valve metals, including aluminum, titanium,
tantalum, niobium, and zirconium, form rectifying passive films, which act in a manner
similar to an electronic valve, and hence the name. With the development of higher burnup fuels for nuclear power reactors, the corrosion of zirconium alloys in high-temperature
aqueous solutions has become a matter of considerable interest to the electrical utility
industry [9].
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1.2 Objectives
Although extensive research has been carried out on zirconium and its alloys [19], uncertainty still exists with regard to the details of the oxidation/hydriding
mechanisms, primarily because of the complexity of the elementary corrosion processes
and the difficulty in performing well-defined experiments under the appropriate
conditions. Furthermore, little effort has been made to develop deterministic (as opposed
to empirical and semi-empirical) models that can be used to predict fuel sheath
performance and reliability at very high burn-ups in operating reactors. Other problems
include the lack of an atomic scale model for the formation of hydrides, the inclusion of
effects due to second phase particles on the cathodic processes that occur within the outer
layer, etc. The most glaring deficiency in the current theories and models is that
electrochemical factors are almost totally ignored in the current models for zirconium and
Zircaloy corrosion, but, where as with all corrosion processes, they are actually dominant.
Also, most early investigations of the corrosion behavior of zirconium and its alloys in
aqueous solutions focused on ex situ studies, or only a few in situ studies carried out at
ambient or near ambient temperatures. In this work, we will focus on in situ
electrochemical studies of zirconium and Zircaloy-4 in high temperature aqueous
solutions, principally using potentiostatic polarization, potentiodynamic polarization, and
electrochemical impedance spectroscopy (EIS), with the latter also being employed for
determining passive film thickness, for carrying out Mott-Schottky analyses and for the
determination of kinetic other parameters in the PDM by unconstrained optimization. No
attempt has been made to study the corrosion behavior gravimetrically, as that has been
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adequately explored by others [12]. The ultimate objectives of this project are to develop
fundamentally new mechanisms for zirconium and Zircaloy oxidation and hydriding in
reactor primary coolant environments that address issues arising from the specific
chemistries employed in Boiling Water Reactors (BWRs) and Pressurized Water
Reactors (PWRs). The dissertation will contribute to this objective by using experimental
techniques to ascertain the appropriate oxidation/hydriding mechanisms, and will also
involve the experimental measurement of critically important model parameters. A
controlled hydrodynamic apparatus [13] is used to carry out all the electrochemical
studies in the simulated coolants of Pressurized Water Reactors and Boiling Water
Reactors. The detailed experimental setup and procedures is given in Chapter 3.
Firstly, an understanding of the electrochemistry of passive zirconium is vital, in
order to ascertain the mechanisms of corrosion, as discussed in Chapter 4. We employ the
Point Defect Model (PDM) [14, 15], which provides an atomistic description of the
growth and breakdown of oxide and hydride films in terms of the generation and
annihilation of crystallographic defects at the interfaces of the barrier layer and their
transport under the influence of an electrical potential gradient within the oxide (or
hydride) phase, to interpret the experimental data. However, the PDM is considerably
modified by the incorporation of a porous outer oxide layer and the formation of a
defective hydride (ZrH2-x) barrier layer, in the case of hydrogenated solutions, and a
defective oxide (ZrO2-x) layer in the case of non-hydrogenated solutions [16]. As
demonstrated elsewhere [16], the relative values of the corrosion potentials in the two
environments and the equilibrium potential for the Zr/ZrH2 and Zr/ZrO2 couples at the
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elevated temperatures of interest are such that the formation of a hydride barrier layer is
thermodynamically spontaneous under PWR coolant conditions, whereas the formation
of an oxide barrier layer is spontaneous under BWR primary coolant conditions.
In Chapter 5, the transients in the current density and in the film thickness of the
passive film formed on zirconium under simulated BWR and PWR coolant conditions are
explored by stepping the potential in the negative or positive directions with the current
density transients and the film thickness changes being monitored simultaneously. The
observed behavior demonstrates that the kinetics of oxygen or hydrogen vacancy
generation at the metal/barrier layer interface control the rate of film growth, when the
potential is displaced in the positive direction, whereas the kinetics of dissolution of the
barrier layer at the barrier layer/solution (outer layer) interface control the rate of passive
film thinning, when the potential is stepped in the negative direction.
The corrosion behavior of Zircaloy fuel cladding is effected by various factors,
such as the presence of second phase particles (SPP), crystal orientation and postmanufacturing heat treatment, etc. The effects of the second phase particles (SPPs) on the
electrochemistry and passivity of zirconium is examined by using different heat-treated
Zircaloy-4 samples, i.e., as-received, β-quenched, and α-annealed, as detailed in Chapter
6. This will be the first known in-situ study investigating the effects of second phase
particles on the passivity of Zircaloy-4 in high temperature aqueous solutions. Heat
treatment is used to control the size and density of the second phase particles in the
Zircaloy-4 samples, and optical microscopy and scanning electron microscopy (SEM) are
employed to characterize the morphology, microstructure, and to determine the size and
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density of the second phase particles in the Zircaloy-4 samples. The effect of the second
phase particles (SPPs) on the electrochemistry of passive zirconium was elucidated by
using electrochemical techniques.

1.3 Thesis Structure
In this dissertation, different point defect models, that incorporate the porous
outer oxide layer and the formation of a defective hydride (ZrH2-x) barrier layer, in the
case of hydrogenated solutions, and a defective oxide (ZrO2-x) layer in the case of nonhydrogenated solutions, are used to elucidate the oxidation and hydriding mechanisms of
zirconium and Zircaloys in hydrogenated and dehydrogenated borate buffer solutions at
high temperatures and pressures. In-situ electrochemical experiments are used to
ascertain the appropriate oxidation/hydriding mechanisms and to measure the critically
important model parameters. First, the properties of passive zirconium and zirconium
alloys, and the available film growth models, are reviewed in Chapter 2. Chapter 3
describes

the

experimental

procedures

and

techniques.

Examination

of

the

electrochemistry of pure zirconium under simulated BWR- and PWR- like environments
is discussed in Chapter 4. Chapter 5 is devoted to a study of passive film growth and
thinning processes in the high temperature, hydrogenated and dehydrogenated aqueous
solutions by simultaneously measuring the transients of film thickness and current
density as the potential is stepped in the positive and negative directions. Chapter 6
presents a study of the electrochemical effects of second phase particles on zirconium
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passivity using different heat-treated Zircaloy-4 samples. Chapter 7 summarizes the
conclusions and gives suggestions for future work.
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Chapter 2
BACKGROUND

2.1 Zirconium and Zircaloys
Zirconium based alloys selected as a fuel cladding materials in nuclear power
reactors due to their low thermal neutron capture cross-sections, relatively high
mechanical strength, and superior corrosion resistance. Among these reasons, the low
thermal neutron capture cross section, about 30 times less than that of stainless steel,
gives better neutron transfer efficiency in water reactors. The main characteristics of Zr
metallurgy come from its high reactivity with oxygen and hydrogen, the different type of
chemical interactions with the alloying elements (complete solubility or intermetallic
compound formation), and its strongly anisotropic hexagonal crystal structure, the latter
leading to the development of a textured material after thermo-mechanical processing [1].
Pure zirconium has two crystallographic structures, an α phase (hexagonal closepacked structure) and a β-phase (“body centered cubic” metal structure). Pure zirconium
at room temperature has a=3.232 and c=5.147 Ǻ, with a c/a ratio 1.593 (Fig. 2-1). The
presence of alloying elements and/or increased temperature will increase the c/a ratio.
The phase transformation of pure zirconium from the α-phase to the high temperature β–
phase occurs at 863±5 °C and its melting temperature is 1852±2 °C.
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Due to large affinity of zirconium for oxygen, it is difficult to avoid a thin 2-5 nm
oxide layer forming on the surface, even at room temperature [2]. Fig. 2-2 shows the
partial Zr-O phase diagram. When zirconium corrodes in water or steam, the metal
absorbs some of the released hydrogen. The absorbed hydrogen precipitates as hydride
particles in the matrix when the solubility limit is reached (Fig. 2-3). Three hydride
structures and compositions have been reported: γ-hydride (ZrH) with a face-centered
tetragonal structure, δ-hydride (ZrH1.6) with a face-centered cubic structure, and εhydride (ZrH2) with a face-centered tetragonal structure.

Figure 2-1: Hexagonal closepacked structure (HCP)
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Figure 2-2: Zr-O phase diagram, after Massalski [3]

Figure 2-3: Zr-H phase diagram, after Massalski [3]
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Pure zirconium cannot be used in reactor systems due to its mechanical softness
and low corrosion resistance in water environments. To improve its properties, zirconium
is alloyed with small amounts of alloying elements. Since the specifications for Zr alloys
have a rather large composition range, and since minor changes in chemical composition
or microstructure have large impacts on properties, each fuel producer has developed a
specific set of alloy compositions and heat treatments for advanced fuel designs. Standard
chemical specifications for these alloys are given below in Table 2-1.

Table 2-1: Composition specification for standard Zircaloy-2 and Zircaloy-4, from
ASTM standard B 353. (wt%)

Sn
Fe
Cr
Ni
Balance Zr. (wt%)

Zircaloy-2
1.20-1.70
0.07-0.20
0.05-0.15
0.03-0.08

Zircaloy-4
1.20-1.70
0.18-0.24
0.07-0.13
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Tin is present in solid solution in the zirconium matrix and improves the
mechanical properties. It also improves the corrosion resistance by decreasing the
harmful effect of nitrogen impurities. When Zircaloy undergoes oxidation, the tin is
incorporated in the oxide layer. At their usual concentrations, chromium, iron and nickel,
are fully soluble in the β phase. This dissolution is in the range of 835-845 °C, i.e., in the
upper α+β range. In the α phase, their solubility is very low, in the range of 120 ppm for
Fe and 200 ppm for Cr at the maximum solubility temperature, and they form second
phase particles (SPPs) together with zirconium. Only Zr(Fe, Cr)2 is found in Zircaloy-4
while Zr(Fe, Cr)2 and Zr2(Fe, Ni) are formed in Zircaloy-2 as second phase particles. The
ratio of Fe to Cr depends on the composition of the bulk and the final heat treatment with
normal values of Fe/Cr about 1-2. Because of the relatively small amounts of alloying
elements in the alloy, the volume fraction of the second-phase particles in zirconium
alloys is very small (0.2%-0.4%) [4].
Since precipitate size depends on the heat treatments carried out during the
Zircaloy processing, it is necessary to consider the complete history to assess the final
precipitate size distribution. A schematic fabrication history of Zircaloy-2 and Zircaloy-4
materials is given in Fig. 2-4. Various cumulative annealing parameters (CAP) have
been proposed for this purpose, based on recrystallization activation energy for corrosion
behavior. Due to the rapid precipitation of iron and chromium in Zircaloy-4, the growth
of these precipitates during the various stages of alloy processing involves “Ostwald
ripening”, as proposed by Gros and Wadier [5]. The first stage involves a nucleation
period, followed by growth of the nuclei as the matrix supersaturation decreases. During
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the second stage, the system tends to minimize its free energy by reducing the total
precipitate/matrix interface area. This is achieved by the dissolution of the smallest
particles and the growth of the largest ones. A cumulative annealing parameter is used to
compare the total amount of annealing from different combinations of annealing time and
temperature, defined as

CAP = ∑ Ai = ∑ t i e

(−

Q
)
BTi

2-1

where Ai is the annealing step at i, Q is the activation energy (eV/atom), B is the
Boltzmann constant (8.62*10-5 eV/K), Ti is the annealing temperature (K) at step i, and ti
is the time spent at that temperature. The coarsening kinetics have been shown to be
second order with an activation energy of Q/B=18700 K [5]. The average precipitate
diameter can be estimated from the CAP value as shown in Fig. 2-5.
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β-quenched
↓
Hot Extrusion
↓
Cold rolling
↓
Intermediate annealing
↓
Cold rolling
↓
Intermediate annealing
↓
Cold rolling
↓
Stress release annealing

Figure 2-4: Schematic description of fabrication history of Zircaloys [7].
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Figure 2-5: Average precipitate diameter versus CAP in Zircaloy-4 [5]

There will inevitably be some precipitate growth during the time it takes for the
material to cool down from the beta plus alpha phase formation temperature of 863 °C.
An empirical study performed at Westinghouse can be used to estimate the CAP value
caused by the cooling process as shown in Eq. 2-2. It is assumed that the equation can
also be used for other zirconium alloys [6].

41842

153.1 − Tmax
CAP =
e
c

2-2
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where c is the cooling rate in K/h and Tmax is the temperature from which the alloy was
quenched in K. In our study, a cooling rate of 500 °C/s in the water quench was assumed
(50 °C/s is a reasonable air cooling value).

2.2 Passivity and Passive Film

Passivity is a very common phenomenon in our environment and many
engineering metals and alloys can only be used because they are in the passive state.
When passivity occurs, a solid protective film forms on the metal or alloy surface. Once
formed, the reaction rate between the metal and its environment will be several orders of
magnitude lower, thus corrosion of the material is inhibited. Passivity is the loss of
electrochemical reactivity that metals and alloys exhibit under certain conditions. The
growth, steady state characteristics and breakdown behavior of the passive film on
metals, is obviously a very important area of materials research in our metals-based
society. However, the details and driving mechanisms behind its formation and
subsequent evolution are still not fully understood, and are misinterpreted by many
people. Early passive film research has been summarized by Uhlig [8], and a general
introduction to the theory of passivity can be found in Sato [9], whereas the electronic
properties of passive films on different materials have been reviewed by Schultze and
Lohrengel [10]. The experimental techniques used to characterize the composition and
structure of passive films on stainless steels in the past two decades were reviewed by
Olsson and Landolt [11]. The physico-electrochemical aspects of passivity, including the
mechanisms of growth and breakdown of the passive film, have been reviewed by
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Macdonald [12, 13]. His reviews also covered the physical models proposed to account
for the experimental observations. The original theory of oxide film formation goes back
to Michael Faraday, who, in the 19th century, studied iron surfaces and found them
‘altered’ [13].
As explained in Macdonald’s review, with the aid of various electron microcopes
(e.g., SEM, TEM), and in situ techniques such as ellipsometry, and, more recently, STM
and AFM, researchers have been able to realize that the passive film forms as a bilayer
structure comprised a defective oxide layer (the ‘primary’ passive film) that forms
directly from the metal and a precipitated outer layer that forms via hydrolysis of cations
ejected from the inner layer, as depicted in Fig. 2-6. This bilayer passive film is
evidenced by the fact that species in solution are incorporated in the outer layer. These
species are not found in the barrier layer, which contains only those elements that are
present in the metal [13]. Although the passive films have a bilayer structure, passivity is
primarily due to the barrier layer, except for the valve metals. A general consensus
maintains that the passive film on metals and alloys is a semiconductor, in which both
electronic and ionic transport occurs, the exact nature of which depends upon the
composition of the film from the metal-oxide interface to the oxide-solution interface.
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Figure 2-6: Schematic of processes that lead to the formation of bilayer passive film on
metal surfaces. From Macdonald [13]

Although a large number of models and theories [14-18] have been proposed to
explain the properties of passive films, a satisfactory description of the phenomenon of
passivity is only possible through the use of a Point Defect Model developed by
Macdonald [12, 13]. For a passive film covering the entire surface, two types of ratelimiting processes can be distinguished: high field assisted ionic transport through the
film or charge transfer at either the metal/film or film/electrolyte interface. These models
will be referred to as the high field model (HFM) and interface model (IFM),
respectively.
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2.2.1 High Field Model (HFM)

If the electric field is assumed to decrease as the film thickens, the film growth
will be limited by high field ion conduction through the oxide. An early formalization of
this concept was made by Verwey [14] and later was modified by Cabrera and Mott
[16]. The HFM is in widespread use for the modeling of passive currents, which are

represented by

B
dL
= Ae L
dt

2-3

For the high field model, the thickness of the passive film is found in the
denominator of the exponential. For this model, it is assumed that:
•

The film grows by the transport of cations across the film to the film-solution
interface, where they react with electrolyte.

•

The penetration of cations through the film is assisted by the high electric field.

•

The electric field strength is constant through the film.

•

The rate-limiting step for film growth is the emission of metal cations from the
metal into the film.
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Although Eq. 2-3 does not have an analytical solution, it does show that as the film
thickens ( L → ∞ under potentiostatic conditions), dL / dt

decreases to zero.

Accordingly, the steady-state film thickness does not exist. Successful models should be
able to explain the properties of a passive film. However, for the high field model,
steady-states in the current and barrier layer thickness are also not predicted. Therefore,
this model has to be discarded. Furthermore, a recent analysis of potentiostatic transients
[19] demonstrated that the ‘high field’ models [14, 16] are incapable of fully describing
the kinetics of film growth on metals that form anion (oxygen) conducting passive films
(e.g. Zr, W, Ta). This analysis was a test of the electric field/thickness relationship, and
the experimental data were found to be consistent with an applied voltage-independent
field, rather than with the an unconstrained field that is proposed for the high field models
and Kirchheim’s model [20]). Kirchheim attempted to unify the IFM and HFM
conjectures by focusing on galvanostatic experiments on iron in acid environments. He
divided the current into a growth and a corrosion part: itot=icorr+igrowth. The growth current
was assumed to be controlled by an interface equilibrium, as previously suggested by
Vetter and Gorn [21], and the total current was assumed to be limited by the HFM. The
corrosion part can be estimated by solution analysis. With an unconstrained field, his
model cannot predict the steady-state film thickness. Besides, Kirchheim’s model and the
high field model do not address the electronic structure of barrier layers.
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2.2.2 Point Defect Model (PDM)

The alternative to high field rate control is to consider a rate limiting reaction at
either the metal/film or the film/electrolyte interface. A rate limiting reaction at the
metal/film interface is the basis of the Point Defect Model (PDM) introduced in the early
80s by Macdonald et al. ([12, 13, 22] and citations therein). The Point Defect Model is
an atomic scale model that describes the corrosion of passive metals in aqueous media in
terms of the generation and annihilation of point defects at the interfaces of the barrier
layer of the passive film. The model [13] assumes that the passive film contains a highly
defective barrier layer whose principal point defects are cation vacancies, anion
vacancies, and metal interstitials. On the other hand, the outer layer is envisioned to form
via the hydrolysis and precipitation of metal cations derived from the barrier layer, either
via dissolution of the barrier layer matrix at the barrier layer/outer layer interface or from
cations that are transmitted through the barrier layer via cation vacancies on the cation
sublattice or as cation interstitials. These defects have their own formal charge and act as
charge carriers within the barrier layer along with electrons and holes. The PDM has
successfully accounted for transient and steady-state properties (current density and film
thickness), impedance characteristics, alloy segregation, and corrosion damage functions
that can be tested by experiment for many passive systems[12, 13, 19, 22-26].
The PDM is displayed in Fig. 2-7. Reaction (1) is the consumption of cation
vacancy at the metal/film interface, which is produced by Reaction (4) at the
film/solution interface. Reaction (2) is responsible for the injection of M iχ + into the
barrier layer as an interstitial. The interstitial ion is then transmitted through the barrier
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layer and is ejected into the outer layer or the solution as described by Reaction (5).
Reaction (3) leads to the growth of the barrier layer into the metal iron, and Reaction (7)
results in the destruction of the barrier layer by dissolution. Reaction (6) is the oxygen
vacancy consumption at the film/solution interface. Note that reactions (1), (2), (4), (5)
and (6) are lattice-conservative processes (they do not result in the movement of the
interface) whereas reactions (3) and (7) are non-conservative.

A steady state must

involve two non-conservative reactions, since only one non-conservative reaction would
lead to monotonic growth or thinning of the passive film.

26

Metal

Barrier Layer

Outer Layer/Solution

MOχ / 2
k1
(1) m + VMχ ' →
M M + Vm + χe'

k2
(2) m →
M iχ + + Vm + χe'

χ
k3
(3) m →
M M +  VO.. + χe'
2

k4
(4) M M →
M δ + (aq) + VMχ ' + (δ − χ )e'

k5
(5) M iχ + →
M δ + (aq) + (δ − χ )e'

k6
(6) VO.. + H 2 O →
OO + 2 H +

k7
(7) MOχ / 2 + χH + →
M δ + (aq ) +

χ
2

H 2 O + (δ − χ )e'

←
 VMχ ' ←


→ M iχ + 
→


→VO.. 
→
x=L

x=0

Figure 2-7: Summary of the defect generation and annihilation reactions occurring at the
interfaces of the barrier oxide layer on a metal in terms of the Point Defect Model. M iχ +
≡ cation interstitial; VM ≡ cation vacancy; M M ≡ cation in a normal cation position;
M δ + ≡ cation in the solution phase; Vo.. ≡ oxygen vacancy; Oo ≡ oxygen ion in an anion
site, m ≡ metal atom .
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Among the elementary reactions in Fig. 2-7, only reactions (3) and (7) are nonconservative. The rate of change in the thickness of a barrier layer passive film is:

C +
dL
2
= Ω J o•• − Ωk 7  H0
C +
dt
χ
 H

n

C

 = Ωk 3 − Ωk 7  H +
 C0 +

 H







n

2-4

where Ω is the mol volume of the film per cation, χ is the barrier layer stoichiometry
( MOχ

2

), J o•• is the flux of oxygen vacancies at the metal/barrier interface, k 7 (the rate

constant for the dissolution of the film, Reaction 7 in Fig. 2-7) has units of mol/cm2.s, n
is the kinetic order of the dissolution reaction at the film/solution interface with respect to
H+, C H + is the concentration of hydrogen ion at the film/solution interface, C H0 + is the
standard state concentration.
By expressing the interfacial rate constants as exponential functions of the
interfacial potential differences, and by assuming that the potential drop across the
film/solution interface, φ fs , varies linearly, and the electric field strength,

dφ fs
dx

, is

independent of the applied voltage, i.e.,

φ fs = αV + β pH + φ 0fs

and

2-5
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V = Φ m − Φ s = Φ mf + εL + Φ fs

2-6

With the above assumptions,

Φ mf = V − εL − Φ fs = (1 − α )V − εL − βpH − Φ 0fs

2-7

Therefore, Eq. 2-4 can be written in the form

dL
= a ⋅ e −bL − c
dt

2-8

where a = Ωk 30 eα 3 (1−α ) χγV e −α 3 χβγpH , b = α 3 χεγ , c = Ωk 7 (C H + C H0 + ) n , ε is the electric
field strength, α is the polarizability of the film/solution interface, β is the dependence
of the potential drop across the film/solution interface on the pH, V is the applied voltage,

γ = F / RT , F is Faraday’s constant, R is the universal gas constant, T is the Kelvin
temperature, and α 3 and k 30 (mol/cm2.s) are the transfer coefficient and the standard rate
constant, respectively, for the generation of oxygen vacancies at the metal/film interface
(Reaction 3, Fig. 2-7).
For steady state conditions, dL dt = 0 , so that
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1
a
Lss = ( ) ln( )
b
c

2-9

where Lss is the steady state thickness of the film. Upon substitution of the constants
defined above, we have the expression for the steady state thickness of the film (barrier
layer):

Lss =

αα 7
1
1 − α −
ε
α3

 k0
+
ln 30
α 3 χK  k 7
1

α

δ
1  2.303n
 − 1V + 
− β 7
ε  α 3 χγ

χ
α 3

  
δ
 − 1 + 1  pH
  
χ






2-10

where K= εγ , k 70 and α 7 are the standard rate constant and transfer coefficient for the film
dissolution reaction, respectively, and k 30 and α 3 are the corresponding quantities for the
oxygen vacancy generation reaction at the metal/film interface [Reaction (3) in Fig. 2-7].
In deriving this expression, it is assumed that a change may occur in the oxidation state of
a cation upon ejection from the film/solution interface or upon dissolution of the film. If
no change in oxidation state occurs, a somewhat simpler expression results:

 k 30 

1  2.303n
1
1− α 
Lss = 
ln 
− β  pH +
V + 
ε  α 3 χγ
α 3 χK  k 70 
 ε 


2-11
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Equations 2-10 and 2-11 predict that, for a given pH, the steady state film thickness
varies linearly with applied voltage, which is an almost ubiquitous finding in the study of
the formation of anodic passive films. Furthermore, the equation predicts that, for a given
voltage, Lss varies linearly with pH, and that, for a given voltage and pH, the thickness is
controlled by the ration of the standard rate constants for the generation of oxygen
vacancies at the metal/film interface [Reaction (3) in Fig. 2-7] and the dissolution of the
film [Reaction (7)].

2.2.2.1 Impedance Model
For an n-type passive film, the principal defects are cation interstitials and oxygen
vacancies. Therefore, the physicochemical processes listed in Fig. 2-7 can be truncated
to that shown in Fig. 2-8. Macdonald and his colleagues [23] developed the impedance
model based on this truncated n-type Point Defect Model. Here summarizes the main
results from their paper to illustrate the method used for the impedance model
development which will be used in the development of impedance model for the bi-layer
point defect model as shown in Appendix A and B. All interfacial reactions that produce
or consume electrons and contribute to the total current density can be described,

I = F [ χk10 e a1V e −b1L + χk 20 e a2V e − b2 L + (Γ − χ )k 30 e a3V C i (0)
+ (Γ − χ )k 50 e a5V C Hn + ]

and the rate of change of the barrier layer thickness by,

2-12
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dL
= Ωk 20 e a2V e −b2 L − Ωk 50 e a5V C Hn +
dt

Metal

Barrier Layer

2-13

Outer Layer/Solution

MOχ / 2
k1
M iχ + + Vm + χe'
(1) m →

χ
k2
(2) m →
M M +  VO.. + χe'
2

k3
(3) M iχ + →
M Γ + (aq) + (Γ − χ )e'

k4
(4) VO.. + H 2 O →
OO + 2 H +

k5
(5) MOχ / 2 + χH + →
M Γ + (aq ) +

χ
2

H 2 O + ( Γ − χ ) e'


→ M iχ + 
→

→VO.. 
→
x=L

x=0

Figure 2-8: Summary of the defect generation and annihilation reactions occurring at
the interfaces of the n-type barrier oxide layer on a metal in terms of the Point Defect
Model. M iχ + ≡ cation interstitial; M M ≡ cation in a normal cation position; M Γ + ≡
cation in the solution phase; Vo.. ≡ oxygen vacancy; Oo ≡ oxygen ion in an anion site.
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Note that the current density [Eq. 2-12] is a function of V , L , and C i (0) . Accordingly,
for any arbitrary changes δV , δL , and δC i (0) we have

 ∂I 
 ∂I 
 ∂I 
 δC i (0)
δV +  
δL + 

 ∂V  L ,Ci ( 0 )
 ∂L V ,Ci ( 0 )
 ∂C i (0) V , L

δI = 

2-14

The variations in V , L , and C i (0) are sinusoidal in an impedance measurement, so that
we write δV = ∆Ve jωt , δL = ∆Le jωt , and δCi (0) = ∆C i (0)e jωt ; ∆X is the amplitude of
the variation in X at a frequency ω = 0 . From Eq. 2-14, the Faradaic admittance is
then defined as

Yf =

∆C i (0)
δI
∆L
+ I C (0)
= IV + I L
δV
∆V
∆V
i

where I V = (∂I / ∂V ) L ,Ci ( 0 ) , I L = (∂I / ∂L)V ,Ci ( 0 ) , and I Ci ( 0 ) = (∂I / ∂C i (0)) L ,V .
differentials will be evaluated later from Eq. 2-12.

2-15

These
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We now return to Eq. 2-13 and determine the response of ∂L / ∂t to δV , δL , and

δC i (0) by taking the total differential. Thus, for the relaxation in film thickness:
d (δL) / dt = Ωk 20 a 2 e a2V e − b2 L δV − Ωk 20 b2 e a2V e − b2 L δL − Ωk 50 a5 e a5V C Hn + δV . Considering that

d (δL) / dt = jω∆Le jwt , we obtain

jω∆Le jωt = Ω(k 20 a 2 e a2V e − b2 L − k 50 a 5 e a5V C Hn + )∆Ve jωt − Ωk 20 b2 e a2V e − b2 L ∆Le jωt

2-16

which upon rearrangement yields

aV
a V −b L
n
0
0
∆L Ω(k 2 a 2 e 2 e 2 − k 5 a5 e 5 C H + )
=
∆V
Ωk 20 b2 e a2V e −b2 L + jω

2-17

For cation interstitials, the relaxation for C i (0) is determined through the mass
balance at the film/solution interface dCi (0) / dt = −k '3 Ci (0) = −k ' 30 e a3V Ci (0) (units of

k '30 are s-1). The total differential is d (δCi (0)) / dt = − k '30 [a3 e a3V Ci (0)δV + e a3V δCi (0)] .
Inserting the sinusoidal variations for δV and δC i (0) therefore yields
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jω∆Ci (0)e jωt = −k ' 30 a3 e a3V C i (0)∆Ve jωt − k ' 30 e a3V ∆C i (0)e jωt

2-18

∆Ci (0) − k '30 a3e a3V Ci (0)
=
jω + k '30 e a3V
∆V

2-19

Therefore,

The expression for the Faradaic admittance is finally derived from Eq. 2-15 as

Yf = I V + I L

Ω(k 20 a 2 e a2V e − b2 L − k 50 a5 e a5V C Hn + )
Ωk 20 b2 e a2V e −b2 L + jω

+ I Ci ( 0 )

k ' 30 a 3 e a3V C i (0)
jω + k ' 30 e a3V

2-20

where

 ∂I 
IV = 
= F [a1 χk10 e a1V e −b1L + a 2 χk 20 e a2V e −b2 L

 ∂V  L ,Ci ( 0)
+ a 3 (Γ − χ ) k e
0
3

a3V

C i ( 0) + a 5 ( Γ − χ ) k e
0
5

a5V

C

n
H+

]

2-21
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 ∂I 
IL = 
= F [−b1 χk10 e a1V e −b1L − b2 χk 20 e a2V e −b2 L ]
∂
L
  V ,Ci ( 0 )
= − χF [b k e
0
1 1

a1V

e

−b1 L

+ b2 k e
0
2

a2V

e

−b2 L

2-22

]

 ∂I 
 = (Γ − χ ) Fk 30 e a3V
I Ci ( 0 ) = 
∂
C
(
0
)
 i
V , L

2-23

The parameters, k10 , k 20 , k 30 , k '30 , k 40 , k 50 , in the above equations are a function
of solution pH and are not the standard rate constants for the interfacial reactions, since
the point defect model defines k10 = k100 e −α1βχγpH e

k 30 = k 300 eα 3 βΓγpH e

α 3Γγφ 0f / s

k 50 = k 500 eα 5 β ( Γ − χ )γpH e

,

k '30 = k ' 300 eα 3 βΓγpH e

α 5 ( Γ − χ )γφ 0f / s

α 3Γγφ 0f / s

−α1χγφ 0f / s

,

, k 20 = k 200 e −α 2 βχγpH e

k 40 = k 400 e 2α 4 βγpH e

2α 4γφ 0f / s

−α 2 χγφ 0f / s

,

,

and

, in which α 1 , α 2 , α 3 , α 4 , α 5 are the transfer coefficients,

and k100 , k 200 , k 300 , k ' 300 , k 400 , k 500 are the standard rate constants. The potential drop
across the film/solution (f/s) interface is φ f / s = φ f − φ s = αV + βpH + φ 0f / s and that
across the metal/film (m/f) interface is φ m / f = φ m − φ s = (1 − α )V − εL − βpH − φ 0f / s , in
which α = dφ f / s / dV is the dependence of the potential drop across the barrier
layer/solution interface on the applied voltage, V , [i.e., α is the polarizability of the
barrier layer/outer layer (solution) interface]; β = dφ f / s / dpH is the dependence of the
potential drop across the same interface on pH ; φ 0f / s is the value of φ f / s in the standard
state; γ = F / RT ; and K = εγ = εF / RT .
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Important model parameters, i.e., the standard rate constants, k i00 , and transfer
coefficients, α i , for the i elementary interfacial reactions, the polarizability of the barrier
layer/outer layer interface, α , the electric field strength across barrier layer, ε , and other
parameters, can be obtained by fitting the experimental impedance data into the
impedance model.

2.2.2.2 Transient Theory
For a transient state, the Point Defect Model can be used to derive the theoretical
rate law [25] to describe the growth and the thinning of the passive film upon stepping
the potential in the positive or negative direction. According to the PDM, the rate of
change in thickness of a barrier layer passive film under potentiostatic (potential step)
polarization conditions can be written

dL
= a ⋅ e −bL − c
dt

2-24

All parameters are the same as defined earlier. The above equation is readily integrated
over the limits ( L 0 ,0, V ) to ( L, t , V + ∆V ) , where ∆V is the step in voltage at t = 0, to
yield the transient of the film thickness as
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 1   a ′ 
L(t ) = L0 +   ln  e −bL0 (e bct − 1) + 1 − ct
 b   c 


2-25

where the constants and parameters are as given above, except that a ′ is the parameter a
with the voltage V+∆V, that is a ′ = Ωk 30 e α

3 (1−α ) χγ

(V + ∆V )

e −α 3 βγχpH . It is also a straightforward

matter to show that, for t = 0, L = L0, and as t → ∞ , for the quantity in square brackets
( a ′ / c)e − bL0 e bct >> 1, and hence L(t ) approaches a steady state given by Eq. 2-11, but with

a being replaced by a ′ . The initial thickness, L0 , is given by Eq. 2-11. Examination of

Eq. 2-25 shows that the transient in film thickness is a combination of linear and
logarithmic dependence on time.
If the rate of dissolution of the passive film [c in Eq. 2-8] is sufficiently small that
, and ct is much smaller than the second term in Eq. 2-25, then the rate law reduces to

[

1
L(t ) = L0 +   ln 1 + a′be − bL0 t
b

where the parameters are as defined above. If

]

a ′be − bL0t >> 1 ,

2-26

Eq. 2-26 collapses into the

classical logarithmic relationship [17]. Note that for t = 0 , the film thickness equals the
initial thickness, L0 , which is the correct limiting form.
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The transient in current density due to the generation of oxygen vacancies at the
metal/film interface and the dissolution of the film at the film/solution interface is readily
calculated as

i = χFk 3 + (δ − χ ) Fk 7 (C H + / C H0 + ) n

Noting that

k3 = k30e( a3V − b3 L − c3 pH )

and

k 7 = k 70 e ( a7V + c7 pH )

2-27

, where a 3 = α 3 (1 − α ) χγ , b3 = α 3 χγε ,

c 3 = α 3 χγβ , a 7 = α 7 α (δ − χ )γ , and c 7 = α 7 β (δ − χ )γ , we obtain the transient in the current

i = χFk 30 e a3V e − c3 pH X + (δ − χ ) Fk 70 e a7V e c7 pH (C H + / C H0 + ) n

2-28

with

X =

a′e − b3 L0

ce − b3 L0
− (a′e − b3 L0 − c )e − bct

2-29
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and a ′ , b , and c being as defined in Eq. 2-8. Eq. 2-28 applies strictly to an oxygen ion
conducting film, although it is believed (but not proven) that the theory is also applicable
to cation interstitial conducting barrier layers. Finally, it is important to note that Eq. 2-

25 is general applied to all three cases, because only the generation of oxygen vacancies
via Reaction (3) in Fig. 2-7, and their annihilation at the film/solution interface [Reaction
(6)], coupled with film dissolution [Reaction (7)], lead to a change in dimension of the
film.
Analysis of transient current data for passive films grown on electrode surfaces of
Fe, Al, Zr and Ta under potentiostatic conditions [19, 27] shows that the PDM provides a
better account of the experimental data than does the HFM [14, 16, 17], validating the
PDM’s description of the passive state of these metals. The HFM, which has been used
for more than seventy years to describe the growth of anodic oxide films on metals and
alloys, is unable to account for any of these transient data.
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Chapter 3
EXPERIMENTAL

3.1 Materials
The zirconium sample was fabricated from a 12.6 mm diameter polycrystalline
zirconium rod purchased from Alfa Acer. Zircaloy-4 samples used in this study were
supplied by Western Zirconium in Ogden UT. The chemical specifications for these
materials are given below in Table 3-1, determined by Electron Probe Micro Analysis
(EPMA). Cylindrical Zirconium specimens were fabricated from the as-received
condition sample with an exposed surface area of 5.82 cm2 (diameter 12.6 mm × 14.7
mm). The as-received Zircaloy-4 sample rod was put into preheated furnace and kept at
1074 °C in the β phase for 7 minutes to completely dissolve the precipitates and put the
alloying elements back into solution in the matrix. After heat treatment, the rod was
quenched in water to room temperature. Half of the β quenched rod was further annealed
at 750 °C for 2 hours and cooled in air. Then, different heat treated Zr-4 specimens were
fabricated with a exposed surface area of 4.49 cm2 (Φ9.8 mm × 14.7 mm). The specimens
studied are listed in Table 3-2. All the specimens were abraded with 400, 800 and 1200
grit SiC paper, and then further polished with 3 µm and 1 µm diamond paste one day
before each electrochemical experiment.
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Table 3-1: Chemical specification for zirconium and Zircaloy-4 samples used in this
study, in wt%

Material

Sn

Ni

Fe

Cr

Zr

0.25

0.01

0.11

0.01

1.36

0

0.19

0.10

Zr-4
(balance Zr)

Table 3-2: Zirconium and different heat treated Zircaloy-4 specimens

History of heat treatment

5.82
4.49

Heat
treatment
category
as-received
as-received

BWQ

4.49

β-quenched

1074°C/7 min and water quenched

BWA

4.49

α-annealed

1074°C/7 min, water quench and
750°C/2h, air cooled

Material

Type

Specimen
area (cm2)

Zr

Zr
AR

Zr-4
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3.2 Electrochemical Experimental Setup

3.2.1 Apparatus
A controlled hydrodynamic apparatus previously developed [1] for performing
electrochemical and corrosion studies in high-temperature aqueous systems was used to
carry out all electrochemical experiments in this study (Fig. 3-1). The actual experimental
setup is shown in Fig. 3-2. The three-electrode test cell was comprised of a 600mL
reactor containing a magnetically activated impeller, a thermocouple, a working
electrode, a counter electrode, a reference electrode, and an annular flow channel. An
insulated Type 316L SS wire was connected to the bottom of the annular flow channel by
a small screw and then taken out through the top of the vessel via an insulated pressure
fitting, with the whole channel serving as the counter electrode. The flow channel was
also used to direct the flowing solution over the specimen and to establish well-developed
hydrodynamic and mass transport regimes. Previous studies on an identical channel
demonstrated that linear flow velocities of several meters per second could be achieved at
300 oC [1], thereby providing a realistic hydrodynamic environment for the corrosion and
electrochemical studies.
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Figure 3-1: Schematic of the once-through/recirculating flow loop and the controlled
hydrodynamic, high-temperature/high-pressure test cell.
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Figure 3-2: The high-temperature/high-pressure controlled hydrodynamic test system
used for the electrochemical experiments.
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3.2.2 Reference Electrode
Two kinds of reference electrodes were used in this study; a Ag/AgCl (sat. KCl)
electrode and a Pt/H2 electrode for use in non-hydrogenated and hydrogenated
environments, respectively. The Ag/AgCl (sat. KCl) reference electrode was comprised
of a silver rod that had been anodically plated with silver chloride in a 0.1 M HCl
solution at a current density of 5 mA/cm2 for 18 hours. The Ag/AgCl rod was housed in
a PTFE tube fitted with a porous zirconia plug at one end with the silver rod protruding
through a PTFE cylinder. The inner compartment was filled with KCl crystals and
saturated KCl solution with sufficient solid KCl to ensure that the solution remained
saturated at all temperatures.

The reference electrode at ambient temperature was

checked against a Saturated Calomel Electrode (SCE) before and after the experiments.
The porous zirconia liquid junction of the reference electrode was guided to a hole that
had been machined from the bottom of the channel to a point just opposite the specimen
(Fig. 3-1), in order to minimize the uncompensated resistance that would be experienced
in the electrochemical studies. For consistency in reporting electrochemical potentials,
all measured potentials were converted to the Standard Hydrogen Electrode (SHE) scale
by thermodynamic calculation.
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3.2.3 Electrolyte
To simulate the PWR primary water chemistry, aqueous solutions containing 0.1
M B(OH)3 + 0.001 M LiOH were used. Pressurized water reactors operate with boric
acid as a nuclear shim to control the nuclear reactivity. Typically, a hydrogen
concentration of 25 – 35 cm3(STP)/kg(H2O) (2.2 – 3.1 ppm H2) is maintained to inhibit
the formation of radiolytic oxygen in the coolant. The hydrogen content of the solution
was adjusted by bubbling ultra-high purity hydrogen gas at an appropriate pressure
through the solution in the storage tank overnight at room temperature before the solution
was continuously fed into the autoclave. The solutions were prepared from boric acid
(Alfa Aesar), lithium hydroxide (Merck), and deionized water (milli-Q system, 18.2 MΩ
cm-1).
The simulated BWR coolant was comprised of 0.1 M B(OH)3 + 0.001 M LiOH
for pH control, as in the PWR case, but the solution was sparged with argon, rather than
with hydrogen. Of course, the coolant in the primary circuit of a BWR is nominally pure
water, but electrochemical studies require a significant conductivity in order to control
the properties of the system; the required conductivity was provided by the buffer.
All experiments reported here were carried out at 250 °C and a pressure of 62 bar
(900 psi) in order to maintain a single liquid phase in the system. The lower temperature
than that found in reactor coolant circuits (288oC for BWRs and 360oC for PWRs) was
dictated by the need to use PTFE in the electrochemical cell.
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3.3 Experimental Procedures

3.3.1 Electrochemical Experiments
All electrochemical experiments were performed by using an electrochemical
interface (Solartron Model 1287) in a floating configuration. Potentiodynamic
polarization curves were measured using a voltage scan rate of 1 mV/s. At each potential
step in the potentiostatic film growth studies, the current was monitored as a function of
time until steady state was achieved (defined as the current not changing perceptibly over
24 hours). Then, the electrochemical impedance was recorded with a Solartron 1255B
Frequency Response Analyzer using an excitation voltage of 10 mV (peak-to-peak) and
an applied frequency from 100 kHz to 0.01 Hz. All EIS data were measured in the
ascending voltage direction. The capacitance was measured using an excitation voltage
of 10 mV (peak-to-peak) at frequencies of 1 kHz, 5 kHz or 15 kHz. Mott-Schottky
analysis was used to identify the semiconductor type of the passive film and determine
the dopant concentration in the barrier layer of the passive film. After holding at the
desired potential for 24 hours for film growth to reach steady state, the capacitance was
recorded while simultaneously sweeping the voltage in the negative direction from the
formation potential at a sweep rate of 100 mV/s from the film formation potential to a
point 0.2 V more positive than the zero current potential. Scan rate of 25 mV/s also has
been used in somewhere. The interfacial capacitance C is obtained from C = −1 / ωZ '' .
Assuming that the capacitance of the Helmholtz layer can be neglected, the measured
capacitance C is equal to the ‘space charge’ capacitance, Csc.
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The same configuration was used to control the potential for film growth or
thinning over the potential cycle. The capacitance was monitored with a Solartron 1255B
Frequency Response Analyzer using an excitation voltage of 10mV (peak-to-peak) and
an applied frequency of 1 kHz. The current and capacitance changes over the potential
stepping cycle were recorded simultaneously. The film thickness was estimated from the
measured capacitance, where, at frequencies higher than 1 kHz, the electrochemical
impedance displays an almost purely capacitive frequency response. Accordingly, we
use the well-known parallel plate expression for the capacitance, C, to estimate the
thickness of the film, L, as

L=

εε 0
C

3-1

where ε is the dielectric constant of the oxide film, and ε0 is the vacuum permittivity
(8.85*10-14 F/cm).

3.3.2 Materials Characterization
Microstructures were observed with a polarizing optical microscope on specimens
(swab etched) with a solution of 20 ml glycerol, 20 ml 70% HNO3 and 2~3 ml 48% HF,
after mechanical polishing to a mirror finish. Grinding of the specimen was first
performed with 400, 800 and 1200 grit SiC papers, and then polished with 3 µm and 1µm
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diamond paste. Each specimen was etched by rubbing its surface for about 10~15 second
with cotton wool soaked in the above solution [2]. For the as-received Zr-4 sample, an
etching solution of 45 vol% distilled water, 45 vol% nitric acid and 10 vol% hydrofluoric
acid was used. After etching, specimens were anodized at 15 V dc for 10-15 seconds in
the anodization solution consisting of 60ml absolute ethanol, 35 ml H2O, 20 ml glycerine,
10 ml 85% lactic acid, 5 ml 85% H3PO4, and 2 g citric acid.
A Quanta 200 Scanning Electron Microscope (SEM) from FEI, with attached
energy-dispersive X-ray spectrometry (EDX), was used to characterize the size and
distribution of second phase particles in the heat-treated Zr-4 specimens. For SEM
examination, the specimens were first mechanically polished to 1 um with final etching.
For better observation of second phase particles, a solution of 20 ml glycerol, 20 ml 70%
HNO3 and 2~3 ml 48% HF etching solution was used. The specimen was etched by
rubbing for about 10~20 seconds with cotton wool soaked in the solution [2]. After
etching, the sample was examined in a Quanta 200 FEI SEM at 20 kV in low vacuum.
Secondary electron (SE) imaging is the most common imaging mode which monitors low
energy (<50 eV) secondary electrons. Due to their low energy, these electrons must
originate within a few tenths of a nanometer from the specimen surface. SE imaging is
sensitive to the sample surface topography. Back-scattered electrons (BSEs) are highenergy electrons elastically scattered by nucleis from a large volume and a great depth
(hundreds of nanometers) within the sample. Backscattered electrons may be used to
detect both topological and compositional detail [3].
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Chapter 4
THE ELECTROCHEMISTRY OF ZIRCONIUM IN HIGH TEMPERATURE
AQUEOUS SOLUTIONS

4.1 Abstract
In this chapter, the electrochemistry of zirconium in borate buffer solution of pH
= 6.94 at 250 oC with and without hydrogen is explored by measuring the current,
impedance, and capacitance as a function of potential. Data are interpreted in terms of
modified point defect models (PDM) that recognize the existence of a thick oxide outer
layer over a thin barrier layer. From thermodynamic analysis, it is postulated that a
hydride barrier layer forms under PWR coolant conditions whereas an oxide barrier layer
forms under BWR primary coolant conditions. Thus, the introduction of hydrogen into
the solution lowers the corrosion potential of zirconium to the extent that the formation of
ZrH2 is predicted to be spontaneous rather than the ZrO2. Mott-Schottky analysis shows
that the passive film formed on zirconium is n-type, which is consistent with the PDM,
corresponding to a preponderance of oxygen/hydrogen vacancies and/or zirconium
interstitials in the barrier layer.

4.2 Introduction
Most early investigations of the corrosion behavior of zirconium and its alloys
(e.g., Zircaloys) in aqueous solutions focused on either ex situ or in situ studies at or near
ambient temperature. Ex situ studies necessarily require interruption of the corrosion
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experiment, which introduces considerable uncertainty into the subsequent analysis. For
this reason, emphasis was quickly focused on devising in situ analytical techniques (e.g.,
in situ spectroscopic methods), so that the corrosion processes could be examined under
actual operating conditions. Most of these techniques are electrochemical in nature and
have begun to yield a great deal of valuable information, provided that the data are
properly interpreted. Of course, various electron microscopy techniques, such as SEM,
TEM, and STEM, which have provided much structural information of the passive film
[1-4], are necessarily ex situ by their very nature and always will be so, although various
X-ray diffraction and scattering techniques (e.g., XANES, EXAFS, SEXAFS) using
intense light sources (synchrotron radiation) may provide the necessary in situ capability,
even under elevated temperature and pressure conditions.
In this study, we focus on in situ electrochemical studies of zirconium in high
temperature aqueous solutions; no attempt has been made to study the corrosion behavior
gravimetrically, as that has been adequately explored by others [5].

Potentiostatic

polarization, potentiodynamic polarization, and electrochemical impedance spectroscopy
(EIS) are the principal techniques used, with the latter also being employed for
determining passive film thickness and for carrying out Mott-Schottky analyses. DurandKeklikian, Cragnolino, and Macdonald [6, 7] reported both in situ and ex situ impedance
studies on oxidized zirconium alloys, including in situ “contact impedance” measurement
in steam (supercritical water) at 500 oC and 650 bar under conditions that lead to nodular
attack.

The impedance data were consistent with nodular attack resulting in the

development of a large number of parallel conductive paths in the normally resistive
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oxide. Later, Hettiarachi et al. [8] performed potentiodynamic and impedance studies to
characterize the electrochemical corrosion behavior of Zircaloy-2 and Zircaloy-4 at 289
o

C in 8 ppm NaNO3 solution under open circuit potential conditions. The Zircaloys

display stable passivity in the presence of high dissolved oxygen contents and the activeto-passive transition, which is not observed at high oxygen concentrations, reappears at
lower oxygen contents, by virtue of the negative shift in the corrosion potential.
Impedance data for the passive films formed on the two Zircaloys confirmed the greater
corrosion resistance of Zr-2 over Zr-4. Schefold et al. [9] carried out long term, in situ
impedance measurements on Zr and Zr-4 in pressurized aqueous solutions at 633 K (360
o

C), also under open circuit potential conditions.

Cyclical corrosion behavior was

demonstrated in their long term corrosion tests, which implies two rate determining
elements, the in-cycle growth and the rupture thickness of the protective layer. Nagy et
al. [10-12] published a series of papers on the oxidation of Zr-1%Nb under simulated
VVER-PWR primary coolant conditions at temperatures up to 290 oC using a two
electrode arrangement. A -CPEox||Rox- element was incorporated into the equivalent
electrical circuit to explain the impedance spectroscopy data measured under open circuit
potential conditions. They found both the CPEox coefficient and the parallel resistance
Rox to be thickness dependent, and they postulated that the temperature dependence of
Rox indicates that the oxide layer has semiconductor properties.
In this chapter, the electrochemistry of zirconium has been explored in situ in 0.1
M B(OH)3 + 0.001 M LiOH solution (pH=6.94 at 250 oC) with and without added
hydrogen to simulate the water chemistries of the coolant circuits in Pressurized Water
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Reactors (PWRs) and Boiling Water Reactors (BWRs).

Potentiostatic polarization,

potentiodynamic polarization, and electrochemical impedance spectroscopic (EIS)
techniques were used, with the latter also being employed for determining passive film
thickness and for carrying out Mott-Schottky analyses. The lower temperature than that
found in reactor coolant circuits (288oC for BWRs and 360oC for PWRs) was dictated by
the need to use PTFE in the electrochemical cell. The boric acid/lithium hydroxide
solution for the BWR case was dictated by the need to maintain constant pH and
significant conductivity. The primary objective of this initial work on pure zirconium
was to develop and demonstrate the experimental techniques and to provide a database
for the pure metal against which the alloys may be compared in subsequent work. The
Point Defect Model (PDM) [13, 14] was used and it provides an atomistic description of
the growth and breakdown of oxide and hydride [14] barrier layers in terms of the
generation and annihilation of crystallographic defects at the interfaces of the film and
their transport under the influence of an electrical potential gradient within the oxide (or
hydride) phase, to interpret the experimental data. The PDM has been considerably
modified by the incorporation of the outer, porous oxide layer and the formation of a
defective hydride (ZrH2-x) barrier layer in the case of hydrogenated solutions and a
defective oxide (ZrO2-x) layer in the case of non-hydrogenated solutions [15].

As

demonstrated elsewhere [36], the relative values of the corrosion potentials in the two
environments and the equilibrium potentials for the Zr/ZrH2 and Zr/ZrO2 couples at the
elevated temperatures of interest are such that the formation of a hydride barrier layer is
thermodynamically spontaneous under PWR coolant conditions whereas the formation of
an oxide barrier layer is spontaneous under BWR primary coolant conditions.
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4.3 The Electrochemical Thermodynamics of Reactor Cores
Before proceeding further, it is necessary to discuss briefly the electrochemical
thermodynamics of the fuel cladding in BWRs and PWRs. In order to do so, the
equilibrium properties of the couples Zr/ZrO2, ZrH2/Zr, and ZrH2/ZrO2 must be
calculated, where the reduced species is on the left side and the oxidized species is on the
right side. The analysis given below follows that of Park, Urquidi-Macdonald and
Macdonald [15].
Following the Stockholm convention, the half cell reactions are written in the
reduction sense

ZrO 2 + 4 H + + 4e − = Zr + 2 H 2 O

4-1

Zr + 2 H + + 2e − = ZrH 2

4-2

ZrO2 + 6 H + + 6 e − = ZrH 2 + 2 H 2 O

4-3

and
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to yield

ZrO2 + 2 H 2 = Zr + 2 H 2 O

4-4

Zr + H 2 = ZrH 2

4-5

ZrO2 + 3H 2 = ZrH 2 + 2 H 2 O

4-6

And

The standard potential is then given by E 0 = −∆G R0 / nF , where ∆G R0 is the change in
standard Gibbs energy for Reactions (4) to (6), n is the number of electrons involved in
the half cell reaction, and F is Faraday’s constant (96,487C/equiv.). Calculation of the
standard potentials at temperatures up to the maximum core temperature of the reactor
type of interest was carried out using the HSC Chemistry software [16]. The half cell
reactions can be written in general form as
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aA + xH + + ne − = bB + cH 2 O

4-7

from which we derive the Nernst equation as

2.303 RT  a 
b
  log( a A )
  log( a B ) +
F
n
n
2.303 RT  c 
2.303 RT  x 
−
  log( a H 2O ) −
  pH
F
F
n
n
Ee = E0 −

2.303 RT
F

4-8

where Ee is the equilibrium potential, ai is the activity of species i, R is the universal gas
constant (R = 8.3124 J/K.mol), and pH = − log( a H + ) .

Because the reactants and

products are solids, we may set their activities to one and, because the solutions are
reasonably dilute, a H 2O = 1 . Thus, Equation (4-8) reduces to the much simpler form

E = E0 −

2.303RT
F

x
  pH
n

4-9

where x is the stoichiometric coefficient of H+ in the half cell reactions, Equations (4-1)
to (4-3).
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That the electrochemical conditions in the cores of BWRs and PWRs differ
substantially is demonstrated by Fig. 4-1, in which are plotted the equilibrium potentials
for the Zr/ZrO2 and ZrH2/Zr couples as functions of temperature [15]. Also plotted are
the ECP (corrosion potential) values for the fuel channels in the two types of reactors, as
determined by thermohydraulic/radiolysis/electrochemical modeling in this laboratory.
The reader will note that the formation of ZrO2 is an oxidation process
( Zr + 2 H 2 O → ZrO2 + 4 H + + 4e − ), whereas the formation of the hydride is a reduction
process ( Zr + 2 H 2 O + 2e − → ZrH 2 + 2OH − ), with the currents being positive and
negative, respectively. From Pourbaix’s magic formula, ( E − E e ) I ≥ 0 , where E is the
potential (ECP) and Ee is the equilibrium potential, we see that the formation of ZrO2 as
the barrier layer is spontaneous in the BWR case (because E > Ee), whereas the formation
of ZrH2 as the barrier layer is spontaneous in the PWR case (because E < Ee). Of course,
this argument is couched in terms of the stoichiometric phases, and the exact identity of
the hydride phase remains uncertain, but the differences in the ECP and the equilibrium
potentials are sufficiently large (Fig. 4-1) that it is unlikely that non-stoichiometry alone
could change the Gibbs energies of formation to the extent necessary to alter these
conclusions. That the thermodynamics is consistent with observation is supported by the
micrographs shown in Fig. 4-2 for highly hydrogenated coolants (conventional PWRs),
where the barrier layer is a continuous defective hydride (ZrH2-x) and the outer layer is a
precipitated oxide (ZrO2). Likewise, for oxidizing BWR conditions, the barrier layer is
tetragonal ZrO2, whereas the outer layer is monoclinic ZrO2, as observed by Ding and
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Northwood [17] from transmission electron microscopy images and selected-area
electron diffraction patterns.
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Figure 4-1: Comparison of the electrochemical conditions that exist in the cores of
BWRs and PWRs in relationship to the equilibrium potentials for the Zr/ZrH2 and
ZrO2/Zr reactions. The equilibrium potentials for the PWR core were calculated
assuming [B] = 1000 mg/kg and [Li] = 2 mg/kg, while those for the BWR core assume
pure water to be the coolant. The corrosion potentials for the PWR core were taken from
Urquidi-Macdonald and Macdonald [to be published], whereas that for the BWR core
was taken from Yeh, Macdonald, and Motta [18]. From Park et al. [15].
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Figure 4-2: A continuous hydride barrier layer and discrete hydride platelets in a
Zircaloy-4 cladding tube (average fuel burnup of 67 GWd/t and fast fluence of 1.3 x 1022
n/cm2) [Courtesy of R. Daum, Argonne National Laboratory].
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4.4 Results and Discussion
The passive films formed anodically on zirconium in the 1M B(OH)3 + 0.001 M
LiOH solution at 250 °C and 62 bar (900 psi) display golden, blue, purple, or black
colors, depending on the formation potential and exposure time. All the films formed on
the samples, polished to 1 µm finish, were shiny and smooth; localized corrosion was
noticed on the unpolished sample surface (Fig. 4-3). All electrochemical experiments
reported below were carried out on polished samples.

4.4.1 Polarization Studies
The logarithm of the current was recorded as a function of the electrode potential
under potentiodynamic conditions by starting the 1 mVs-1voltage sweep rate from a point
0.2 V more negative than the open circuit potential (Fig. 4-4). For the passive film
formed in the solution containing 22 cm3(STP)/kg(H2O) hydrogen, passivity dominates
the polarization curve from -0.2 Vshe to around 0.5 Vshe; at higher potentials, the system
exhibits transpassive behavior, as indicated by a steeper rise in the current density. The
polarization curve for zirconium in the same solution but without hydrogen displays a
much more positive zero current potential, with the available passive region extending
from 0 Vshe to 0.7 Vshe. As shown, the zero current potential of zirconium is lowered by
more than 0.45 V by the introduction of hydrogen into the solution.
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Figure 4-3: Examples of localized corrosion on an unpolished Zr sample (left) and
uniform corrosion on a polished Zr sample (right) in 0.1 M B(OH)3 and 0.001 M LiOH
solution at T = 250 °C and P = 62 bar.
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Figure 4-4: Comparison of polarization curves for Zr in the hydrogenated and hydrogenfree environments. The electrolyte was 0.1 M B(OH)3 + 0.001 M LiOH, with the
solution reservoir at ambient temperature being sparged with high-purity argon gas or
hydrogen gas before and during the experiments. For the hydrogen case, 22
cm3(STP)/kg(H2O) hydrogen was maintained in the reservoir by suitably controlling the
total gas pressure in the system. Scan rate=1 mV/s, T = 250 °C and P = 62 bar.
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Figure 4-5: Steady current density plotted as a function of passive film formation
potential. The current was recorded after 24 hours stabilization at each potential in the
ascending voltage direction. T = 250 °C and P = 62 bar.
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Potentiostatic experiments were carried out by holding the potential at the desired
value for film growth until there was no perceptible change in current over 24 hours. The
logarithm of the stationary current density for the passive film formed on zirconium in
hydrogen-free or hydrogenated solution is found to be independent of the formation
potential (Fig. 4-5). The stationary current density is slightly greater for the former than
for the latter, indicating that the oxidation of hydrogen contributes little to the observed
current.

The independence of the logarithm of the current density on the applied

potential is consistent with the diagnostic criteria of the PDM [14] for an n-type passive
film. The n-type electronic character of the passive film is further demonstrated by the
capacitance measurement described later.
Linear relationships are obtained between the film thickness and the applied
potential in the passive regions for both the PWR and BWR cases when the passive films
are formed potentiostatically, as shown in Fig. 4-6. The film thickness was calculated
from the capacitance measured at frequencies higher than 1 kHz. At these frequencies,
the electrochemical impedance displays an almost purely capacitive frequency response,
as shown in Fig. 4-7, with the measured capacitance being almost independent of
frequency. Accordingly, we use the well-known “parallel plate” expression for the
capacitance to estimate the steady state film thickness, Lss

Lss =

εε 0
C

4-10
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where ε0 is the vacuum permittivity (8.85x10-14 F/cm) and ε = 22 [26] is the dielectric
constant of the passive film (ε is given as being 20 to 31.5 for ZrO2 [20]). The same
value is assumed for the passive film formed in the hydrogenated environment as it
comprises a thick ZrO2 outer layer over a thin ZrH2-x barrier layer. The film thickness
calculated from the measured capacitance (Fig. 4-6) was found to be a linear function of
the applied potential. The anodizing constants are 121 nm/V for the passive film formed
on zirconium in the hydrogenated solution and 79 nm/V for that formed in the solution
without hydrogen. These values are much greater than the 1.9 – 2.5 nm/V normally
found for barrier layers formed on metals and alloys at ambient or near-ambient
temperatures. The higher values are attributed to the formation of thick outer layers over
thin barrier layers, as previously shown for the passive film formed on zirconium in 1 M
H3PO4 [21] at ambient temperature. Accordingly, the measured capacitance, which may
be represented as a series combination of the two layers, is dominated by the outer layer,
as shown by the following equation

1
1  Lbl Lol 
=
+


C ε 0  ε bl ε ol 

4-11

Noting that the dielectric constants for the barrier layer and the outer layer are probably
of similar magnitude (this is certainly the case for BWR conditions, where both layers are
comprised of ZrO2), then, for Lol >> Lbl, the measured capacitance is dominated by the
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outer layer. Since the outer layers in both environments are porous ZrO2, the data plotted
in Fig. 4-6 indicate that the outer layer is significantly thicker when formed in the
hydrogenated solution than when grown in the hydrogen-free solution. This finding also
accounts for the difference in the passive current density, also shown in Fig. 4-5, because
of the expected impact of the outer layer on the interfacial impedance. Finally, Equation
(4-11) should be regarded as being a first approximation, because the barrier layer also
possesses semiconductor properties that can be interpreted in terms of Mott-Schottky
theory (see below). This first approximation is valid, because the outer layer dominates
the capacitance.
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Figure 4-6: Dependence of the zirconium passive film thickness on applied potential in a
0.1 M B(OH)3 + 0.001 M LiOH solution with or without hydrogen. The potential was
changed in the negative-to-positive direction. The film thickness was measured after
holding the potential at each step for 24 hours for film stabilization. T = 250 °C and P =
62 bar.
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Figure 4-7: Measured capacitance as a function of frequency for passive zirconium after
holding the potential constant at 0.6 Vshe for 24 hours for film formation in 0.1 M B(OH)3 +
0.001 M LiOH solution. The capacitance is almost independent of frequency for f > 1 kHz.
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4.4.1 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectra (EIS) for passive zirconium films were
measured over a wide range of frequencies (typically 100 kHz to 0.01 Hz) as a function
of formation potential across the passive range in solutions with and without hydrogen at
250 oC. The impedance was measured after holding the potential constant at each point
for 24 hours in order to ensure that the passive film exists in the steady state. The
measurements were carried out in the ascending potential direction. Since the stability of
the electrochemical system during EIS measurement is critical to obtaining viable data,
the quality of the EIS data was checked both experimentally and theoretically. The data
were checked experimentally by stepping the frequencies from high-to-low and then
immediately back from low-to-high, with the impedance being measured at each step, to
ascertain that the same values were obtained at equivalent frequencies in the two
directions. If the system is in the steady state, which means the thickness and current are
independent of time, the impedance data should match in the two potential step
directions. The Nyquist and Bode plots (Fig. 4-8) show that the impedance data measured
in the two step directions after holding the potential at 0.1Vshe for 24 hours for the film to
attain a steady state are coincident.

Coincidence is observed in all impedance

measurements for passive films formed in hydrogenated solution and hydrogen-free
solution at different potentials. This is a particularly good test for system stability.
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Figure 4-8: Comparison of Nyquist (a) and Bode (b) plots for passive zirconium formed
at 0.1 Vshe for 24 hours by scanning the frequency in the high-to-low direction and
immediately from the low-to-high direction in a 0.1 M B(OH)3 + 0.001 M LiOH solution
with 22 cm3(STP)/kg(H2O) hydrogen. T = 250 °C and P = 62 bar. “High-to-low” means
stepping the frequency from high to low direction, and “low-to-high” means stepping the
frequency in the reverse direction.
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The quality of the impedance data was also checked using the Kramers-Kronig
transforms.

These integral transforms test for compliance of the system with the

linearity, stability, and causality constraints of Linear Systems Theory (LST). The K-K
transforms, which arise from Cauchy’s theorem and the definition of causality, were first
developed for the field of optics by establishing a connection between the real and
imaginary parts of complex optical parameters (e.g., refractive index).

The K-K

transforms are purely mathematical results and do not reflect any assumptions concerning
the physical properties of the system. Thus, only the experimental data satisfying the
linearity, stability, and causality constraints, as indicated by the K-K transforms, can be
used to describe the properties of the systems in terms of linear response theory.
Macdonald and Urquidi-Macdonald [22-26] developed methods for transforming the real
part of the electrochemical impedance into the imaginary part of the impedance and vice
versa. Their studies show that the K-K transforms are strongly sensitive to the violation
of the stability constraint, but are not particularly sensitive to violation of the linearity
condition. Fig. 4-9 shows a set of K-K transforms, in which the transformed components
of the impedance are compared with the corresponding measured components. Excellent
agreement is obtained, except for small discrepancies at low frequencies; the
discrepancies are due to the “tails” problem that arises from the fact that the impedance
data are measured over a finite bandwidth, whereas the transforms are defined over an
infinite frequency bandwidth.
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Figure 4-9: Typical Kramers-Kronig transforms of the real and imaginary components of
the impedance of passive zirconium in a 0.1 M B(OH)3 + 0.001 M LiOH solution at T =
250 °C and P = 62 bar. The oxide film was formed at 0.6 Vshe. “Calculated” real and
imaginary components were derived from the experimental imaginary and real
components, respectively, by using the K-K transforms. These data are compared with
the experimental real and imaginary components of the impedance, respectively.
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Fig. 4-10 shows Nyquist and Bode plots for zirconium at various potentials in the
passive range in 1 M B(OH)3 + 0.001 M LiOH solution with argon or with hydrogen gas
at 250 °C and 62 bar. The magnitude of the impedance of the passive film formed in the
presence of hydrogen is much higher than that formed without hydrogen, in good
correlation with the passive current behavior and the film thickness data discussed above.
In terms of the Point Defect Model, the higher impedance of the interface exposed to
hydrogenated solutions can be attributed to a thicker outer layer, which probably results
from a higher rate of formation than in the BWR case. Thus, for PWR environments, the
thermodynamic data are consistent with the barrier layer being a defective hydride,
possibly ZrH2-x. It is likely that the defect is exclusively a hydrogen vacancy, so that
formation of the outer layer will occur by hydrolysis of the hydride, rather than via
restructuring of the outer surface of the barrier layer or the hydrolysis/precipitation of
cations transmitted through the barrier layer, as in the simulated BWR case.

This

reaction

ZrH 2 (barrier layer ) + 2 H 2 O → ZrO2 ( porous outer layer ) + 3H 2

is likely to be fast compared with the corresponding reaction for the BWR case

4-12
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ZrO2 (barrier layer ) → ZrO2 ( porous outer layer )
or

Zr

4+

+ 2 H 2 O → ZrO2 ( porous outer layer ) + 4 H

+







4-13

Since the rates of dissolution of the outer layers in both cases are likely to be similar, the
higher rate of reaction (4-12) compared with reaction (4-13) should lead to a thicker,
more resistive film in the PWR case than in the BWR case, as observed.
The shapes of the Nyquist plots for zirconium in the solutions with and without
hydrogen are virtually the same, both showing depressed semicircles at high frequencies
and a Warburg tail of constant phase angle of 4-8° according to Fig. 4-10 at low
frequencies (f < 1Hz). The impedance is insensitive to film formation potential within
the passive range. In terms of the postulates of the PDM, the electric field strength is
independent of the formation potential, and the transport of the defects is driven by the
electric field strength.

Therefore, the impedance should be insensitive to the film

formation potential, as has been observed for other systems [27]. However, as argued
above, the impedance is dominated by the properties of the outer layer, and it is unlikely
that the barrier layer makes a significant contribution other than being the source of outer
layer material, as described by reactions (4-12) and (4-13).
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Figure 4-10: Impedance spectra for passive zirconium as a function of film formation
potential in 0.1 M B(OH)3 + 0.001 M LiOH solutions with and without added hydrogen.
The impedance was measured after holding the potential at each step for 24 hours for
film stabilization. The potentials were changed in the negative-to-positive direction. T =
250 °C and P = 62 bar.
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4.4.2 Mott-Schottky Analysis
An understanding of the crystallographic and electronic defect structures of the
passive film on zirconium is vital in exploring the underlying mechanisms of oxidation
and hydriding of Zircaloy fuel cladding in reactor coolant environments. To identify the
principal defect in the passive film, Mott-Schottky (M-S) analysis [13] is being used. In
M-S analysis, the capacitance of passive Zr is measured at a suitably high frequency as a
function of voltage. According to Mott-Schottky theory [28], the space charge
capacitances, Csc (F/cm2), of n-type and p-type semiconductor junctions are given by

1
2
=
2
C sc εε 0 qN D


kT 
V − V fb −

q 


n - type

4-14

1
−2
=
2
C sc εε 0 qN D


kT 

V − V fb −
q 


p - type

4-15

and

respectively. In these expressions, ND/NA is the donor/acceptor concentration (cm-3), ε0 is
the vacuum permittivity (8.85x10-14 F/cm), ε is the dielectric constant of the oxide, V is
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the applied potential, Vfb is the flat band potential, q is the electron charge (1.6x10-19 C),
and kT/q is about 45 mV at 250 °C. In addition to confirming the electronic nature of the
film, M-S analysis yields the dopant concentration (donor or acceptor) in the film as a
function of voltage.

The interfacial capacitance C is obtained from C = −1 / ωZ '' .

Assuming that the capacitance of the Helmholtz layer can be neglected, the measured
capacitance C is equal to the ‘space charge’ capacitance, Csc. Accordingly, a Csc-2 versus
V plot should be a straight line with a slope that is inversely proportional to the dopant
concentration.
The outer layer of the passive film formed on zirconium is found to be much
thicker than the barrier layer.

The thin barrier layer is a defective phase with

semiconductor properties that depend upon the type of defects present while the outer
layer is relatively porous and has no appreciable semiconductor properties [29].
Therefore, the measured capacitance cannot be directly approximated as the space charge
capacitance; in our case, instead, the observed capacitance C can be understood by
postulating that it reflects a series combination of a voltage independent capacitance Cox,
due to the outer layer insulating layer, and the space charge capacitance Cbl of the barrier
layer, as discussed in the thickness calculation section of this paper.

1
1
1
=
+
C C ox C bl

4-16
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It has been shown by de Gryse et al. [30] that the measured capacitance can be
related to Cox and the applied voltage by

1
1
2
= 2 +
2
C
C ox εε 0 qN D


kT 

V − V fb −
q 


where the notation is the same as previously defined.

4-17

As can be seen from this

expression, the slope of the MS-plot is not influenced by the oxide capacitance Cox and
can be used to derive reliable values for the donor density, ND, from the slope of the
measured MS-plot, although the intercept is shifted on the vertical and horizontal axes,
thereby yielding a flat band potential that is too negative. Mott-Schottky analysis can be
applied to a system of fixed (voltage-independent) total dopant concentration and, hence,
C versus V must be measured under the conditions that do not result in a change in the
dopant concentration profile of the film. In this work, after holding the specimen at the
desired potential for 24 hours, in order for the film to reach steady state, the capacitance
was recorded while simultaneously sweeping the voltage in the negative direction from
the formation potential at a sweep rate of 25 mV/s. This sweep rate is considered to be
sufficiently high that the defect structure is “frozen-in” and hence that ND in Eq. 4-17
appears as a constant (identical M-S slopes were obtained for different scan rates over 25
mV/s, as shown in Fig 4-11). Mott-Schottky plots are presented in Fig. 4-12 and Fig. 4-
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13 for passive Zr formed in hydrogenated and hydrogen-free solutions at different
formation potentials. From the positive slopes, it is concluded that the passive films on
zirconium formed in high temperature borate buffer solutions with or without hydrogen
exhibits n-type electronic character. This result shows that the dominant defects in the
film over this voltage range are oxygen/hydrogen vacancies and/or zirconium interstitials.
The donor density ND versus the formation potential (Fig. 4-14) has been calculated from
the slopes in Figure 4-12 and Figure 4-13 for passive films formed in hydrogenated and
hydrogen-free solutions. The data show that the donor concentration in the vicinity of the
metal/film interface decreases with increasing formation potential for both cases, in
agreement with the prediction of the Point Defect Model [14]. The donor concentration,
ND, is in the range of 1017~1018 cm-3, which agrees with the ND < 1019 cm-3 reported by
Meisterjahn [31] for the zirconium passive film formed at ambient temperature. The
much lower donor concentration found here demonstrates that the film is only lowlydoped with electron donors.

However, the low doping level probably reflects a

composite value for a highly doped, but thin, barrier layer and a thick stoichiometric
outer layer.
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Figure 4-11: Mott-Schottky plots for passive Zr at 0.7Vshe in a 0.1 M B(OH)3 + 0.001
M LiOH solution without hydrogen in the reservoir, measured at different scan rates. T
= 250 °C and P = 62 bar. Identical slopes were found for scan rates ≥ 25 mV/s.
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Figure 4-12: Mott-Schottky plots for the Zr passive film formed at the indicated
potentials after stabilization for 24 hours in a 0.1 M B(OH)3 + 0.001 M LiOH solution
sparged with argon gas. Voltage sweep rate was in the negative direction from the
formation voltage = 25 mV/s. T = 250 °C and P = 62 bar.
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Figure 4-13: Mott-Schottky plots for passive Zr at the indicated potentials after
stabilization for 24 hours in a 0.1 M B(OH)3 + 0.001 M LiOH solution with 22
cm3(STP)/kg(H2O) hydrogen. Voltage sweep rate was in the negative direction from the
formation voltage = 25 mV/s. T = 250 °C and P = 62 bar.
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Figure 4-14: Donor density ND of the passive film formed on Zr as a function of film
formation potential in 0.1 M B(OH)3 + 0.001 M LiOH solutions with or without
hydrogen. T = 250 °C and P = 62 bar.
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4.5 Summary and Conclusions
The electrochemistry of zirconium has been explored in situ in 0.1 M B(OH)3 +
0.001 M LiOH aqueous solution (pH = 6.94 at 250 oC) with and without added hydrogen
to simulate the water chemistries of the coolant circuits in Pressurized Water Reactors
(PWRs) and Boiling Water Reactors (BWRs), respectively. Potentiostatic polarization,
potentiodynamic polarization, and electrochemical impedance spectroscopy (EIS) were
used, with the latter also being employed for determination of the passive film thickness
and for carrying out Mott-Schottky analyses. The principal findings and conclusions of
this work are:
1. From thermodynamic analysis, it is postulated that a hydride barrier layer forms
under PWR coolant conditions, whereas an oxide barrier layer forms under BWR
primary coolant conditions. Thus, the introduction of hydrogen into the solution
lowers the corrosion potential of zirconium to the extent that the formation of
ZrH2 is predicted to be spontaneous rather than the ZrO2.
2. The logarithm of the steady state current density is found to be independent of
formation potential, while the steady-state film thickness ( Lss ) is a linear function
of the formation potential. The much greater anodizing constants ( ∂Lss / ∂V )
than for other metals and alloys at ambient temperature suggest that a thick outer
layer forms over a thin barrier layer.
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3. Nyquist plots of the impedance are in the form of depressed semicircles with a
Warburg like impedance at low frequencies for both the PWR and BWR cases.
The magnitude of impedance of the passive film formed in the hydrogenated
solution is much higher than that for the film formed in the hydrogen free
solution, which is consistent with the measured passive currents for the two cases.
4. Mott-Schottky analysis shows that the passive film formed anodically on
zirconium under BWR- and PWR-like environments is n-type in electronic
character, corresponding to a preponderance of oxygen/hydrogen vacancies
and/or zirconium interstitials, with the former being likely, in the barrier layer.
5. The n-type electronic character of the film is consistent with the diagnostic
criteria offered by the Point Defect Model.
6. The donor concentration is in the range of 1017~1018 cm-3, which decreases with
increasing formation potential, demonstrating that the film is only lowly-doped
with electron donors.

However, the low doping level probably reflects a

composite value for a highly doped, but thin, barrier layer and a thick,
stoichiometric outer layer.
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Chapter 5
TRANSIENT OXIDE FILM GROWTH ON ZIRCONIUM IN HIGH
TEMPERATURE AQUEOUS SOLUTIONS

5.1 Abstract
Transients in current density and film thickness of the passive film formed on
zirconium in 0.1M boric acid + 0.001M lithium hydroxide solution at 250°C and 900psi
(62bar) have confirmed that the rate law afforded by the Point Defect Model (PDM)
adequately describes the growth and thinning of the passive film at high temperatures.
The experimental results demonstrate that the kinetics of oxygen or hydrogen vacancy
generation at the metal/film interface control the rate of film growth when the potential is
displaced in the positive direction, whereas the kinetics of dissolution of the barrier layer
at the barrier layer/solution interface control the rate of passive film thinning when the
potential is stepped in the negative direction. The dissolution rate of the passive film
formed in the hydrogenated solution is lower than that formed in the solution without
hydrogen. An electron charge transfer phenomenon was observed when changing the
hydrodynamic conditions of the solution in contact with the sample. The current density
measured in the hydrogenated electrolyte increases with increasing rotation rate of the
impeller, which indicates that the hydrogen oxidation reaction may occur in parallel with
the oxidation of zirconium.
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5.2 Introduction
Although the original Point Defect Model (PDM) [1] recognized that passive
films on metal and alloy surfaces were generally bilayer structures, comprising an inner
defective oxide that forms directly from the metal and a porous, precipitated outer layer
that forms by the hydrolysis of cations ejected from the barrier layer and subsequent
precipitation of oxides, oxyhydroxides, and hydroxides, depending upon the conditions,
the mathematical structure of the model pertained only to the barrier layer. Later, the
model was extended to bilayer passive films containing either defective oxide or hydride
barrier layers, depending upon the metal substrate and the environmental conditions [26]. Provided that the corrosion potential is more negative than the equilibrium potential
for the Zr/ZrH2 couple under the prevailing conditions, a hydride barrier layer should
form on zirconium, as it does in other systems, including Li [2-4] and titanium [7]. The
work of Daum et al. (cited in [5, 8]) on Zircaloy-4 under high burn-up conditions shows
the formation of a continuous hydride layer at the metal/film interface, as does the work
of HKL technology [9] on various zirconium alloys under laboratory conditions.
Titanium, which is very closely related to zirconium in its chemical and electrochemical
properties, also forms a continuous hydride layer at the metal/oxide film interface, as
shown by the work of Wang et al. [7] at ambient temperature. The thickness of the
titanium hydride layer increases as the voltage is made more negative, as predicted by the
PDM [5, 6]. An almost continuous hydride layer was reported to form at the metal/oxide
interface in Zircaloy-4 when cathodically polarized in dilute sodium sulphate solution at
elevated temperature (300 oC) [10] and the cathodic polarization method was also used
by Cox el al. [11] to form a hydride layer on this alloy in dilute CuSO4 solution at the

94
same temperature. While the existence of a solid hydride layer at the metal/oxide
interface is controversial, primarily because few experiments have been carried out under
well-controlled electrochemical conditions, we note that still other researchers have
reported experimental evidence for hydride layer formation on Zircaloy-4 at elevated
temperatures [12-14]. Furthermore, thermodynamic calculations [5, 6] indicate that, if the
corrosion potential is sufficiently positive (as in a BWR core), only oxide formation is
thermodynamically spontaneous, whereas, if the potential is sufficiently negative (PWR),
the formation of both the hydride (ZrH2) and the oxide is spontaneous, as noted above.
To our knowledge, the interfacial hydride layer has not been reported in the BWR case,
in keeping with the thermodynamic predictions. It is on this basis that we postulate that
the barrier layer on zirconium under PWR fuel cladding conditions is the defective
hydride (ZrH2-x) and that the outer layer is the porous oxide (ZrO2), whereas in the BWR
case the barrier layer is the defective oxide (ZrO2-x) and the outer layer is the porous,
non-defective ZrO2. Only the barrier layer, which is a small (but important) part of the
passive film, has been postulated as being a hydride. The barrier layer is typically a few
tens of nanometers thick, whereas the oxide outer layer may be many microns thick
depending upon the conditions, so that the great bulk of the passive film is still the oxide,
even under highly reducing PWR primary coolant conditions. We adopt these models as
working hypotheses in the present work, with the formation of the defective oxide
(BWR) and hydride (PWR) barrier layers being described by Figs 5-1(a) and 5-1(b),
respectively.
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(1)

k1
Zr + VZr4 ' →
ZrZr + vZr + 4e′

(4)

k4
ZrZr + 2OH − →
ZrO2 + + VZr4' + H 2O

(2)

k2
Zr →
Zri 4 + + vZr + 4e′

(5)

k5
Zri 4 + + 2OH − →
ZrO2 + + H 2O

(3)

k3
Zr →
ZrZr + 2VO.. + 4e′

k
(6) VO.. + H 2O →
OO + 2 H +
6

(7)

k7
ZrO2 + 2 H + →
ZrO 2 + + H 2O

Figure 5-1(a): Schematic of the reactions that are postulated to occur at the metal/barrier
layer and barrier layer/outer layer interfaces during the formation of the passive film on
zirconium under BWR-like conditions according to the Point Defect Model. Note that
Reactions (1), (2), (4), (5), and (6) are lattice conservative processes, in that their
occurrence does not result in the movement of the interface, whereas Reactions (3) and
(7) are non-conservative. Zr = Zirconium atom, VZr4' = cation vacancy on the zirconium
sub lattice of the barrier layer, v zr = zirconium vacancy in the metal, Zri 4 + = cation
interstitial in the film, ZrZr = zirconium cation on the metal sub lattice of the barrier layer,
VO.. = oxygen vacancy on the oxygen sub lattice of the barrier layer, OO = oxygen anion on
the oxygen sub lattice of the barrier layer.
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(1)

k1
Zr + VZr2′' →
ZrZr + vZr + 2e′

(4)

k4
ZrZr + 2OH − →
ZrO2 + + VZr2′' + H 2O + 2e′

(2)

k2
Zr →
Zri 2 + + vZr + 2e′

(5)

k5
Zri 2 + + 2OH − →
ZrO2 + + H 2O + 2e′

(3)

k3
Zr →
ZrZr + 2VH. + 2e′

(6)

k6
2VH⋅ + 2 H 2O + 4e− →
2 H H + 2OH −

(7)

k7
ZrH 2 + 4OH − →
ZrO 2 + + 3H 2O + 6e′

(8)

k8
ZrH 2 + 2 H 2O →
ZrO2 + 3H 2

Figure 5-1(b): Schematic of the reactions that are postulated to occur at the metal/barrier
layer and barrier layer/outer layer interfaces during the formation of the passive film on
zirconium under PWR-like conditions according to the Point Defect Model. Note that
Reactions (1), (2), (4), (5), and (6) are lattice conservative processes, in that their
occurrence does not result in the movement of the interface, whereas Reactions (3), (7),
and (8) are non-conservative. VZr2′' = cation vacancy on the zirconium sub lattice of the
barrier layer, Zri 2+ = cation interstitial in the film, V H. = hydrogen vacancy on the hydrogen
sub lattice of the barrier layer, H H = hydrogen anion on the hydrogen sub lattice of the
barrier layer. Note that the destruction of the hydride barrier layer is postulated to occur
electrochemically [Reaction (7)] and chemically [Reaction (8)].
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In Fig. 5-1(b), two decomposition processes are postulated for ZrH2; an
electrochemical process resulting in the formation of the zirconyl cation [ZrO2+, Reaction
(7)] and a chemical process [Reaction (8)] that forms the oxide, ZrO2, and hydrogen.
Note that in the oxidation of ZrH2 to form ZrO2+ the oxidation state of zirconium changes
from +2 to +4 and that the oxidation state of hydrogen changes from -1 (in ZrH2) to +1 in
H2O. Accordingly, the total change in oxidation state in transforming ZrH2 into ZrO2+ is
+6 compared with zero for the transformation of ZrO2 to ZrO2+ in the postulated BWR
case [Reaction (7),Figure 5-1(a)].
It was previously demonstrated [15] that the potentiostatic current transients for
the growth of passive films on zirconium, titanium, tungsten, and tantalum are
inconsistent with the predictions of the High Field Model (HFM) [16-18]. The HFM
postulates that the electric field strength within the film decreases with the inverse of the
film thickness as the film thickens. On the other hand, the current transient data were
found to be consistent with the postulate that the electric field strength is insensitive to
changes in film thickness, which is the basis of the Point Defect Model (PDM) [19]. The
insensitivity of the field strength to thickness is explained by the occurrence of band-toband tunneling (“Esaki tunneling”) of charge carriers (electrons and holes) within the
film, such that the field strength becomes buffered against any process that tends to
increase its value. Because the internal tunneling current is exponentially dependent on
the field, any increase in the potential gradient will cause a massive separation of charge
and will result in a counter field that effectively buffers the potential distribution.
Discrimination between the two models (HFM and the PDM) was made on the basis of
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the diagnostic relationship: − i′ / iss (i − iss ) = σ ln(i) , where i ' is the differential di / dt , i is
the current density, i ss is the steady state current density (i.e., the current density for

t → ∞ ), and σ is a constant. The HFM predicts that, for films that are formed primarily
by the movement of oxygen vacancies (which is the case for the “valve” metals), the
constant σ should be greater than 0, whereas the PDM predicts that σ = 0. The latter
relationship was found for the metals employed in the previous study [15].
Subsequent to that study, Macdonald et al. [20] derived a new rate law for the
growth and thinning of the barrier layer of a passive film as the potential is stepped in the
positive or negative direction from an initial steady state. This new rate law has been
shown to account for the transients in thickness and current for passive tungsten (a valve
metal) in acidic phosphate buffer solutions [20]. One purpose of the present work is to
use this new rate law to analyze the current density transients and changes of film
thickness for anodic films formed on zirconium in 0.1M boric acid and 0.001M lithium
hydroxide solution upon stepping the potential in the positive and negative directions at
250 °C. In order to maintain the electrolyte in a single liquid phase, the pressure is set to
900psi (62bar). Currently, the transients are being used to derive values for parameters in
the Point Defect Model, which in turn is being used to describe the growth of oxide films
on zirconium and Zircaloy fuel sheathing in water-cooled nuclear reactors. The derived
parameter values will also be compared with those derived from electrochemical
impedance spectroscopy (EIS), the theory for which is currently being developed.
Ultimately, the parameter values will be used to predict the performance of Zircaloy fuel
sheathing in water-cooled nuclear reactors.
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5.3 Theory
According to the PDM , the rate of change in thickness of a barrier layer passive
film under potentiostatic (potential step) polarization conditions can be written in the
form

dL
= a ⋅ e −bL − c
dt

where a = Ωk 30 e α
strength,

CH + is

3 (1−α ) χγV

5-1

e −α 3 χβγpH , b = α 3 χεγ , c = Ωk7 (C H / C H0 ) n , ε is the electric field
+

+

the concentration of hydrogen ion at the film/solution interface,

CH0 + is

the

standard state concentration, such that k 7 (the rate constant for the dissolution of the
film, Reaction 7, Fig. 5-1) has units of mol/cm2s (independent of the reaction order, n), χ
is the oxidation state of the cation in the barrier layer, Ω is the mol volume of the film
per cation, n is the kinetic order of the dissolution reaction at the film/solution interface
with respect to H+, α is the polarizability of the film/solution interface, β is the
dependence of the potential drop across the film/solution interface on the pH, V is the
applied voltage, γ = F/RT, F is Faraday’s constant, R is the universal gas constant, T is
the Kelvin temperature, and α 3 and k 30 (mol/cm2s) are the transfer coefficient and the
standard rate constant, for the generation of oxygen or hydrogen vacancies at the
metal/film interface [Reaction 3, Fig. 5-1 (a) and (b)], respectively.
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For steady state conditions, dL / dt = 0 , so that

1
a
L ss = ( ) ln( )
b
c

5-2

where L ss is the steady state thickness of the film. Upon substitution of the constants
defined above, it is a straightforward matter to show that Eq. 5-2 is identical to the
expression that was previously derived for the steady state thickness of the film (barrier
layer) [11]:

αα 7  δ 
1
 − 1V
1 − α −
ε
α 3  χ 
α  δ
  
1  2.303n
+ 
− β  7  − 1 + 1  pH
ε  α 3 χγ
 α 3  χ   

L ss =

+

k0
ln 30
α 3 χK  k 7
1

5-3






where K = εγ, k 70 and α 7 are the standard rate constant and transfer coefficient,
respectively, for the film dissolution reaction (Fig. 5-1), and δ is the oxidation state of the
cation being ejected from the barrier layer into the external environment or that results
from barrier layer dissolution. In deriving this expression, it is assumed that a change
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may occur in the oxidation state of a cation upon ejection from the film/solution interface
or upon dissolution of the film. If no change in oxidation state occurs, as is the case for
ZrO2 barrier/outer layers [Fig. 5-1(a)], a somewhat simpler expression results in the form:


 k0 
1  2.303 n
1
1−α 
− β  pH +
Lss = 
ln  30 
V + 
ε  α 3 χγ
α 3 χK  k 7 
 ε 


5-4

However, in the case of the hydride barrier layer, the oxidation state of zirconium
in the barrier layer (χ) is 2 whereas that in the outer layer (δ) is 4. Furthermore, the
oxidation state of hydrogen changes from -1 in ZrH2 to +1 in H2O, as noted above.
Consequently, the total change in the oxidation state of the ZrH2 barrier layer via the
electrochemical destruction [Reaction (7), Fig. 5-1(b)] is six. On the other hand, no net
change in oxidation state occurs for the chemical destruction of the ZrH2 barrier layer, as
described by Reaction (8), Fig. 5-1(b). Thus, while Equation (5-4) may apply in the
formation of the oxide barrier/outer layers on zirconium under BWR environmental
conditions, an equation of the same form as Equation (5-4) applies in the hydride case
only if the chemical reaction dominates the destruction of the barrier layer. Note that
Equations (5-3) and (5-4) predict that for a given pH the steady state film thickness varies
linearly with applied voltage, which is an almost ubiquitous finding in the study of the
formation of anodic passive films [15]. Furthermore, the equations predict that, for a
given voltage, L ss varies linearly with pH, and that for a given voltage and pH, the
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thickness is controlled by the ratio of the standard rate constants for the generation of
oxygen or hydrogen vacancies at the metal/film interface [Reaction (3), Figure 5-1] and
the dissolution of the film [Reaction (7)]. Note also that, for the hydride barrier layer
case, the electric field strength is negative, implying that the hydride barrier layer should
thicken as the potential is made more negative. Such a relationship has been found for
hydride formation on titanium [7], but, to our knowledge, it has never been examined in
the case of zirconium. A more complete description of the formation and destruction of
the hydride barrier layer within the framework of the PDM will be published at a later
date.

5.3.1 Transient in Film Thickness
Eq. 5-1 is readily integrated over the limits ( L0 ,0, V ) to ( L, t , V + ∆V ) , where ∆V is
the step in voltage at t = 0, to yield the transient of the film thickness


 1   a ′ 
L(t ) = L0 +   ln  e −bL0 (e bct − 1) + 1 − ct
 b   c 


5-5

where the constants and parameters are as given above, except that a ′ is the parameter a
with the voltage V+∆V, that is. a′ = Ωk30eα

3 (1−α ) χγ

(V + ∆V ) −α 3 βγχpH

e

. It is also a straightforward

matter to show that, for t = 0, L = L0, and as t → ∞ , the term in square brackets
(a ′ / c)e − bL0 e bct >> 1, and hence L(t ) approaches a steady state that is given by Eq. 5-4, but
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with a being replaced by a ′ . The initial thickness, L0 , is given by Eq. 5-4, as written.
Examination of Eq. 5-5 shows that the transient in film thickness is a combination of a
linear relationship and a logarithmic function.
If the rate of dissolution of the passive film [c in Eq. 5-1] is sufficiently small that
e bct ≈ 1 + bct and ct is much smaller than the second term in Eq. 5-5, then the rate law

reduces to

[

1
L(t ) = L0 +   ln 1 + a′be − bL0 t
b

where the parameters are as defined above. If

]

a ′be − bL0 t >> 1 ,

5-6

Eq. 5-6 collapses into the

classical logarithmic relationship. Note that for t = 0 , the film thickness equals the initial
thickness, L0 , which is the correct limiting form.

5.3.2 Transient in Film Growth Current
The transient in film growth current density due to the generation of oxygen or
hydrogen vacancies at the metal/film interface and the dissolution of the film at the
film/solution interface is readily calculated as
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i = χFk 3 + (δ − χ ) Fk 7 (C H + / C H0 + ) n

Noting that k3 = k30e( a V − b L − c
3

3

3 pH )

and k 7 = k 70 e ( a V + c
7

7

pH )

5-7

, where a 3 = α 3 (1 − α ) χγ ,

b3 = α 3 χγε , c 3 = α 3 χγβ , a 7 = α 7 α (δ − χ )γ , and c 7 = α 7 β (δ − χ )γ , we obtain the transient

in the current as

i = χFk 30 e a3V e − c3 pH X + (δ − χ ) Fk 70 e a7V e c7 pH (C H + / C H0 + ) n

5-8

With

X =

a′e − b3 L0

ce − b3 L0
− (a′e − b3 L0 − c )e − bct

5-9

and a ′ , b , and c being as defined in Eq. 5-1. Note that Eq. 5-8 applies strictly to an
oxygen ion conducting film, although it is believed (but not proven) that the theory is also
applicable to cation interstitial conducting barrier layers. Finally, it is important to note
that Eq. 5-5 is general to all three cases, because only the generation of oxygen or
hydrogen vacancies via Reaction (3) in Fig. 5-1, and their annihilation at the film/solution
interface [Reaction (6)], coupled with film dissolution [Reaction (7)], lead to a change in
dimension of the film.
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5.4 Experimental
The controlled hydrodynamic apparatus (Fig. 3-1) that was previously developed
[21] for performing electrochemical and corrosion studies in high-temperature aqueous
systems was used to carry out all electrochemical experiments in this study. All the
experimental conditions are the same as that described in Chapter 4 and carried out at 250
°C and a pressure of 62 bar (900 psi) in order to maintain a single liquid phase in the
system. The solution was sparged with high-purity argon or with high-purity hydrogen
before and during the experiments. Two kinds of reference electrode were used in this
study; a Ag/AgCl (sat. KCl) and a Pt/H2 for use in dehydrogenated and hydrogenated
environments, respectively. For consistency in reporting electrochemical potentials, all
measured potentials were converted to the Standard Hydrogen Electrode (SHE) scale by
thermodynamic calculation.
A Solartron Model 1287 Electrochemical Interface in a floating configuration was
used to control the potential for film growth or thinning over the potential cycle. The
capacitance was monitored with a Solartron 1255B Frequency Response Analyzer using
an excitation voltage of 10mV (peak-to-peak) and an applied frequency of 1 kHz. The
current and capacitance changes over the potential stepping cycle were recorded
simultaneously. The film thickness was estimated from the measured capacitance where,
at frequencies higher than 1 kHz, the electrochemical impedance displays an almost
purely capacitive frequency response. The capacitance is found to be independent of
frequency for f >1 kHz. Accordingly, we use the well known parallel plate expression
for the capacitance, C, to estimate the thickness of the film, L, as
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L=

εε 0 A
C

5-10

where A is the surface area, ε is the dielectric constant of the passive film (ε is quoted
[10] as being 20 to 31.5 for ZrO2. The same value is assumed for the passive film formed
in the hydrogenated environment as it comprises a thick ZrO2 outer layer over a thin
ZrH2-x barrier layer) and ε0 is the vacuum permittivity (8.85*10-14 F/cm). The passive
films formed on zirconium in the hydrogenated environment and dehydrogenated
environment both are comprised of a much thicker outer layer over a thin barrier layer.
The measured capacitance, which may be represented as a series combination of the two
layers, is dominated by the outer layer, as shown by the following equation

1
1  Lbl Lol 
≈
+


C ε 0  ε bl ε ol 

5-11

Here Lbl is the thickness of barrier layer and Lol is the thickness of outer layer. Thus,
noting that the dielectric constants for the barrier layer and the outer layer are probably of
similar magnitude (this is certainly the case for dehydrogenated conditions, where both
layers comprise ZrO2), then for Lol >> Lbl the measured capacitance is dominated by the
outer layer. The thickness derived from separate impedance data for hydrogentated and
dehydrogenated case shows that the barrier layer thickness is only ten nanometers but the
outer layer is over a hundred nanometers for passive film grown at desired potential for
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24 hours in the solution at 250 °C. It is unlikely that the barrier layer makes a significant
contribution other than being the sources of outer layer material, as described by
Reactions (7) in Fig. 5-1. Due to the domination of the outer layer capacitance, the first
term in the bracket can be neglected and the measured capacitance can be approximated
by

1 1  Lol 
≈  
C ε 0  ε ol 

5-12

Accordingly, the passive film thickness can be estimated from the measured capacitance
directly.

5.5 Results and Discussion
Equations (5-5) and (5-8) represent the rate laws for the growth of the barrier
layer of a passive film under potentiostatic transient conditions (expressions for the
thickness and current density transients). These laws result from the postulate that the
electric field strength is independent of the applied voltage and that the film undergoes
dissolution at the film/solution interface.

Before analyzing the laws in detail, it is

instructive to compare the PDM with the classical HFM as developed by Cabrera and
Mott (C-M) [16]. This is necessary, because there is still a large tendency for researchers
to adopt the HF model, in spite of the fact that it has been discredited in numerous studies
on a wide variety of passive metals and alloys. Among the devastating shortcomings of
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the HFM is that it does not predict the existence of a steady state in the barrier layer
thickness under potentiostatic conditions, and it cannot account for the thinning of the
barrier when the potential is stepped in the negative direction. Both observations are
established experimental facts and both are accounted for by Equation (5-5).
The steady state film thickness, Eq. 5-3, is derived from Eq. 5-1. Eq. 5-3 is
further simplified to Eq. 5-4 by assuming the oxidation state of a cation does not change,
in the case of BWR conditions (very high corrosion potentials), where the barrier layer is
postulated to comprise defective ZrO2-x, or under PWR conditions (very negative
corrosion potentials) if the destruction of the hydride barrier layer is dominated by the
chemical process [Reaction (8), Fig. 5-1]. Furthermore, as ∆V changes sign, and hence as
a ' changes value, but never sign, dL / dt may be positive or negative, corresponding to

film growth or film thinning, respectively, depending upon the relative values of the two
terms on the right side of Eq. 5-1.

Note that, because Reaction (3) in Fig. 5-1 is

considered to be irreversible in the indicated direction, it plays no role in film thinning.
Therefore, film thinning occurs exclusively when the rate of dissolution at the
film/solution interface, Reaction 7 in Fig. 5-1, is greater than the rate of film growth at
the metal/film interface, Reaction 3. This is considered to be a reasonable approximation,
if the voltage is significantly more positive than the equilibrium potential for the
formation of the passive film phase (which is certainly the case in this study).
Furthermore, Eq. 5-4 correctly predicts the linear dependencies of Lss on the applied
voltage V and pH [15]. We now show below that Equations 5-5 and 5-8 correctly
account for the transients in film thickness and current.
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Prior to doing this, it is first necessary to identify the rate control process in film
growth according to the PDM. Thus, as noted previously [11, 15], rate control resides in
the injection of charge into the film at the metal/film interface. With respect to film
growth, this occurs via the generation of oxygen or hydrogen vacancies at the metal/film
interface by Reaction 3 in Fig. 5-1. The charge is injected into an electric field that is
independent of the thickness of the film and the applied voltage. Accordingly, the
potential drop across the metal/film interface φ m / f , which drives the oxygen or hydrogen
vacancy formation reaction [Reaction 3 in Fig. 5-1], decreases linearly with increasing
film thickness, viz

φm / f = (1 − α )(V + ∆V ) − εL − β . pH − φ 0

5-13

For t > 0 and L(t) > Lss, where φ 0 is a constant that depends upon the selection of the
potential scale. The other parameters are as previously defined. It is the formation of
oxygen or hydrogen vacancies at the metal/film interface, in the presence of the
decreasing potential drop, φ m / f , that constitutes rate control in the case of the PDM. In
contrast, the C-M form of the HFM postulates that the rate-determining step in film
growth is the injection of cations from the metal into the film in the presence of an
electric field that decreases with increasing film thickness. The C-M model gives rise to
the same rate law as does the original Verwey model [17] (but with small differences in
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some parameters), which postulates that rate control resides in the transfer of a cation
from one lattice position to another within the bulk of the film.
Although Equations (5-5) and (5-8) are derived for the barrier layer of the passive
film, we propose that they can be used to describe the growth and thinning of the whole
film, which includes the barrier layer and outer layer. Figure 5-2 shows experimental
current density (a) and thickness (b) transients, with the latter being calculated from
capacitance measurements, for the growth and thinning of the passive film formed on
zirconium in 0.1 M B(OH)3 + 0.001 M LiOH at 250 oC and 900 psi (62 bar) upon
stepping the applied voltage over the cycle 0.30 Vshe → 0.90 Vshe → 0.60 Vshe. When
stepping the potential in the positive direction from 0.30 Vshe to 0.90 Vshe, the current
density increased very sharply, and then relaxed to a lower value before passing through
a maximum followed by a gradual rise. Corresponding to this change in current density,
the film thickness increased very rapidly. Upon stepping from 0.90 Vshe → 0.60 Vshe, the
current was observed to sharply decrease, followed by a slow rise, while the film
thickness decreased at a constant rate (≈ 0.018 nm/s) for a short time followed by a
gradual decrease in the rate of thinning toward a new steady state.
In order to form a hydrogenated environment that is typical of PWR primary
coolant circuits, 45 cm3 (STP)/kg (4 ppm) hydrogen was added to the 0.1M B(OH)3 +
0.001 M LiOH solution. The hydrogen content in the solution was adjusted by bubbling
ultra-high purity hydrogen gas at an appropriate pressure through the solution in the
ambient temperature storage tank (reservoir) prior to (overnight) and during the feeding
of the solution into the autoclave. Current density and film thickness transients were
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measured by stepping the potential from open circuit potential -0.45 Vshe to 0.48 Vshe
followed by a step to 0.08 Vshe (Fig. 5-3). When the potential was stepped to 0.48 Vshe
from open circuit potential -0.45 Vshe, which resulted in thickening of the film, the
current relaxed toward a steady state and the film thickness increased monotonically
toward the same steady state. Stepping the potential to the lower value of 0.08 Vshe
resulted in a sharp reduction in the current density followed by a relaxation toward a new
steady state.

The film immediately thins in a linear manner with time (dL/dt = -

0.003nm/s) and then passes through a minimum as it evolves toward the new steady state.
The above observations are generally in agreement with the rate law afforded by
the Point Defect Model. The initial increase in film thickness and current density on
stepping the potential from 0.30 Vshe to 0.90 Vshe is due to film growth at the metal/film
interface [Reaction (3) in Fig. 5-1]. When stepping the potential in the positive direction,
only part (α∆V) of the overall potential appears as an additional potential drop across the
film (barrier layer)/solution (f/s) interface, whereas an additional potential drop of (1α)∆V appears across the metal/film (m/f) interface, where α is the polarizability of the f/s
interface [19]. The additional potential drop at the m/f interface enhances the rate of
production of oxygen or hydrogen vacancies, thereby leading to enhanced growth of the
film into the metal. If the film dissolution reaction is not an electrochemical process (as
in the case of barrier layer oxide formation on zirconium) under BWR environmental
conditions, the additional potential drop at the f/s interface (i.e., α∆V) does not enhance
the rate of film dissolution, so that the film thickens. As the film becomes thicker, the
voltage drop across the m/f interface decreases, because a larger fraction of the potential
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Figure 5-2: Experimental transients in current density and film thickness for the growth
and thinning of the passive film on zirconium in a 0.1M B(OH)3 and 0.001M LiOH
solution at 250 oC and 62 bar under simulated BWR primary coolant conditions upon
stepping the potential from 0.30 Vshe → 0.90 Vshe → 0.60 Vshe . (a) current density, (b)
thickness calculated from capacitance (f = 1 kHz).
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Figure 5-3: Experimental transients in current density and film thickness for the growth
and reduction of the passive film on zirconium in a 0.1 M B(OH)3 and 0.001 M LiOH
solution containing 45 cm3(STP)/kg hydrogen at 250 oC and 62 bar upon stepping the
potential from -0.45 Vshe (open circuit potential) → 0.48 Vshe → 0.08 Vshe. (a) current
density, (b) thickness calculated from capacitance (f = 1 kHz).
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drop appears across the film, and hence the rate of film growth also decreases, as does the
growth current, with dL/dt eventually becoming zero. We see that, upon stepping the
potential in the positive direction, particularly at high potentials, the film initially
thickens very rapidly and is consistent with the prediction of the PDM [20]
Contrariwise, when the potential is stepped in a negative direction from 0.90Vshe
to 0.60Vshe or from 0.48Vshe to 0.08Vshe [negative (1-α)∆V], the kinetics of dissolution of
the barrier oxide layer at the barrier layer/solution interface control the rate of thinning of
the passive film. For negative potential steps, the first term in Equation (5-1) becomes
very small and the film thickness is predicted to decrease at a constant rate at short times
as shown in Fig. 5-2(b) and Fig. 5-3(b) due to the film formation process at the
metal/film interface shut down; this phenomenon has also been observed for tungsten
[20]. The dissolution rate is c ≈ 0.018nm/s when stepping the potential from 0.90Vshe to
0.60Vshe in the solution without hydrogen, while the dissolution rate is c ≈ 0.003nm/s for
stepping the potential from 0.48Vshe to 0.08Vshe in hydrogenated solution. Given the
approximate nature of the estimated dissolution rate it is not clear whether this difference
is significant. However, as the film thins, the potential drop across the film decreases,
due to the constant field strength, and the additional potential drop occurs across the m/f
interface. This causes Reaction (3), in Fig. 5-1, to progressively increase in rate until the
rate matches the dissolution rate [Reaction (7)], and a new steady state is achieved. The
initial linear variation of thickness with time corresponds to the rate of film growth,
[Reaction (3) in Fig. 5-1] being negligible compared with the rate of dissolution. The 12hour period used in this study for film thinning is not sufficiently long for the system to
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reach a steady state, but we can see that the thinning rate reduces with time and will reach
steady state at some point. Note that the sudden drop in film thickness in Fig. 5-2(b) is
an experimental artifact due to discharging of the space charge layer in the film. Both the
film growth rate and the dissolution rate of the passive film formed in the hydrogenated
solution are slower than those in the solution without hydrogen.
The rotation rate of the flow activating impeller in the cell changes the
hydrodynamic conditions of the solution in contact with the sample and hence is expected
to play an important role in determining the current transient and changes of film
thickness, especially when the system contains hydrogen.

For the system without

hydrogen (Fig. 5-4), when stepping the rotational speed from 100 rpm to 500 rpm, the
current density increases suddenly but eventually relaxes to a continuation of the current
transient that was established at the lower rotation rate. Stepping the rotation rate back to
100 rpm lowers the current density. The corresponding change in the film thickness upon
increasing and then decreasing the rotational speed of the impeller is also seen to be
small, but it is clearly in the expected direction (higher flow velocity leading to a smaller
thickness). The small increase in the current density and the small decrease in the film
thickness that are observed for the system without hydrogen upon cycling the rotational
speed of the flow activating impeller can be explained by the Point Defect Model. The
high rotational rate causes a high flow rate at the film/solution interface, resulting in a
higher film dissolution rate (increase in the standard rate constant

k70 )

while the growth

rate at the interface of metal/film interface (described by the standard rate constant

k 30 )

does not change. These conditions cause the film to thin and result in a slightly raised
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current density compared to 100 rpm. In the hydrogenated system (Fig. 5-5), however,
the changes in the current density, in particular, and, to a lesser extent, the change in the
film thickness resulting from the change in flow conditions are much more pronounced
than the corresponding changes observed in the non-hydrogenated system. It is possible
that the difference between the non-hydrogenated and the hydrogenated systems arises
from the oxidation of molecular hydrogen ( H 2 = 2 H + + 2e − ), such that when the rotational
speed of the impeller is increased the flux of hydrogen to the surface is also increased and
hence so is the hydrogen oxidation current. Superimposition of the redox current on the
film growth current would, therefore, account for the more pronounced response to
changes in flow conditions observed in the hydrogenated environment.

We stress,

however, that the observed effects are very small, as can be seen by plotting the currents
on a common scale (Fig. 5-6). The smallness of the effect also argues that the electronic
conductivity of the passive film on zirconium is also very small, a finding that is
consistent with zirconium being a valve metal.
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Figure 5-4: The effect of rotation rate on the changes of current density and film
thickness calculated from capacitance measurements of a passive film formed at 0.30 Vshe
in a 0.1 M B(OH)3+ 0.001 M LiOH solution. T= 250 °C and P=62 bar.
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5.6 Summary and Conclusions
The findings of this work may be summarized as follows:
1. Current density and passive film thickness transients observed on zirconium in
0.1 M boric acid and 0.001 M lithium hydroxide solution at 250 °C and 62 bar
are generally consistent with the predictions of the Point Defect Model.
2. When stepping the potential in the positive direction, the part of potential drop
at the metal/film (m/f) interface enhances the rate of production of oxygen or
hydrogen vacancies, thereby leading to enhanced growth of the film into the
metal. The current density is observed to increase very rapidly and then to
relax to a lower value.
3. Upon stepping the potential in the negative direction, the film thickness
initially decreases at a constant rate at short times due to the film formation
process at the metal/film interface shut down. However, as the film thins, the
potential drop across the film decreases, due to the constant field strength, and
the additional potential drop occurs across the m/f interface. This causes
Reaction (3) in Fig. 5-1, to progressively increase in rate until the rate matches
the dissolution rate, Reaction (7), and a new steady state is achieved. The
initial linear variation of thickness with time corresponds to the rate of film
growth, Reaction (3) in Fig. 5-1, being negligible compared with the rate of
dissolution. Both the film growth rate and the dissolution rate of the passive
film formed in the hydrogenated solution are slower than those in the solution
without hydrogen.
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4. Electron charge transfer (oxidation of H2) may explain the effect of rotation
rate on the changes of current density and film thickness when the solution
contains hydrogen.
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Chapter 6
THE ELECTROCHEMICAL EFFECTS OF SECOND PHASE PARTICLES ON
ZIRCONIUM PASSIVE FILM

6.1 Abstract
In-situ studies have been carried out to examine the electrochemical effects of

second phase particles on zirconium passive films in high temperature aqueous solutions
by using different heat treated Zircaloy-4 samples, i.e., as received, β-quenched and αannealed, in a controlled hydrogenated apparatus. Optical microscopy with polarized
light and scanning electron microscopy (SEM) were used to characterize the
microstructure and determine the size and density of second phase particles (SPPs). The
average size of the second phase particles in the Zircaloy-4 samples is in the sequence of
β-quenched < α-annealed < as-received, with the reverse sequence being observed in the

areal density. The size of the SPPs is found to be comparable to the passive film
thickness. Electrochemical studies show that the size and density of the second phase
particles are the determining factors of the electrochemical properties of the passive
films. Thus, the β-quenched sample has the highest corrosion resistance, while the αannealed sample has the lowest. It is also evident that the second phase particles play an
important role in determining the electronic character of a passive film, as demonstrated
by Mott-Schottky analysis. The second phase particles may cause short circuits in the
electrical path across the passive film, which would explain the effect of the size and the
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density of the SPPs, and hence heat treatment, on the corrosion properties of passive
Zircaloy-4.

6.2 Introduction
Pure zirconium cannot be used in reactor systems due to its mechanical softness
and low corrosion resistance in water environments. To improve the properties of
zirconium, it is alloyed with small amounts of iron (Fe), chromium (Cr), nickel (Ni), and
tin (Sn), etc. Due to the low solubility of some of these elements in the zirconium matrix,
second phase particles (SPPs) are formed together with zirconium. The second-phase
particles most often found are Zr(Fe, Cr)2 in Zircaloy-4, and both Zr(Fe, Cr)2 and Zr2(Fe,
Ni) in Zircaloy-2. Recent studies reported that the sizes of these second phase particles
might be comparable to the thickness order of the impermeable barrier layer phases [1,
2]. This similarity in dimension means that the corrosion process could be affected by
these second phase particles [3-5]. Numerous papers have been devoted to the role of
intermetallics in nodular corrosion of Zircaloys by ex-situ autoclave corrosion tests [610]. However, very limited studies have been directly done on the electrochemical effects
of these zirconium intermetallics on corrosion, especially for the passive behavior, due to
the complexity and difficulties in doing measurements in the high temperature and high
pressure environments, although as one of the fundamental aspects of the corrosion
resistance of zirconium alloys, passivation behavior of Zircaloys deserves more detailed
study.
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The corrosion mechanism has been reported to be associated with the
electrochemical properties of the second phase particles in the Zircaloys. Murai et al.[11]
tested sheet materials of pure Zr, Zr-0.2Fe, Zr-0.2Cr and Zr-0.1Fe-0.1Cr to elucidate the
effect of second phase particles on the corrosion behavior. The samples were given an
intermediate anneal of 580°C or 730°C and a final anneal at 580°C. Pure zirconium had
the lowest corrosion resistance, and the Zr-0.1Fe-0.1Cr with intermediate anneal at
730°C had the highest. They found that the difference in the corrosion resistance could be
derived from the difference in the cathodic property of zirconium intermetallics. A higher
cathodic efficiency of precipitates in Zr-0.2Fe and Zr-0.1Fe-0.1Cr alloys than those in the
Zr-0.2Cr alloy resulted in higher corrosion resistance. They also found that the absolute
value of precipitate diameters was one of the rate-controlling factors for corrosion,
although there was a slight difference in corrosion rate for each composition. They also
reported the polarization study of the zirconium intermetallics of ZrFe2, ZrCr2 and
Zr(Fe0.66, Cr0.33)2 in zirconium alloys at 30 °C and 250 °C [12, 13].
These intermetallics are found to be more noble than the Zircaloys and pure
zirconium [14, 15]. Weidinger et al. [14] prepared six intermetallic phases with different
compositions of iron, chromium, nickel, and tin for corrosion and electrochemical
experiments, Zircaloy-2, Zircaloy-4 and crystal-bar zirconium were also included in this
study. Open circuit potential measurements show that the intermetallics are significantly
more noble than the Zircaloys and pure zirconium. Thus, the intermetallics compounds
are cathodically protected by zirconium matrix. Hence, intermetallic particles do not
immediately dissolve but remain metallic into the oxide film. It was concluded that the
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oxidation of Zircaloy in water and steam is primarily dependent on the size and
distribution of the intermetallics, as they serve as cathodic sites and affect stress gradients
and oxide crack propagation. In addition, the passivating properties of the oxide film in
the specific environment were found to be important for the growth rate of oxide.
Barberis et al.[15] also confirmed that intermetallic compounds are more noble than the
alloy by electrochemical experiments performed at room temperature. They used optical
microscopy, SEM and TEM to characterize the size and density of second-phase particles
in Zr-Fe, Zr-Cr and Zr-Ni binary alloys by independently varied through chemical
composition and heat treatment. They found that the size of the second phase particles is
the determining factor in the anodization process by electrochemical experiments
performed at room temperature and the corrosion behavior depended primarily on the
volume fraction of SPP and then on the size and nature of SPP by autoclave steam
corrosion experiments performed at 415 and 500 °C.
As summarized above, very few studies have been devoted to the electrochemical
effects of these zirconium intermetallics on corrosion. Among these, only a few were
carried out in high temperature environments. The main reason is due to the complexity
and difficulties in doing measurements in the high temperature and high pressure
environments. However, among these very limited in-situ studies, most of them were
focused on the cathodic behavior instead of the passivity of Zircaloys, although passivity
of the metals is one of the fundamental aspects of the corrosion resistance of zirconium
alloys. In this chapter, controlled hydrodynamic apparatus was used to carry out the insitu studies to examine the effects of second phase particles on the electrochemistry of
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zirconium passive films in the hydrogenated high temperature borate buffer solutions
which simulated the water chemistry of coolant in the prevailing pressurized water
reactors. Different heat treated Zircaloy-4 samples, i.e., as-received, β-quenched and αannealed, were used. Here the heat treatment is used to control the size and density of
second phase particles in the Zircaloy-4 samples since precipitate size and density depend
on the heat treatments history. Optical microscopy with polarization light and scanning
electron microscopy (SEM) were used to characterize the morphological microstructure
of heat treated Zircaloy-4 samples and to determine the size and density of second phase
particles, respectively. All the electrochemical experiments were carried out in 0.1M
B(OH)3 + 0.001M LiOH solutions with 45 cm3(STP)/kg(H2O) hydrogen at 250 °C and 62
bar. The lower temperature than that found in reactor coolant circuits (360oC for PWRs)
was dictated by the need to use PTFE in the electrochemical cell. Potentiostatic
polarization, potentiodynamic polarization, and electrochemical impedance spectroscopic
(EIS) techniques were used, with the latter also being employed for determining passive
film thickness and for carrying out Mott-Schottky analyses. The irradiation effect on the
dissolution of second phase particles is not considered here and discussion on this subject
can be found in the literature [16-18].

6.3 Characterization of Materials
The Zircaloy-4 samples used in this study were supplied by Western Zirconium in
Ogden, UT. The composition was determined by Electron Probe Micro Analysis (EPMA),
as shown in Table 6-1. The microstructures of zircaloys depend on heat treatment.
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Generally in the re-crystallized condition, they consist of equiaxed grains (α-phase) with
second phase particles (SPP) found both in the grain boundaries and inside the grains.
During β-quenching, Zircaloy-4 transforms from the β-phase to the α-phase. But the αphase can have different microstructures as shown in the β-quenched and α-annealed
Zircaloy-4 samples. Cold working and α-annealing after β-quenching, as generally
employed in the fabrication process of Zircaloy-4, will result in the growth and
redistribution of second-phase particles. All heat treatments were performed in the
laboratory using the as-received Zircaloy-4 rod as the starting material. The previous
thermal processing history was unknown. The samples used for the electrochemical
experiments in this study are summarized in Table 3-2.

Table 6-1: Chemical specification for Zircaloy-4 samples determined by Electron Probe
Micro Analysis (EPMA) , in wt%
Material

Sn

Ni

Fe

Cr

Zr-4

1.36

0

0.19

0.10

The different heat treated Zircaloy-4 samples were swab etched and examined in a
polarizing optical microscope. A typical microstructure for the as-received Zircaloy-4
specimen with equiaxed α grains is shown in Fig. 6-1. When the as-received Zircaloy-4
specimen was heated to 1074°C for 7 minutes and quenched in the water, the fine α
grains with parallel or crossed needle shapes appeared in the β-quenched sample, as seen
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in Fig. 6-2. If the β-quenched sample is further annealed in 750°C for 2 hours, a much
coarser α needle pattern is exhibited in the α-annealed sample (Fig. 6-3).

Figure 6-1: As-received Zr-4 sample showing equiaxed α grain structure. Swab etched
and anodized at 15 V. Polarized light. 500×.
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Figure 6-2: β-quenched Zr-4 sample showing α needles in a parallel or cross pattern.
Swab etched and anodized at 15 V. Polarized light. 500×
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Figure 6-3: α-annealed Zr-4 sample showing much coarser (compared to Fig. 6-2) α
needles in a parallel or cross pattern. Swab etched and anodized at 15 V. Polarized light.
500×
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A Quanta 200 scanning electron microscopy (SEM) from FEI with attached
energy-dispersive X-ray spectrometry (EDX) was used to determine the size and density
of the second phase particles in the specimens. The etched samples were examined in the
Quanta 200 FEI at 20 kV in a low vacuum environment. Table 6-2 summarizes the
particle densities and sizes of the second phase particles observed in the different heat
treated Zr-4 specimens. The second phase particles were found to be Zr(Fe,Cr)2 as
determined using EDX, as shown in Fig. 6-4. Fig. 6-5 shows the second phase particles
observed in the α-annealed Zircaloy-4 sample in the secondary electron imaging and
backscattering electron imaging modes. The most average for the second phase particles
in the α-annealed Zircaloy-4 sample is found to be about 180 nm, determined using the
software XT Docu, as shown in Fig. 6-6. The second phase particles are mainly located
along the grain boundaries, with a density of 0.5 µm-2. A larger particle size of 210 nm,
with a much lower density of 0.1 µm-2, is found in the as-received Zircaloy-4 sample
(Fig. 6-7). The second phase particle size in the β-quenched Zircaloy-4 sample is found
to be less than 100 nm and the density is too high to be countable. The sizes of the second
phase particles in the different heat treated Zircaloy-4 samples are consistent with the
values estimated from the cumulative annealing parameters. Of course, it is more
appropriate to use size distribution instead of the most possible particle sizes to describe
the second phase particles in the sample, as done by Gros and Wadier [20]. However, in
this work, we mainly focus on the effects of second phase particles on the
electrochemical properties of passive films. The differences in the size and density of the
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second phase particles in the prepared Zircaloy-4 samples are large enough for
identification of the main factor.

Table 6-2: The size and density of second phase particles in different heat treated
Zircaloy-4 samples characterized by SEM
Heat Treated samples
β-quenched
α-annealed
as-received

Particle density
(µm-2)
High
0.5
0.1

Most probable
particle size (µm)
<0.1
0.18
0.21
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Figure 6-4: The EDX spectra were obtained in the central positions of the randomly
picked precipitates of particles 2 and 6 in the α-annealed Zr-4 sample.
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Figure 6-5: SEM observations of second phase particles in the α-annealed Zr-4 sample.
(upper: Secondary electron imaging mode, below: Backscattering electron imaging
mode)
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Figure 6-6: The sizes of the second phase particles found in the α- annealed Zircaloy-4
sample (average particle size=180 nm)
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Figure 6-7: SEM observations of second phase particles in the as-received Zr-4 sample.
(upper: Secondary electron imaging mode, below: Backscattering electron imaging
mode)
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6.4 Electrochemistry of Heat Treated Zr-4
In-situ studies have been carried out by using a controlled hydrodynamic

apparatus (Fig. 3-1) described in Chapter 3 to examine the effects of the presence of
second phase particles on the electrochemistry of zirconium passive films formed on the
Zircaloy-4 samples with different heat treatment, which eventually changed the size and
distribution of the second phase particles in the sample. The electrolyte was 0.1M
B(OH)3 + 0.001M LiOH with 45 cm3(STP)/kg(H2O) hydrogen. All experiments reported
here were carried out at 250 °C and a pressure of 62 bar (900 psi) in order to maintain a
single liquid phase in the system.

6.4.1 Polarization Studies
The polarization curves were recorded by starting the voltage sweep at a rate of 1
mVs-1 from a point 0.2V more negative than the zero current potential. Fig. 6-8 shows the
comparison of the polarization curves for the as-received, β-quenched, and α-annealed
Zircaloy-4 samples. The polarization curve of the β-quenched Zircaloy-4 displays a much
more negative zero current potential with the passive region extending from -0.8 Vshe to
0.1 Vshe. The passive region of the α-annealed sample is much more positive than the βquenched sample ranging from -0.25 to 0.65 Vshe and the passive region is split into two
by a spike located around 0.05 Vshe. The passive region of the as-received Zircaloy-4
sample is even more positive extending from -0.2 Vshe to 0.8Vshe. The α-annealed sample
has the highest passive current compared to the other two samples, indicating a lower
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corrosion resistance, which is consistent with the impedance measurement result. The
higher current density for the α-annealed sample is believed due to the large size and
high density of the second phase particles in the Zircaloy-4 sample as they can act as
“short circuit” for electrons migrating from the metal to the oxide surface. These
intermetallics are more noble than the Zircaloys and pure zirconium [14, 15]. Therefore,
they are oxidized more slowly than the matrix [21]. The appearance of the spike is
believed to be related to the second phase particles, which is confirmed by the behavior
of the measured impedance and capacitance as a function of potential. The spike on the
α-annealed Zircaloy-4 sample didn’t disappear even after 10 cyclic voltammetry scans

with a scan rate of 50 mVs-1 in the same potential range as that done for the polarization
study measurements, indicating a slow dissolution rate of the second phase particles in
the α-annealed sample.
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Figure 6-8: Comparison of polarization curves for the as-received, β-quenched and αannealed Zr-4 samples in 0.1M B(OH)3 + 0.001M LiOH with 45 cm3(STP)/kg(H2O)
hydrogen. The hydrogen concentration was maintained in the reservoir by suitably
controlling the total gas pressure in the system. Scan rate=1.0 mV/s, T = 250°C and P =
62 bar.

The potentiostatic experiments were carried out after holding the potential
constant at desired value for film growth until the current reached a steady state (24
hours) to examine the properties of the passive films. The measurements were made at
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each potential in the ascending potential direction. The change of the slope in the steady
state current density curves occurred at -0.02 Vshe, 0.18 Vshe and 0.28 Vshe, respectively,
for the passive films formed on the β-quenched, α-annealed and as-received Zircaloy-4
samples, which split the passive range into two parts (Fig. 6-9). The corresponding film
thicknesses were calculated from the measured capacitance by using the well-known
“parallel plate” expression for the capacitance to estimate the steady state film thickness,
Lss as that done for the pure zirconium part. The passive film formed on the β-quenched
sample has the highest film thickness compared to the passive films formed on the asreceived and α-annealed samples (Fig. 6-10). A sharp minimum in each of the thickness
vs. V curves was observed in all the three samples, with much lower thickness than their
neighbors happened at -0.02 Vshe for β-quenched sample, 0.18 Vshe for α-annealed
sample and 0.28 Vshe for as-received Zircaloy-4 sample. The slopes of steady state
current density curves were also changed at these potentials as shown in Fig. 6-9. The
sudden change behavior at these potentials has also been observed in the measured
impedance and capacitance as a function of potential. The difference is believed to be
related to the second phase particles which split the passive range into two parts. More
discussion on this will be given later in this section. The passive film thickness is
increases with formation potential if the sharp minima are ignored. The film thicknesses
are found to be comparable to the sizes of second phase particles and this similarity in
dimension indicates that the corrosion process could be affected by these SPPs as
confirmed by the measured impedance. The magnitude of the decrease in the film
thickness is found to be related to the size of the second phase particles in the different
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heat treated samples, i.e., the lowest decrease occurred for the β-quenched sample which
has the smallest SPP size while largest difference occurred in the as-received sample
which has the largest SPP size. The estimated anodizing constant was 150 nm/V for the
passive film formed on the β-quenched Zircaloy-4 sample in the hydrogenated buffered
solution. Similar values were obtained for the second passive regions of the other two
samples. This value is much greater than the 1.9 – 2.5 nm/V normally found for barrier
layers formed on metals and alloys at ambient or near-ambient temperatures. The higher
values are attributed to the formation of thick outer layers over thin barrier layers, as
explained earlier in the pure zirconium section.
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Figure 6-9: The dependence of the steady state current density on the formation
potential for the passive films formed on the as-received, β-quenched and α-annealed
Zircaloy-4 samples in a 0.1M B(OH)3 + 0.001M LiOH solution with 45
cm3(STP)/kg(H2O) hydrogen. The current was recorded after 24 hours film growth at
each potential. The potential was changed in the ascending voltage direction. T = 250 °C
and P = 62 bar. Slopes changed at potentials around -0.02 Vshe, 0.18 Vshe and 0.28 Vshe
for β-quenched, α-annealed and as-received Zircaloy-4 samples, respectively.
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Figure 6-10: Dependence of the steady state film thickness on the applied potentials for
the passive films formed on the as-received, β-quenched and α-annealed Zircaloy-4
samples in a 0.1M B(OH)3 + 0.001M LiOH solution with 45 cm3(STP)/kg(H2O)
hydrogen. The potentials were changed from negative to positive direction. Capacitance
was measured after holding the potential at each step 24 hours for film growth, T= 250°C
and P=62 bar. The much lower film thicknesses than their neighbors were found at
potentials -0.02 Vshe, 0.18 Vshe and 0.28 Vshe for β-quenched, α-annealed and as-received
Zircaloy-4 samples, respectively.
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6.4.2 Electrochemical Impedance Spectroscopy
The corrosion resistance of the different heat treated Zircaloy-4 samples was
determined by the electrochemical impedance measurements after the growth of passive
film reached steady state by holding formation potential constant at each point for 24
hours in the hydrogenated borate buffer solution at 250°C and 62 bar. Electrochemical
impedance spectra (EIS) for passive films formed on the different heat treated Zircaloy-4
surfaces were measured over a wide range of frequencies (typically 100 kHz to 0.01 Hz)
as a function of the formation potential across the passive range. The impedance of the βquenched Zircaloy-4 sample (Fig. 6-11) was found to be insensitive to the film formation
potential in the passive range. However, the impedance data of passive films formed on
the α-annealed Zr-4 sample (Fig. 6-12) show a clear transient occurred at potentials
around 0.18 Vshe to 0.28 Vshe. The transient in the impedance splits the passive range into
two parts with different corrosion resistance. The impedances in the same passive region
are independent of the formation potential, with a higher impedance value in the lower
potentials and smaller impedance for the higher potentials. Similar two-passive-region
behavior also occurred in the as-received Zircaloy-4 sample as shown in Fig. 6-13 with
transients exhibited at potentials of 0.28 Vshe to 0.38 Vshe. That the corresponding film
thicknesses (see Fig. 6-10) at these potentials were much lower than their neighbors,
which may indicate a faster dissolution rate at these potentials. Therefore, second-phase
particles are believed to split the passive region into two parts of different corrosion
resistance for the as-received and the α-annealed samples; the effect is obscure in the βquenched sample. Comparing the impedances, neglecting the values in the transient
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regions, the α-quenched Zr-4 sample shows the highest corrosion resistance, while the
corrosion resistance for the α-annealed sample is the lowest (Fig. 6-14). The much lower
corrosion resistance in the α-annealed and as-received Zircaloy-4 samples maybe caused
by the large size and density of the second phase particles as they are believed to act as
easy paths for electrons migrating from the metal to the oxide surface [23]. These second
phase particles are oxidized more slowly than the matrix [21] because they are more
noble than the Zircaloys and pure zirconium [14, 15].
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Figure 6-11: Impedance spectra as a function of formation potential for passive films
formed on β-quenched Zircaloy-4 sample in a 0.1M B(OH)3 + 0.001M LiOH solutions
with 45 cm3(STP)/kg(H2O) hydrogen. The impedance was measured after holding the
potential at each potential step 24 hours for film growth. The potentials were changed in
negative-to-the positive direction. T= 250°C and P=62 bar.
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Figure 6-12: Impedance spectra as a function of formation potential for the passive
films formed on the α-annealed Zircaloy-4 sample in a 0.1M B(OH)3 + 0.001M LiOH
solutions with 45 cm3(STP)/kg(H2O) hydrogen. The impedance was measured after
holding the potential at each potential step 24 hours for film growth. The potentials were
changed from negative-to-the positive direction. T= 250°C and P=62 bar.
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Figure 6-13: Impedance spectra as a function of formation potential for the passive
films formed on the as-received (AR) Zircaloy-4 sample in 0.1M B(OH)3 + 0.001M
LiOH solutions with 45 cm3(STP)/kg(H2O) hydrogen. The impedance was measured
after holding potential at each potential step for 24 hours for film growth. The potentials
were changed from negative to positive direction. T= 250°C and P=62 bar.
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Figure 6-14: Comparison of the impedance spectra by neglecting the transient parts for
passive films formed on the as-received, β-quenched and α-annealed Zircaloy-4 samples
in the 0.1M B(OH)3 + 0.001M LiOH solutions with 45 cm3(STP)/kg(H2O) hydrogen. T=
250°C and P=62 bar.
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6.4.3 Mott-Schottky Analysis
An understanding of the electronic defect structures of the passive film on
Zircaloy-4 is vital in exploring the underlying mechanisms of oxidation and hydriding of
Zircaloy fuel cladding in reactor coolant environments. To identify the principal defect
in the passive film, Mott-Schottky (M-S) analysis [24] was used. The effects of size and
density of second phase particles on the electronic characters of the passive films can also
be examined using the M-S analysis, wherein that the capacitance of the passive film is
measured at a suitably high frequency as a function of voltage. According to MottSchottky theory [25], the space charge capacitance Csc (F/cm2) of n-type and p-type
semiconductor junctions are

1
2
=
2
C sc εε 0 qN D


kT 

V − V fb −
q 


n - type

6-1

and

−2
1
=
2
C sc εε 0 qN D


kT 
V − V fb −

q 


p - type

6-2

In these expressions, ND/NA is the donor/acceptor concentration (cm-3), ε0 is the vacuum
permittivity (8.85x10-14 F/cm), ε is the dielectric constant of the oxide, V is the applied
potential, Vfb is the flat band potential, q is the electron charge (1.6x10-19 C), and kT/q is
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about 45 mV at 250 °C. In addition to confirming the electronic nature of the film, M-S
analysis yields the dopant concentration (donor or acceptor) in the film as a function of
voltage. The interfacial capacitance C is obtained from C = −1 / ωZ '' . Assuming that the
capacitance of the Helmholtz layer can be neglected, the measured capacitance C is equal
to the ‘space charge’ capacitance, Csc. Accordingly, a Csc-2 versus V plot should be a
straight line with a slope that is inversely proportional to the dopant concentration. The
outer layer of the passive film formed on zirconium is much thicker than the barrier layer.
The thin barrier layer is a defective phase with semiconductor properties that depend
upon the type of defects present while the outer layer is relatively porous and has no
appreciable semiconductor properties [26]. Therefore, the measured capacitance cannot
be directly approximated as the space charge capacitance; instead, the observed
capacitance C can be understood by postulating that it reflects a series combination of a
voltage-independent capacitance, Cox, due to the outer layer insulating layer, and the
space charge capacitance, Cbl, of the barrier layer, as discussed in the thickness
calculation section of this thesis.

1
1
1
=
+
C C ox C bl

6-3

It has been shown by de Gryse et al. [27] that the measured capacitance can be related to
Cox and the applied voltage by
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1
2
= 2 +
2
C
Cox εε 0 qN D


kT 
V − V fb −

q 


where the notation is the same as previously defined.

6-4

As can be seen from this

expression, the slope of the MS-plot is not influenced by the oxide capacitance Cox and
can be used to derive reliable values for the donor density, ND, from the slope of the
measured MS-plot, although the intercept is shifted on the vertical and horizontal axes,
thereby yielding a flat band potential that is too negative. Mott-Schottky analysis can be
applied to a system of fixed (voltage-independent) total dopant concentration and, hence,
C versus V must be measured under conditions that do not result in a change in the

dopant concentration profile of the film.
In this work, after holding the specimen at the desired potential for 24 hours, in
order for the film to reach steady state, the capacitance was recorded while
simultaneously sweeping the voltage in the negative direction from the formation
potential at a sweep rate of 100 mV/s. This sweep rate is considered to be sufficiently
high that the defect structure is “frozen-in” and, hence, that ND in Eq. 6-4 appears as a
constant. Mott-Schottky plots are presented in Figs. 6-15, 6-16 and 6-17 for the passive
films formed on the β-quenched, α-annealed and as-received Zircaloy-4 samples,
respectively, at different formation potentials in the hydrogenated borate buffer solutions
at 250°C and 62 bar condition. From the positive slopes presented, it can be concluded
that the passive film formed on the β-quenched Zircaloy-4 sample in the high
temperature hydrogenated borate buffer solutions exhibits n-type electronic character.
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The value of C-2 increases with potential except at -0.02 Vshe, where it has a lower film
thickness compared to its neighbors. The slopes for the as-received and α-annealed
Zircaloy-4 samples are linearly positive for the passive films formed at potentials lower
than 0.28 Vshe for the as-received Zircaloy-4 and 0.18 Vshe for the α-annealed Zircaloy-4.
The slope of the Mott-Schottky plot is totally negative for the passive film formed at
potential 0.28 Vshe for the as-received Zircaloy-4 and 0.18 Vshe for the α-annealed
Zircaloy-4. For the film formed at potentials higher than 0.28 Vshe for the as-received
Zircaloy-4 and 0.18 Vshe for the α-annealed Zircaloy-4, the Mott-Schottky analysis
indicates a transition from positive to negative slope. The transition in the slope is
believed caused by the second phase particles in the Zircaloy-4 samples. The positive
slopes in the Mott-Schottky plots indicate that the dominant defects in the oxide film over
this voltage range are mainly hydrogen vacancies and/or zirconium interstitials.
The donor densities ND at different formation potentials have been calculated
from the slopes of the Mott-Schottky plots for passive films formed on the β-quenched,
as-received, and α-annealed Zircaloy-4 samples at different formation potentials as
shown in Fig. 6-18. The donor density is highest in the β-quenched sample while lowest
in the as-received sample, which is in the same sequence as that for the density of second
phase density in the samples. The data show that the donor concentration in the vicinity
of the metal/film interface decreases with increasing formation potential, in agreement
with the prediction of the Point Defect Model. The donor concentration, ND, is in the
range of 1017~1018 cm-3, which is consistent with the ND < 1019 cm-3 reported by
Meisterjahn [28] for the zirconium passive film formed at room temperature. The much

156
lower donor concentration found here demonstrates that the film is only lowly-doped
with electron donors. However, the low doping level probably reflects a composite value
for a highly doped, but thin, barrier layer and a thick stoichiometric outer layer.
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Figure 6-15: Mott-Schottky plots for the passive film formed on the β-quenched
Zircaloy-4 sample at the indicated potentials after stabilization for 24 hours at each point
in 0.1M B(OH)3 + 0.001M LiOH solutions with 45 cm3(STP)/kg(H2O) hydrogen.
Sinusoidal excitation frequency = 5 kHz. Voltage sweep rate in the negative direction
from the formation voltage = 100 mV/s. T= 250°C and P=62 bar.
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Figure 6-16: Mott-Schottky plots for the passive film formed on the α-annealed
Zircaloy-4 sample at the indicated potentials after stabilization for 24 hours at each point
in 0.1M B(OH)3 + 0.001M LiOH solutions with 45 cm3(STP)/kg(H2O) hydrogen.
Sinusoidal excitation frequency = 5 kHz. Voltage sweep rate in the negative direction
from the formation voltage = 25 mV/s. T= 250°C and P=62 bar.
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Figure 6-17: Mott-Schottky plots for the passive film formed on the as-received
Zircaloy-4 sample at the indicated potentials after stabilization for 24 hours at each point
in 0.1M B(OH)3 + 0.001M LiOH solutions with 45 cm3(STP)/kg(H2O) hydrogen.
Sinusoidal excitation frequency = 5 kHz. Voltage sweep rate in the negative direction
from the formation voltage = 25 mV/s. T= 250°C and P=62 bar.
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Figure 6-18: Donor density ND of the passive film formed on the as-received, βquenched and α-annealed Zircaloy-4 samples at different formation potentials in 0.1M
B(OH)3 + 0.001M LiOH solutions with 45 cm3(STP)/kg(H2O) hydrogen. T = 250 °C and
P = 62 bar.

6.5 Summary and Conclusions
In-situ studies have been carried out to examine the effects of second phase

particles on the electrochemistry of zirconium passive films by using different heat
treated Zircaloy-4 samples, i.e., as received, β-quenched and α-annealed. Heat treatment
was used to control the size and density of the second phase particles in the Zircaloy-4
samples and optical microscopy and scanning electron microscopy (SEM) were used to
characterize the morphological microstructure of heat treated Zircaloy-4 samples and
determine the size and density of second phase particles. To characterize the properties of
the passive films formed on different heat treated Zircaloy-4 samples, potentiostatic
polarization, potentiodynamic polarization, and electrochemical impedance spectroscopy
(EIS) were used, with the latter also being employed for determining the passive film
thickness and for carrying out Mott-Schottky analyses.

The principal findings and

conclusions of this work are:
1. The size and density of the second phase particles are found to be the
determining factors in the anodization process for the passive film formed on
Zircaloy-4 as demonstrated by the electrochemical experiments on different
heat treated test samples.
2. The average size of the second phase particles in the Zircaloy-4 samples is in
the sequence of β-quenched < α-annealed < as-received, with the reverse
sequence being observed in the areal density. The size of the SPPs is found
to be comparable to the passive film thickness.
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3. Second phase particles split the passive region into as two parts with different
corrosion resistance as shown in the α-annealed and as-received samples,
although obscure in the β-quenched sample. The β-quenched Zircaloy-4
sample shows the highest corrosion resistance while the α-annealed sample
has the lowest corrosion resistance.
4. The size of the second phase particles plays an important role on the
electronic characters of the passive films as demonstrated by the much more
complex Mott-Schottky curves, with slope changes from positive to negative
in the α-annealed and as-received sample, while only linear positive slopes
are found for the β-quenched samples. The donor concentrations are in the
range of 1017~1018 cm-3, which decreases with increasing formation potential,
demonstrating that the film is only lowly-doped with electron donors.
However, the low doping level probably reflects a composite value for a
highly doped, but thin, barrier layer and a thick, stoichiometric outer layer.
5. The second phase particles may cause short circuit in the electrical path
which would explain the effect of size and density of SPP, thus heat
treatment, on the properties of passive film on Zircaloy-4.
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Chapter 7
SUMMARY AND FUTURE WORK

7.1 Summary and Conclusions
In this dissertation, different point defect models with the incorporation of the
outer, porous oxide layer and the formation of a defective hydride (ZrH2-x) barrier layer in
the case of hydrogenated solutions and a defective oxide (ZrO2-x) layer in the case of nonhydrogenated solutions were used to elucidate the oxidation and hydriding mechanism of
the zirconium and Zircaloys in the hydrogenated and dehydrogenated borate buffer
solution at high temperature and high pressure environments. In-situ electrochemical
experiments were used to ascertain the appropriate oxidation/hydriding mechanisms and
to measure the critically important model parameters.

In addition, the growth and

thinning processes of the passive film were demonstrated and the electrochemical effects
of the second phase particles (SPPs) on the zirconium passive films were examined. The
main findings and conclusions from the investigations in this thesis are:
1. The electrochemistry of zirconium has been explored in situ by using a controlled
hydrodynamic apparatus in the hydrogenated and dehydrogenated 0.1 M B(OH)3 +
0.001 M LiOH aqueous solution (pH = 6.94 at 250 oC) to simulate the water
chemistries of the coolant circuits in Pressurized Water Reactors (PWRs) and Boiling
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Water Reactors (BWRs), respectively. The principal findings and conclusions of this
part of work are as follows:
a) From thermodynamic analysis, it is postulated that a hydride barrier layer forms
under PWR coolant conditions, whereas an oxide barrier layer forms under BWR
primary coolant conditions. Thus, the introduction of hydrogen into the solution
lowers the corrosion potential of zirconium to the extent that the formation of
ZrH2 is predicted to be spontaneous rather than ZrO2.
b) The logarithm of the steady state passive current density is found to be
independent of formation potential, while the steady-state film thickness ( Lss ) is
a linear function of the formation potential.

The much greater anodizing

constants ( ∂Lss / ∂V )pH than for other metals and alloys at ambient temperature
suggest that a thick outer layer forms over a thin barrier layer.
c) The Nyquist plots of the impedance are in the form of depressed semicircles with
a Warburg like impedance at low frequencies for both the PWR and BWR cases.
The magnitude of impedance of the passive film formed in the hydrogenated
solution is much higher than that for the film formed in the hydrogen free
solution, which is consistent with the measured passive currents for the two
cases.
d) Mott-Schottky analysis shows that the passive film formed anodically on
zirconium under BWR- and PWR-like environments is n-type in electronic
character, corresponding to a preponderance of oxygen/hydrogen vacancies
and/or zirconium interstitials, with the former being likely, in the barrier layer.
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e) The n-type electronic character of the film is consistent with the diagnostic
criteria offered by the Point Defect Model.
f)

The donor concentration is in the range of 1017~1018 cm-3, which decreases with
increasing formation potential, demonstrating that the film is only lowly-doped
with electron donors.

However, the low doping level probably reflects a

composite value for a highly doped, but thin, barrier layer and a thick,
stoichiometric outer layer.
2. The growth and thinning processes of the passive film have been demonstrated by
monitoring the transients in current density and film thickness simultaneously upon
stepping the potential in the positive and negative directions for the passive film
formed on zirconium in 0.1M boric acid + 0.001M lithium hydroxide solution with
and without hydrogen at 250°C and 900psi (62bar). The findings of this part of work
may be summarized as follows:
a) Current density and passive film thickness transients observed on zirconium in
borate buffer solution at 250oC are generally consistent with the predictions of
the Point Defect Model.
b) When stepping the potential in the positive direction, the part of potential drop at
the metal/film interface enhances the rate of production of oxygen or hydrogen
vacancies, thereby leading to enhanced growth of the film into the metal. The
current density is observed to increase very rapidly and then to relax to a lower
value.
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c) Upon stepping the potential in the negative direction, the film thickness initially
decreases at a constant rate at short times due to the film formation process at the
metal/film interface shut down. However, as the film thins, the potential drop
across the film decreases, due to the constant field strength, and the additional
potential drop occurs across the m/f interface. This causes Reaction (3) in Figure
1, to progressively increase in rate until the rate matches the dissolution rate,
Reaction (7), and a new steady state is achieved. The initial linear variation of
thickness with time corresponds to the rate of film growth, Reaction (3) in Figure
1, being negligible compared with the rate of dissolution. Both the film growth
rate and the dissolution rate of the passive film formed in the hydrogenated
solution are slower than those in the solution without hydrogen.
d) Electron charge transfer (oxidation of H2) may explain the effect of rotation rate
on the changes of current density and film thickness when the solution contains
hydrogen.
3. In addition, in-situ studies to examine the electrochemical effects of second phase
particles on zirconium passive films by using different heat treated Zircaloy-4
samples, i.e., as received, β-quenched and α-annealed, have been carried out in the
hydrogenated 0.1 M B(OH)3 + 0.001 M LiOH aqueous solution by using a controlled
hydrodynamic apparatus. The findings of this part of the work may be summarized as
follows:
a) The size and density of the second phase particles are found to be the
determining factors in the anodization process for the passive film formed on

170
Zircaloy-4 as demonstrated by the electrochemical experiments on different
heat treated Zircaloy-4 samples.
b) The average size of the second phase particles in the Zircaloy-4 samples is in
the sequence of β-quenched < α-annealed < as-received, with the reverse
sequence being observed in the areal density. The size of the SPPs is found
to be comparable to the passive film thickness.
c) The measured impedance and capacitance as a function of formation potential
show that second phase particles split the passive region into as two parts
with different corrosion resistance. The β-quenched Zr-4 sample shows the
highest corrosion resistance while the α-annealed sample has the lowest
corrosion resistance.
d) The size of the second phase particles plays an important role on the
electronic characters of the passive films as demonstrated by the much more
complex Mott-Schottky curves, with slope changes from positive to negative
in the α-annealed and as-received sample, while only linear positive slopes
are found for the β-quenched samples. The donor concentrations are in the
range of 1017~1018 cm-3, which decreases with increasing formation potential,
demonstrating that the film is only lowly-doped with electron donors. The
donor concentrations are comparable to those fro the pure zirconium.
However, the low doping level probably reflects a composite value for a
highly doped, but thin, barrier layer and a thick, stoichiometric outer layer.
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e) The second phase particles may cause short circuit in the electrical path
which would explain the effect of size and density of SPP, thus heat
treatment, on the properties of passive film of Zircaloy-4.

7.2 Suggestion for Future Work
The Point Defect Model has been modified by incorporation of a thick oxide outer
layer over a thin barrier layer. A hydride barrier layer forms under PWR coolant
conditions, whereas an oxide barrier layer forms under BWR primary coolant conditions.
The important model parameters can be extracted from the impedance data as shown in
Appendix A and B, i.e., the Electrochemical Impedance Spectroscopic (EIS) study of
passive zirconium in the high temperature, deaerated and hydrogenated aqueous
solutions, respectively. The model parameters can also be extracted from the transient
data of thickness and current density of passive film upon stepping the potential in the
positive or negative directions. Comparison of the parameter values derived from
transient data and from the impedance measurements can provide a means of assessing
the success of the theory.
The most glaring deficiency in the current theories and models for the extensive
research on zirconium and its alloys is that electrochemical effects are almost totally
ignored in the current models but, as with all corrosion processes, they are actually
dominant. The electrochemistry of zirconium and Zircaloy-4 has been examined and
similar work will be continued for the Zircaloy-2, one of the most widely used zirconium
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alloy based fuel cladding in the boiling water reactors. Besides, the effects of alloying
elements on the electrochemistry of zirconium passive film can be further examined on
Zircaloy-2 as it contains two kinds of second phase particles, i.e., Zr(Fe, Cr)2 and Zr2(Fe,
Ni).
We consider that the nodular corrosion is due to the formation of electrical “short
circuit” paths caused by the intermetallics in the oxide for the cathodic reactions. The
Point Defect Model can be modified to incorporate for the breakdown of the barrier layer.
The model postulates that breakdown occurs at regions of high cation vacancy flux (e.g.
at the intersections of the barrier layer with SPPs), provided that the potential is above a
critical value. This is the root cause of the nodular attack that has plagued Zircaloys in
BWR case [1, 2].
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A.1 Abstract
The development of deterministic models for predicting the accumulation of
corrosion damage to zirconium and Zircaloys in boiling water reactor (BWR) coolant
environments requires the acquisition of values for various model parameters. In the
present work, the Point Defect Model (PDM) was further developed to account for
the properties of passive films comprising oxide barrier layers and porous oxide outer
layers that form on zirconium and Zircaloys in high temperature, de-aerated aqueous
solutions. The model parameter values were extracted from electrochemical
impedance spectroscopic data for zirconium in de-aerated, borate buffer solution
[0.1M B(OH)3 + 0.001M LiOH, pH = 6.94] at 250°C by optimization. The results
indicate that the corrosion resistance of zirconium in high temperature, de-aerated
aqueous solutions is dominated by the porosity and thickness of the outer layer. The
impedance model based on the PDM provides a good account of the growth of the bilayer passive films described above, and the extracted model parameter values might
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be used, for example, for predicting the accumulation of general corrosion damage to
Zircaloy fuel sheath in BWR operating environments.

A.2 Introduction
The zirconium-based alloys Zircaloy-2 and Zircaloy-4 are the most frequently
used structural materials for reactor fuel sheaths in Boiling Water Reactors (BWR),
because of their low thermal neutron capture cross-sections, excellent mechanical
properties, and good corrosion resistance. However, materials degradation under high
burn-up condition is inevitable, due to the severe conditions that exist within a BWR core,
including the high temperature (288°C), high pressure (6.8 MPa), and high redox
potential (> 250 mVSHE). The principal threat to the integrity of the fuel sheath is
oxidation and corrosion, leading to more-or-less uniform thinning and, in some instances,
to localized corrosion in the form of nodular attack. Such failure can pose a great threat
to normal reactor operation.

Therefore, understanding the corrosion mechanism of

Zircaloy fuel cladding degradation under BWR coolant conditions and predicting the
accumulation of corrosion damage to the cladding over the operating history of the fuel
are matters of considerable importance to the nuclear power industry.
Considerable research has been carried out to investigate the kinetics and
mechanisms of the oxidation and corrosion of zirconium and its alloys [1-16]. Hillner [3]
investigated the growth rate of the oxide in terms of weight gain, and they postulated that
the growth rate is controlled by the inward diffusion of oxygen through the growing
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oxide layer until the thickness of the oxide layer reaches a critical value. Subsequently,
the rate is controlled by diffusion through an oxide layer of constant thickness. They also
suggested the possibility that the oxide has a bilayer structure.

This structure was

confirmed by TEM observation [4] and electrochemical impedance spectroscopy (EIS)
measurements [5]. Cox [6], and Maroto et al [7] separately studied the mechanism
leading to the formation of the porous outer layer, and they postulated that the pores may
be generated by an oxide re-crystallization process to relieve the high stress resulting
from the volume expansion due to the phase transformation from metal to oxide.
Garzarolli et al [8] explored the oxide growth mechanism on zirconium alloys in various
high temperature environments, and they reported that the thickness of the barrier layer is
less than 30 nm in the case of nodular corrosion, and that, as the thickness of the outer
layer increases, the outer layer transforms from an initially quasi-amorphous structure to
fine tetragonal grains, and at a critical thickness, it becomes monoclinic. Eloff et al [9]
studied the effect of space charge on the oxidation of Zircaloy-4 in air at 350°C and
450°C, and they reported that an anion vacancy gradient is established across the oxide
film. Anion vacancies are generated at the metal/oxide interface, and are occupied by
oxide ions at the oxide/oxygen interface. The growth rate of the barrier layer was
postulated to be controlled by the electric field (i.e., by oxide ion migration), and that the
electric field strength across the barrier layer is constant, which is in accord with the basis
of the Point Defect Model (PDM) [17]. However, little effort has been made to develop
deterministic (as opposed to empirical and semi-empirical) models that can be used to
predict the accumulation of corrosion damage to the fuel sheath. Those attempts to
develop algorithms for predicting corrosion damage have employed semi-empirical
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parabolic or cubic models to extrapolate oxide thickness data to longer times, but the
validity of these models is highly questionable, because they generally lack a sound
electrochemical basis for the corrosion processes involved.
The objective of this work is to apply the PDM to develop an impedance model
for the growth of bi-layer passive films on zirconium and Zircaloys under BWR coolant
conditions. In this system, the passive film comprises a non-porous defective oxide
barrier layer (ZrO2-x) and a precipitated porous oxide outer layer. Impedance models for
the barrier layer, based on the PDM, have been extensively developed [18-25], but, to our
knowledge, only the work of Pensado, et al [18,19] for lithium in concentrated hydroxide
solution has previously attempted optimization of a bi-layer impedance model on EIS
data. In that case, the variables in the model were “lumped parameters” and values for
many of the individual model parameters could not be obtained. In the present work, we
have employed a different method of formulating the model, and using an unconstrained
optimization procedure, we have extracted values for the individual parameters in the
PDM bi-layer model that are physically eminently reasonable.

A.3 Point Defect Model
The PDM is an atomic scale model that describes the oxidation of passive metals
in aqueous media, in terms of the generation and annihilation of point defects at the
interfaces of the barrier layer of the passive film [18,26]. The model assumes that the
barrier layer is a highly defective oxide or hydride, depending upon the chemistry of the
coolant, whose principal point defects are cation vacancies, anion vacancies, and metal
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interstitials, and concludes that the barrier layer must grow into the metal via the
generation of oxygen vacancies at the metal/barrier layer interface (MBI). On the other
hand, the porous outer layer is envisioned to form via the hydrolysis and precipitation of
zirconium cations derived from the barrier layer, either via dissolution of the barrier layer
matrix at the barrier layer/outer layer interface (BOI) or from cations that are transmitted
through the barrier layer via cation vacancies on the cation sublattice or as cation
interstitials [18-21]. The passive films that form on the zirconium and Zircaloys under
prevailing BWR in-core coolant conditions comprise two layers: a thin barrier layer of a
highly defective oxide phase that has semiconductor properties, which depend upon the
type of defects present, and an outer layer that is relatively porous with no appreciable
semiconductor properties.

The composition of the barrier layer is tetragonal ZrO2

whereas the outer layer is monoclinic ZrO2, as reported by Ding and Northwood [27],
among others. As stated previously, the barrier layer is tens of nanometers thick, while
the outer layer is commonly several hundreds of nanometers to micrometers thick.
Accordingly, the original Point Defect Model has been modified to include the thick,
porous outer layer over a thin dense barrier layer.

A.4 Experimental Procedures
A controlled hydrodynamic apparatus that was previously developed [28] for
performing electrochemical and corrosion studies in high-temperature aqueous systems
was used to carry out all electrochemical experiments in this study. The three-electrode
test cell comprises a 600mL Type 316 SS reactor containing a magnetically activated
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impeller, a thermocouple, a working electrode, a counter electrode, a reference electrode,
and an annular flow channel. The working electrode was fabricated from polycrystalline
zirconium (99.2%) rod from Alfa Acer having an exposed surface area of 5.82 cm2. The
zirconium rod used in this study contains 0.25wt% Sn, 0.01wt% Ni, 0.11wt% Fe, and
0.01wt% Cr, as determined by Electron Probe Micro Analysis (EPMA). The sample was
abraded with 800 and 1200 grit SiC paper, and then further polished with 3µm and 1µm
diamond paste one day before each experiment. An insulated Type 316L SS wire was
connected to the bottom of the annular flow channel by a small screw and then taken out
through the top of the vessel via an insulated pressure fitting, with the whole channel
serving as the counter electrode. The flow channel was also used to direct the flowing
solution over the specimen and to establish well-developed hydrodynamic and mass
transport regimes. Previous studies on an identical channel demonstrated that linear flow
velocities of several meters per second could be achieved at 300 oC [28].
The Ag/AgCl (sat. KCl) reference electrode comprises a silver rod that was
anodically plated with silver chloride in a 0.1 M HCl solution at a current density of 5
mA/cm2 for 18 hours. The Ag/AgCl rod was housed in a PTFE tube fitted with a porous
zirconia plug at one end with the silver rod protruding through a PTFE cylinder. The
inner compartment was filled with KCl crystals and saturated KCl solution with sufficient
solid KCl being present to ensure that the solution remained saturated at all temperatures.
The stability of the reference electrode was checked against a Saturated Calomel
Electrode (SCE) at ambient temperature before and after each experiment. The porous
Zirconia liquid junction of the reference electrode was guided to a hole that had been
machined from the bottom of the channel to a point just opposite of the specimen, in
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order to minimize the uncompensated resistance that would be experienced in the
electrochemical studies.

For consistency in reporting electrochemical potentials, all

measured potentials were converted to the Standard Hydrogen Electrode (SHE) scale by
thermodynamic calculation.
The simulated BWR coolant comprises 0.1M B(OH)3 + 0.001M LiOH for pH
control. Of course, the coolant in the primary circuit of a BWR is nominally pure water,
but electrochemical studies require a significant conductivity, in order to control the
properties of the system; the required conductivity and a stable, known pH were provided
for by the buffer. The solutions were prepared from boric acid (Alfa Aesar), lithium
hydroxide (Merck), and deionized water (milli-Q system, 18.2MΩ cm-1).

All

experiments reported here were carried out at 250 °C and at a pressure of 62bar (900psi)
in order to maintain a single liquid phase in the system. The lower temperature than that
found in reactor coolant circuits (288oC for BWRs) was dictated by the need to use PTFE
in the electrochemical cell.
Passive films were grown on zirconium potentiostatically. Potential control was
achieved by using an electrochemical interface (Solartron Model 1287) in a floating
configuration. Potentiodynamic polarization curves were measured using a voltage scan
rate of 1mV/s from a point 0.2V more negative than the open circuit potential. At each
potential step in the potentiostatic film growth studies, the current was monitored as a
function of time until steady state was achieved (defined as the current not changing
perceptibly over 24 hours). Then, the electrochemical impedance was recorded with a
Solartron 1255B Frequency Response Analyzer using an excitation voltage of 10 mV
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(peak-to-peak) and an applied frequency from 100 kHz to 0.01 Hz. All EIS data were
measured in the ascending voltage direction.
The film thickness was calculated from the capacitance measured at frequencies
higher than 1 kHz. At these frequencies, the electrochemical impedance displays an
almost purely capacitive frequency response, with the measured capacitance being almost
independent of frequency. Accordingly, the well-known “parallel plate” expression for
the capacitance was used to estimate the steady state film thickness, Lss
L=

εε 0
C

where ε 0 is the vacuum permittivity (8.85 × 10-14 F/cm) and ε is the dielectric constant
of the passive film, with ε being quoted [10] as 20 to 31.5 for ZrO2 [1].

A.5 Impedance Model
As a result of careful review of the literature and thermodynamic analysis, as
discussed above, the PDM has been modified by noting that the passive film that forms
on zirconium under the prevailing Boiling Water Reactor (BWR) coolant conditions
comprises a porous oxide outer layer overlying a defective oxide (ZrO2-x) barrier layer
[21]. Mott-Schottky analysis shows that the film displays n-type electronic character,
indicating a preponderance of oxygen vacancies and/or zirconium interstitials in the
barrier layer [29]. Fig. A-1 displays the interfacial defect generation and annihilation
reactions that are envisioned to occur in the system together with barrier layer dissolution
and outer layer formation and dissolution processes. Thus, Reaction (1) is responsible for
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the injection of the interstitial Zri 4+ into the barrier layer at the metal/barrier layer
interface (MBI). The interstitial ion is then transmitted through the barrier layer and is
ejected into the outer layer as described by Reaction (3). Reaction (2) leads to the growth
of the barrier layer into the metal substrate, and Reaction (5) results in the destruction of
the barrier layer by dissolution. Reaction (4) describes oxygen vacancy annihilation by
oxygen ion injection at the barrier layer/outer layer interface (BOI). Note that Reactions
(1), (3) and (4) are lattice-conservative processes, as they do not result in the movement
of the interface with respect to a laboratory frame of reference, whereas Reactions (2) and
(5) are non-conservative. A steady state must involve at least two non-conservative
reactions, since only one non-conservative reaction would lead to monotonic growth or
thinning of the passive film. Reactions (6) and (7) correspond to the formation and
dissolution of the outer layer. Note that Fig. A-1 is not scaled. The thickness of the
barrier layer is of the order of tens of nanometers, whereas the outer layer may have a
much greater thickness (up to a hundred microns) [26].

Figure 3 is a schematic

representation of the potential profile, which recognizes potential drops across the barrier
and outer layers, as well as across the MBI and BOI. No potential drop occurs at the
outer layer/solution interface, because conduction occurs within an aqueous phase on
both sides of the interface.
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Figure A-1: Interfacial reactions leading to generation and annihilation of point defects
within the passive film on a zirconium surface. Zr = zirconium atom, Zr i 4 + = metal
interstitial in the barrier layer, ZrZr = zirconium cation in a normal cation site on the
metal sublattice in the barrier layer, VO• • = oxygen anion vacancy on the anion sublattice of
the barrier layer, OO = oxygen ion in a normal site on the oxygen sublattice of the barrier
layer.
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The reaction rate constants, kj, are functions of the potential drops across the two
interfaces, and may be functions of the potential drops across the barrier and outer layers,
and the barrier layer thickness, Lbl, and the pH at the BOI [22]. In any event, the
potential that is applied at the BOI interface is related to the potential applied across the
entire system, V, and the potential drop across the outer layer, I·Rol. The rate constants
can then be written from activated complex theory as:

k1 = k10 ⋅ e a1 ⋅(V − I ⋅Rol ) ⋅ e b1 ⋅Lbl ⋅ e c1 ⋅ pH BOI

A-1

k 2 = k 20 ⋅ e a2 ⋅(V − I ⋅Rol ) ⋅ e b2 ⋅Lbl ⋅ e c2 ⋅ pH BOI

A-2

k3 = k30 ⋅ e a3 ⋅(V − I ⋅ Rol ) ⋅ ec3 ⋅ pH BOI

A-3

k 4 = k 40 ⋅ e a4 ⋅(V − I ⋅Rol ) ⋅ e c4 ⋅ pH BOI

A-4

k 5 = k 50 ⋅ e c5 ⋅ pH BOI

A-5

The unknown rate constants for the five primary interfacial reactions are shown in
Table

A-1

when

the

reaction

rate

expressions

take

the

form

of
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ki = ki0 ⋅ e ai ⋅(V − I ⋅ Rol ) ⋅ ebi Lbl ⋅ eci ⋅ pH BOI . Note that only the rate constants for the reactions that

occur at the metal/barrier layer interface [Reactions (1) and (2)] are functions of the
thickness of the barrier layer and that all of the rate constants, except that for the nonelectrochemical Reaction (5), are functions of the applied voltage, V, and the voltage drop
across the outer layer (I·Rol).
All interfacial reactions that produce or consume electrons contribute to the total
current density under closed circuit conditions, I.

I = 4 F ⋅ [ k1 + k 2 ]

where F is Faraday’s constant.

A-6
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Table A-1: Rate constant ki = ki0ea (V −I ⋅R )eb L for interfacial reactions based on the Point Defect
i

F
Model, where γ = RT ;

α =

dΦ BOI

Interfacial reactions
k
(1) Zr →
Zri 4 + + 4 e −
1

k
(2) Zr →
ZrZr + 2VO•• + 4e −
2

k
(3) Zri 4 + + H 2O →
ZrO 2 + + 2 H +
3

k
(4 )VO• • + H 2O →
OO + 2 H +
4

k
(5) ZrO2 + 2H + →
ZrO2 + + H 2O
5

ol

dV

i

;

β =

dΦ BOI

dpH
0

a i (V-1)

bi (cm-1)

4α 1 (1 − α ) γ

− 4α 1 γ ⋅ ε

k 1e

4α 2 (1 − α )γ

− 4α 2 γ ⋅ ε

k 2e

4α 3αγ

0

2α 4αγ

0

0

0

k i ( cm / s )

o
00 −4 α1 ⋅γ ⋅( φ BOI + β ⋅ pH )

o
00 −4 α 2 ⋅γ ⋅( φ BOI + β ⋅ pH )

o
00 4 α 3 ⋅γ ⋅( φ BOI + β ⋅ pH )

k 3e

o
00 2 α 4 ⋅γ ⋅( φ BOI + β ⋅ pH )

k 4e

k

00
5

In order to simplify the model further, we assume that the pH at the BOI is a
constant, and hereinafter we merge e ci ⋅ pH into ki0 . Note also that the total current density
is a function of V, and Lbl. (Note that Rol is also regarded as being a constant under
steady-state conditions.) Accordingly, for any arbitrary changes δV, and δLbl, and by
assuming that the porosity of the outer layer, P, is also a constant, we write the total
differentials of Eq. A-6 and Eq. A-1 to Eq. A-5 as follows:

δ I = 4 F ⋅ [δ k 1 + δ k 2 ]

A-7
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δk1 = a1k1δV + b1k1δLbl − a1k1 Rol δI

A-8

δk 2 = a 2 k 2δV + b2 k 2δLbl − a 2 k 2 Rol δI

A-9

δk 3 = a3 k 3δV − a3 k 3 Rol δI

A-10

δk 4 = a 4 k 4δV − a 4 k 4 Rol δI

A-11

δk 5 = 0

A-12

Substitution of Eq. A-8 and Eq. A-9 into Eq. A-7 yields

δI = 4F[(a1 k1 + a 2 k 2 )δV + (b1 k1 + b2 k 2 )δLbl − (a1 k1 + a 2 k 2 ) Rol δI ]

A-13
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The variations in I, V, and Lbl are sinusoidal in an EIS measurement, so that we can write:

δI = ∆I ⋅ e j⋅ω ⋅t

A-14

δV = ∆V ⋅ e j⋅ω ⋅t

A-15

δLbl = ∆Lbl ⋅ e j⋅ω ⋅t

A-16

Substitution of Equations A-14 to A-16 into Eq. A-13 divided by δV yields the Faradic
admittance Yf as follows:

Yf =

4 F (a1 k1 + a 2 k 2 ) 4 F (b1 k1 + b2 k 2 ) ∆Lbl
+
S0
S0
∆V

A-17

where S 0 = 1 + 4 F (a1 k1 + a 2 k 2 ) Rol
The derivation of ∆Lbl ∆V is as follows. Firstly, we write the mass balance
condition for the barrier layer as:
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(

dLbl
= Ω ⋅ k2 − Ω ⋅ k5 CHBOI
+
dt

)

n

A-18

where Ω= 21.06cm3/mol is the volume per mole of cations in the barrier layer, C HBOI
is
+
the concentration of hydrogen ion at the barrier layer/outer layer interface (assumed to be
a constant), and n is the kinetic order of the film dissolution reaction with respect to the
concentration of hydrogen ion. Taking the total differential as:

dδLbl
= jω ⋅ ∆Lbl ⋅ e j⋅ω⋅t
dt
=Ω⋅ (a2k2 ⋅δV + b2k2 ⋅δLbl − a2k2 RolδI )

A-19

Ω ⋅ a2 k2
Ω ⋅ a2 k2 Rol
∆Lbl
=
−
⋅ Yf
∆V
jω − Ω ⋅ b2 k2 jω − Ω ⋅ b2 k2

A-20

Substitution of Eq. A-20 into Eq. A-17 yields the Faradic admittance Yf :

Yf =

4 FΩ ⋅ a 2 k 2 (b1 k1 + b2 k 2 ) + 4 F (a1 k1 + a 2 k 2 )( jω − Ωb2 k 2 )
4 FΩ ⋅ a 2 k 2 Rol (b1 k1 + b2 k 2 ) + S 0 ( jω − Ωb2 k 2 )

A-21
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The total impedance comprises the impedance of the barrier layer, including those
of the two interfaces, Zbl, and that of the barrier layer itself, in series with that of the outer
layer and the resistance of the bulk solution of the experimental system, Zol and Rbs,
respectively, as shown in Fig. A-2. As for the barrier layer, its impedance is the sum of
four components: (a) impedance due to the Faradic process, Zf (i.e. 1/Yf ), (b) impedance
due to geometric capacitance, Z C , (c) resistance due to the transport of electrons and
bl

electron holes, Ze,h, and (d) the Warburg impedance, Zw, due to the transport of defects
within the layer. The Warburg impedance is added in a somewhat ad hoc fashion, as it
strictly does not follow from the model if the interfacial reactions are assumed to be
irreversible.

However, as shown by Chao, Lin, and Macdonald [24] and later by

Macdonald and Smedley [30], specification of reversible point defect generation and
annihilation reactions at the interfaces does result in the presence of the Warburg term in
the faradaic impedance. In these cases, it is evident that the Warburg element for any
given defect type is in series with the impedance due to defect generation and
annihilation, so that the inclusion of the Warburg element is justified by the established
rules for constructing equivalent circuit analogs. Finally, there is such a feature in the
experimental data. Therefore, we include the series Warburg term in the present model
by assuming virtual reversibility of the interfacial reactions.
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Figure A-2: Impedance element array for the passive film on zirconium

As for the outer layer, its impedance comprises the resistance, Rol, due to
electrolyte in the pores in parallel with an impedance due to the geometric capacitance,
Z Col . Therefore, the total impedance of the bi-layer passive film becomes:

Z total = Z bl + Z ol + Rbs =

Z

−1
Cbl

1
1
+ −1
+ Rbs
−1
−1
+ ( Z f + Z w ) + Z e,h Rol + Z C−1ol

A-22

where Rol = ρ ⋅ Lol / θ , and ρ is the resistivity of the solution in the outer layer pores. For
sufficiently high frequencies (f > 10-5 Hz), the Warburg impedance can be written as
Z w = σ / ω − jσ / ω [25], where σ and ω are Warburg coefficient and angular

frequency, respectively.
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A.6 Results and Discussion

A.6.1 Validity of the Measured Impedance Data
Electrochemical impedance spectra (EIS) for passive films on zirconium were
measured over a wide range of frequency (typically 100 kHz to 0.01 Hz) as a function of
the formation potential across the passive range in 0.1 M B(OH)3 + 0.001 M LiOH
solutions (pH=6.94 at 250 oC). The impedance was measured after holding the potential
constant at each point for more than 24 hours, in order to ensure that the passive film
exists in the steady state, as determined by the constancy of the current.

The

measurements were carried out in the ascending potential direction. Since the stability of
the electrochemical system during the EIS measurements is critical to obtaining viable
data, the quality of the EIS data was checked both experimentally and theoretically. The
data were checked experimentally by stepping the frequencies from high-to-low and then
immediately back from low-to-high, with the impedance being measured at each step, to
ascertain that the same values were obtained at equivalent frequencies in the two
directions. If the system is in the steady state, which means that the thickness and current
are independent of time, the impedance data should match in the two potential step
directions. The Nyquist and Bode plots (Fig. A-3) show that the impedance data
measured in the two step directions after holding the potential at 0.6 Vshe for 24 hours for
the film to attain a steady state are coincident. Coincidence is observed in all impedance
measurements for passive films formed at different potentials. This is a particularly good
test of system stability.

192

-6000

(a) Nyquist plane

-5000

high to low direction
low to high direction

2

Z'' (Ω.cm )

-4000

-3000

-2000

-1000

0
0

1000

2000

3000

4000

5000

6000

2

Z' (Ω.cm )

-90

1e+5

high to low direction
low to high direction

(b) Bode plane

-80
-70

1e+4

|Z| (Ω.cm2)

-60
-50
-40

1e+3

theta

|Z|

-30
-20
-10

1e+2
1e-3

1e-2

1e-1

1e+0

1e+1

1e+2

1e+3

1e+4

1e+5

0
1e+6

f (Hz)

Figure A-3: Comparison of Nyquist (a) and Bode (b) plots for passive zirconium at 0.6
Vshe after polarization for 24 hours, and subsequently scanning the frequency in the highto-low direction and immediately following in the low-to-high direction, in 0.1 M
B(OH)3 + 0.001 M LiOH solution. T = 250 °C and P = 62 bar. “High-to-low” means
stepping the frequency in the high-to-low direction and “low-to-high” means stepping the
frequency in the reverse direction.
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The quality of the impedance data was also checked using the Kramers-Kronig
transforms.

These integral transforms test for compliance of the system with the

linearity, stability, and causality constraints of Linear Systems Theory (LST). The K-K
transforms, which arise from Cauchy’s theorem and the definition of causality, were first
developed for the field of optics by establishing a connection between the real and
imaginary parts of complex optical parameters (e.g., refractive index).

The K-K

transforms are purely mathematical results and do not reflect any assumptions concerning
the physical properties of the system. Thus, only the experimental data satisfying the
linearity, stability, and causality constraints, as indicated by the K-K transforms, should
be used to describe the properties of the systems in terms of a linearized model.
Macdonald and Urquidi-Macdonald [31-35] developed methods for transforming
the real part of the electrochemical impedance into the imaginary part of the impedance
and vice versa. Their studies show that the K-K transforms are strongly sensitive to the
violation of the stability constraint, but are not particularly sensitive to violation of the
linearity condition. The K-K transforms are most conveniently stated as:

Z ' ' → Z ':
2

∞

π

0

Z ' (ω ) − Z ' (∞) = ( ) ∫

Z ' (ω ) − Z ' (0) = (

2ω

xZ " ( x) − ωZ " (ω )
dx
x2 − ω 2

∞ ω
1
dx
) ∫ [( ) Z " ( x) − Z " (ω )] ⋅ 2
π 0 x
x −ω2

A-23

A-24
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Z ' → Z ' ':
Z " (ω ) = −(

2ω

π

)∫

∞

0

Z ' ( x) − Z ' (ω )
dx
x2 − ω 2
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in which Z ' and Z " are the real and imaginary parts of the impedance, and ω is the
frequency of transform, and x is the frequency of integration.

A.6.2 Extraction of Model Parameter Values from EIS Data
The DataFit (Version 8.0, www.curvefitting.com) commercial software was used
in this work for optimization so as to obtain values for the standard rate constants, k i00 ,
and transfer coefficients, α i , for the i elementary interfacial reactions, the polarizability
of the barrier layer/outer layer interface (BOI), α , the electric field strength across
barrier layer, ε , and other parameters, as described below. Optimization was carried out
in five stages as shown in Fig.

A-4. First of all, the total impedance model was

decomposed into two parts for the real and imaginary components; secondly, the
optimization model, together with the experimental impedance data, upon which the
model is to be optimized, need to be carefully defined; thirdly, approximate parameter
values are obtained by “manually optimizing” the model for Z (ω ) on the experimental
data; fourthly, optimization of the model on Z ' and Z '' and determination of the parameter
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values using the DataFit code was accomplished; and finally, the optimization results
were evaluated by calculating Z ' (ω ) and Z '' (ω ) and other quantities, as described below.
The optimization procedure ends if the result satisfies the following requirements
simultaneously; if not, the procedure returns to the third stage and the model is optimized
once again. These requirements include: (1) All the parameter values are physically
reasonable and should exist within known bounds; (2) the calculated Z ' (ω ) and Z '' (ω )
should agree with their respective experimental results in both the Nyquist and Bode
planes; (3) the parameters, such as the polarizability, α , the electric field strength across
barrier layer [17], ε , the standard rate constants, k i00 , the transfer coefficients, α i , and
0
, should be approximately potential-independent; and (4) the calculated
the constant, φ BOI

current density and passive film thickness, as estimated from the parameter values
obtained from the optimization, should be in reasonable agreement with the experimental
steady-state values.
Initial optimization studies demonstrated that equally good fits could be made of
the model to the data regardless of whether the metal interstitial,

Zr i4 + ,

was included as a

point defect. This finding is not surprising, as all of the equations governing the steady
state polarization and impedance behaviors are identical for both oxygen vacancies and
metal interstitials, with only the magnitudes of the charge on the two defects differing.
Given that bulk ZrO2 is oxygen vacant, with the oxygen vacancy being the principal point
defect [36,37] and that no evidence could be found for the existence of metal interstitials,
the rate constants for interstitial generation and annihilation were set to negligible values.
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Thus, the final model used in the optimization comprised Reactions (2), (4), and (5), Fig.

A-2.

Figure A-4: Flow chart of optimization of the Point Defect Model on the experimental
electrochemical impedance data.

Typical experimental impedance spectra for the passive state on zirconium in high
temperature, deaerated borate buffer solution (0.1 M B(OH)3 + 0.001 M LiOH aqueous
solution, pH = 6.94 at 250oC) are shown in Fig. A-5, in the form of Nyquist plots and
Bode plots, respectively. It is important to note, as was emphasized above, that the data
satisfy the Kramers-Kronig transforms [30-34], demonstrating that the system complies
with the constraints of Linear Systems Theory. In Fig. A-5, the imaginary component of
the impedance is plotted versus the real component in the Nyquist plane as a function of
decreasing frequencies for three potentials. The data are also plotted in the form of the
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modulus, Z , and the phase angle, θ, (i.e. arctan(-Zimag/Zreal) versus the logarithm of the
frequency. Also plotted in Fig. A-5 are impedance data calculated from the model
described above using the optimized model parameters. From Fig. A-5, it can be seen
that the simulated data agrees well with the experimental data, with the level of
agreement being similar to that reported in other studies [22,38,39]. Thus, the impedance
model based on the PDM provides a reasonable account of the experimental data.
The simulated thickness of the passive film (barrier + outer layers) is very close to
its experimental value, as shown in Figure A-6(a), when the dielectric constant is taken
to be the eminently reasonable value of ε = 31 [1]. Likewise, the calculated current
density, based on the fitting parameter values, also approaches its steady-state
experimental value, Iss, as is shown in Figure A-6(b). Furthermore, the porosity of outer
layer, the resistance of the solution, the polarizability of the BOI, the electric field
strength across the barrier layer, the standard rate constants, the transfer coefficients, and
0
φ BOI
obtained by optimization of the model on the experimental impedance data are all

found to be essentially potential-independent within the applied potential range, which, in
itself, is a test of the viability of the model described above. Moreover, the thickness of
the barrier layer is found to increase with increasing applied potential, which is consistent
with the predictions of the PDM for passive films on metals and alloys [19].
The parameter values have been averaged to yield a single set for passive
zirconium, which is shown in Table A-2. It should be noted that the value for β was
assumed to be -0.005 [22] and the assumption is due to the fact that we do not have any
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data upon which the model can be optimized with respect to pH as an independent
variable.
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Figure A-5: Nyquist and Bode impedance plots for passive zirconium polarized for 24
hours in 0.1 M B(OH)3 + 0.001 M LiOH solutions at 250 °C and 62 bar and as a function of
potential, showing a comparison between the experimental and simulated data.
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Table A-2: Parameter values after optimization of the Point Defect Model on the
experimental impedance data for zirconium in aqueous solution (pH 6.94) at 250 °C
0.4

0.5

0.6

Mean (±SD)

Capacitance of barrier layer (F/cm2)

5.14 E-6

15.4 E-6

4.57 E-6

(5.04 ± 0.47) E-6

Capacitance of outer layer (F/cm2)

1.35 E-7

1.34 E-7

1.26 E-7

(1.32 ± 0.06) E-7

Thickness of barrier layer (cm)

1.03 E-6

1.10 E-6

1.16 E-6

(1.10 ± 0.07) E-6

Thickness of outer layer (cm)

1.62 E-5

1.74 E-5

1.75 E-5

(1.70 ± 0.08) E-5

Porosity of outer layer, θ

0.4799

0.4732

0.4796

0.478 ± 0.002

Resistance of solution, Rbs, (Ω)

120.7

124.3

121.7

122.2 ± 2.1

Resistance of outer layer (Ω)

1157

1419

1287

(1.29 ± 0.13)E3

Warburg coefficient, σ

1379

1725

1510

(1.54 ± 0.19)E3

Impedance due to electrons and holes (Ω)

2817

3702

3520

(3.35 ± 0.453)E3

Polarizability, α

0.390

0.391

0.389

0.390 ± 0.001

β (V)

-0.005

-0.005

-0.005

-0.005 (assumed)

Eapp (Vshe)

Electric field across barrier layer, ε, (V/cm)
φ

0

(V)

1106648 1110660 1108313 (1.109± 0.002) E6
-0.5814

-0.5845

-0.5852

-0.5837± 0.002

(mol s cm )

1.39 E-5

1.40 E-5

1.25 E-5

(1.35 ± 0.10) E-5

(mol s-1 cm-2)

1.90 E-7

1.91 E-7

1.88 E-7

(1.90 ± 0.02) E-7

Transfer coefficient, α1

0.4264

0.3989

0.4103

0.412± 0.002

Transfer coefficient, α2

0.2559

0.2561

0.2510

0.254 ± 0.003

BOI

Standard rate constant, k

00

Standard rate constant, k

00

1
2

-1

-2
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Using Eq. A-26 [25], the diffusivity of the oxygen anion vacancy (the presumed
dominant point defect in defective Zirconia) in the passive film formed on zirconium in
the above high temperature, de-aerated borate buffer solution, D, is calculated to be 9.81
× 10-14 cm2/s, 8.61 × 10-14 cm2/s, and 1.02 × 10-13 cm2/s at 0.4, 0.5 and 0.6 VSHE,
respectively. Fig. A-7 shows a comparison between our data, which were obtained by
optimization of the PDM on impedance data for passive Zr, and those of other workers,
which, for the most part, were obtained from high temperature solid state conduction
studies [40-43].

D = 2σ 2 (1 − α ) 2 I ss2 / ε 2

A-26

The level of agreement between the diffusivity derived in this work and that measured in
high temperature, solid state experiments is considered to be excellent, recognizing that
the grain structures of the oxides employed are probably quite different. Furthermore, the
excellent agreement provides justification for the addition of the Warburg impedance to
the model, as discussed above.
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Figure A-7: Comparison of oxygen vacancy diffusivity obtained in this study and those
from the literature [40-43].

From Eq. A-27, the polarization resistance, Rp, is calculated to be 4071, 5211 and
4940 Ω at 0.4, 0.5 and 0.6 VSHE, respectively, in the high temperature, de-aerated borate
buffer solution.

R p = Z (ω = 0) − Z (ω = ∞ )

A-27
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The calculation indicates that the polarization resistance varies little with applied voltage,
the polarizability of the BOI, the transfer coefficients, and the electric field strength
across the barrier layer, but it does change significantly with the porosity and thickness of
the outer layer. For example, at a potential of 0.4 VSHE, the polarization resistance
decreases from 8105 Ω to 5386 Ω to 4071 Ω, and eventually to 3516 Ω, when the
porosity increases from 0.096 to 0.196 to 0.396, and eventually to 0.696, while all other
model parameter values are the same as those shown in Table A-2. These data indicate
that the corrosion resistance of zirconium in high temperature, de-aerated aqueous
solution is dominated by the outer layer.

A.6.3 Sensitivity Analysis
In order to rank the model parameters that have the greatest impact on the
predictions of the model, extensive sensitivity analysis was carried out. Typical effects
of changing the model parameter values on the calculated spectra are shown in Fig. A-8,
in which the other model parameter values are the same as those shown in Table 2. Also
plotted in Fig. A-8 are the experimental impedance data. It can be seen from this figure
that the change of the porosity and thickness of the outer layer with reference to the
results listed in Table 2 leads to the greatest deviation of the fitting curves from the
experimental results, which indicates again that the corrosion resistance is dominated by
the outer layer.
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Figure A-8: Sensitivity analysis, showing the effect of model parameter value changes
on the calculated impedance spectra in comparison with the measured spectra, where the
solution is 0.1 M B(OH)3 + 0.001 M LiOH at 250 °C, pH = 6.94.
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A.7 Summary and Conclusions
In order to predict the accumulation of corrosion damage to Zircaloy fuel cladding
on water-cooled nuclear power reactors, and hence to predict fuel performance under
high burn-up conditions, it is necessary to develop deterministic models for the damaging
process. The development of these models must include the acquisition of values for
various model parameters. In the present work, we developed an impedance model based
on the Point Defect Model for the growth of bi-layer passive films formed on zirconium
and Zircaloys under BWR coolant conditions, and extracted values for various model
parameters based on the experimental impedance data measured in high temperature, deaerated borate buffer solutions [0.1M B(OH)3 + 0.001M LiOH, pH = 6.94] at 250oC. The
principal findings of this work are as follows:
1.

The impedance model based on the PDM provides a good account of the growth
of bi-layer passive films formed on zirconium and Zircaloys under BWR coolant
conditions.

2.

The corrosion resistance of zirconium in high temperature, de-aerated aqueous
solutions is dominated by the porosity and thickness of the outer layer.

3.

The porosity of outer layer, the electric field strength across the barrier layer, the
polarizability of the barrier layer/outer layer interface (BOI), the standard rate
constants and transfer coefficients for the point defect generation and annihilation
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reactions at the barrier layer interfaces, and other parameters are found to be
essentially constant within the applied potential range explored in this work.
4.

Optimization of the impedance model on the experimental impedance data has
yielded a set of parameter values that can be used in the deterministic models for
predicting the accumulation of general corrosion damage to Zircaloy fuel
cladding under BWR operating conditions.
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Appendix B
ELECTROCHEMICAL IMPEDANCE SPECTROSCOPIC STUDY OF PASSIVE
ZIRCONIUM: PART 2. HIGH TEMPERATURE, HYDROGENATED AQUEOUS
SOLUTIONS
Jiahe Ai1, Yingzi Chen1, Mirna Urquidi-Macdonald2, and Digby D. Macdonald1†
1†
Center for Electrochemical Science and Technology
Department of Materials Science and Engineering
2
Department of Engineering Science and Mechanics
Pennsylvania State University, University Park, PA 16802, USA

B.1 Abstract
The development of deterministic models for predicting the accumulation of
corrosion damage to zirconium and Zircaloys in pressurized water reactor (PWR) coolant
environments requires the acquisition of values for various model parameters. In the
present work, the Point Defect Model (PDM) was further developed to account for the
properties of passive films comprising hydride barrier layers and porous oxide outer
layers that form on zirconium and Zircaloys in high temperature, hydrogenated aqueous
solutions. The model parameter values were extracted from electrochemical impedance
spectroscopic data for zirconium in hydrogenated, borate buffer solution (pH 6.94) at
250°C by optimization. The results indicate that the corrosion resistance of zirconium in
high temperature, hydrogenated aqueous solutions is dominated by the outer layer, as was
found to be the case for non-hydrogenated solutions where a defective oxide barrier layer
forms (see Appendix A). The impedance model based on the PDM provides a good
account of the growth of the bi-layer passive films described above, and the extracted
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model parameter values might be used, for example, for predicting the accumulation of
general corrosion damage to Zircaloy fuel cladding in PWR operating environments.

B.2 Introduction
The zirconium-based alloys Zircaloy-2 and Zircaloy-4 are the two most frequently
used structural materials and fuel cladding within the cores of pressurized water reactors
(PWR) because of a combination of desirable properties such as low absorption crosssection for neutrons, good strength and ductility at reactor-operating temperature, good
corrosion resistance in high temperature aqueous environments and excellent compatible
with fuel materials. However, materials degradation under high burn-up condition is
inevitable, due to the severity of the in-core environment, which is characterized by high
temperatures, high pressures, high concentrations of hydrogen (25~35cc(STP)/kg) in the
coolant, and corrosion.

The principal threat to the integrity of the cladding is

oxidation/corrosion and hydriding, leading to more-or-less uniform thinning and, in many
instances, to localized failure. Such failure can pose a great threat to normal reactor
operation, because of the release of fission products to the coolant.

Therefore,

understanding the corrosion mechanism of Zircaloy fuel cladding under PWR coolant
conditions and predicting the accumulation of corrosion damage to the cladding is a
matters of considerable importance to the nuclear power industry.
Considerable research has been carried out on the phenomenology, kinetics, and
mechanisms of the corrosion and hydriding of zirconium and its alloys under simulated
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reactor coolant conditions. The work of Daum et al cited in [1,2] on Zircaloy-4 under
high burn-up conditions in an actual reactor shows the formation of a continuous hydride
layer at the metal/film interface, as does the work of HKL technology [3] on various
zirconium alloys under laboratory conditions. An almost continuous hydride layer was
reported to form at the metal/oxide interface in Zircaloy-4 when cathodically polarized in
dilute sodium sulphate solution at elevated temperature (300oC) [4], and the cathodic
polarization method was used by Cox et al [5] to form a hydride layer on this alloy in
dilute CuSO4 solution at the same temperature. While the existence of a solid hydride
layer at the metal/oxide interface is controversial, primarily because few experiments
have been carried out under well-controlled electrochemical conditions, we note that still
other researchers have reported experimental evidence for hydride layer formation on
Zircaloy-4 at elevated temperatures [6-8].

Chen, et al. [9] investigated the

electrochemical thermodynamics of hydride and oxide formation on zirconium under
PWR and BWR in-core coolant conditions.

Based on Pourbaix’s formula

[ ( E − E e ) ⋅ I ≥ 0 ], where Ee is the equilibrium potential for the couple of interest, E is the
prevailing potential (e.g., the corrosion potential), and I is the current, with a positive
value indicating that the oxidation reaction is spontaneous and a negative value indicating
a spontaneous reduction process. These workers [9] found that the formation of ZrH2 as
the barrier layer is spontaneous in the PWR case (because E < Ee and hence the current is
negative indicating that the reaction Zr + 2 H 2 O + 2e − → ZrH 2 + 2OH − ) is spontaneous),
whereas the formation of ZrO2 as the barrier layer is spontaneous in the BWR case
(because E > Ee and hence the current is positive, corresponding to the spontaneous
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reaction Zr + 2 H 2 O → ZrO2 + 4 H + + 4e − ).

Of course, this argument is couched in

terms of the stoichiometric phases and the exact identity of the hydride phase remains
uncertain, but the differences in the corrosion potentials and the equilibrium potentials
are sufficiently large that it is unlikely that non-stoichiometry alone could change the
Gibbs energies of formation to the extent necessary to alter these conclusions. Titanium,
which is very closely related to zirconium in its chemical and electrochemical properties,
also forms a continuous hydride layer at the metal/oxide film interface, as shown by the
work of Wang, et al [10] at ambient temperature, and the linear change in the thickness of
the hydride layer with increasingly negative potential is in accord with the predictions of
the Point Defect Model. It is on this basis that we postulate that, under PWR coolant
conditions, a hydride barrier layer exists between the metal (which also contains discrete
hydride platelets) and the outer porous oxide layer (which is postulated to form by the
hydrolysis of the barrier layer directly or by the hydrolysis of cations transmitted through
the hydride barrier layer), whereas in the BWR case, the barrier layer and the outer layer
are both oxide phases. The thickness of the barrier layer is typically of the order of
nanometers, whereas the oxide outer layer may have a much greater thickness (up to a
hundred microns), depending upon the conditions [11], so that the great bulk of the
passive film is still the oxide, even under highly reducing PWR primary coolant
conditions.
Zirconium alloys absorb hydrogen under PWR coolant conditions, but the
absorption mechanism is controversial.

Hydrogen has very limited solubility in

zirconium alloys, being less than 1 ppm (wt) at room temperature, about 80 ppm at 300
o

C and about 200 ppm at 400 oC [12]. When the solubility limit is reached, the hydride
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will precipitate in the zirconium matrix either as plates or needles, which has a negative
effect on the mechanical properties of zirconium. The hydriding process is influenced by
the condition and chemical composition of the metal, the concentration of hydrogen
dissolved in the water, and by the presence of radiation. Park, et al [2] preliminarily
applied the Point Defect Model (PDM) to model the oxidation of Zircaloy fuel cladding
in water-cooled nuclear reactors, but the development of deterministic models for
predicting the accumulation of corrosion damage to zirconium and Zircaloys under PWR
coolant conditions requires the acquisition of values for various model parameters.
Accordingly, the model developed by Park et al must be updated, and the parameter
values need to be extracted by optimization upon appropriate experimental data. Once
the parameter values are obtained, the PDM provides a deterministic basis for predicting
the accumulation of corrosion damage to the cladding.
The objective of this work is to develop an impedance model, based on the PDM,
for optimization on experimental Electrochemical Impedance Spectroscopic (EIS) data
for zirconium under PWR coolant conditions.

In this system, the passive film is

postulated to comprise a non-porous, defective hydride barrier layer (ZrH2-x) and a
precipitated, porous oxide outer layer. Impedance models for the barrier layer, based on
the PDM, have been extensively developed [11,13-19], but, to our knowledge, only the
work of Pensado, et al [13,14] for lithium in concentrated hydroxide solution and Part I
of the present series on zirconium [20] has previously attempted an optimization of a bilayer impedance model on EIS data. In the work of Pensado et al [13,14], the variables in
the model were “lumped parameters” and values for many of the individual model
parameters could not be obtained. In the present work, we have employed a different
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method of formulating the model and, using an unconstrained optimization procedure, we
have extracted values for the individual parameters in the PDM bi-layer model that are
physically eminently reasonable.

B.3 Point Defect Model
The PDM is an atomic scale model that describes the oxidation of passive metals
in aqueous media, in terms of the generation and annihilation of point defects at the
interfaces of the barrier layer of the passive film [11,13]. The model assumes that,
depending on the chemistry of the coolant and the prevailing electrochemical conditions,
the barrier layer is a highly defective oxide or hydride, whose principal point defects are
cation vacancies, anion vacancies, and metal interstitials, and concludes that the barrier
layer must grow into the metal via the generation of hydrogen vacancies (in the case of a
hydride barrier layer) or oxygen vacancies (for an oxide barrier layer) at the metal/barrier
layer interface (MBI). On the other hand, the porous outer layer is envisioned to form via
the hydrolysis and precipitation of zirconium cations derived from the barrier layer, either
via dissolution of the barrier layer matrix at the barrier layer/outer layer interface (BOI)
or from cations that are transmitted through the barrier layer via cation vacancies on the
cation sublattice or as cation interstitials [2,14,15].
In light of the material presented in the introduction, the passive films that form
on zirconium and Zircaloys under prevailing pressurized water reactor in-core coolant
conditions are postulated to comprise two layers: a thin barrier layer of a highly defective
hydride phase with semiconductor properties, which depends upon the type of defects
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present, and an outer layer of a porous oxide phase with no appreciable semiconductor
properties. The composition of the barrier layer is postulated to be the anion defective
hydride, ZrH2-x whereas the outer layer is porous oxide ZrO2. As stated early, the barrier
layer is tens of nanometers in thickness, while the outer layer may be several hundreds of
nanometers to microns thick. Accordingly, the original point defect model has been
modified to include the thick, porous outer layer over a thin dense barrier layer.

B.4 Experimental Procedures
The apparatus that was employed to carry out the electrochemical experiments in
high temperature, hydrogenated aqueous solutions is that which is described in Part I of
this series [20]. The three-electrode test cell comprises a 600mL reactor containing a
magnetically activated impeller, a thermocouple, a working electrode, a counter
electrode, a reference electrode, and an annular flow channel. The working electrode was
fabricated from polycrystalline zirconium rod from Alfa Acer, having an exposed surface
area of 5.82cm2. The zirconium rod used in this study contains 0.25wt% Sn, 0.01wt%
Ni, 0.11wt% Fe, and 0.01wt% Cr, as determined by Electron Probe Micro Analysis
(EPMA). The sample was abraded with 800 and 1200 grit SiC paper, and then further
polished with 3µm and 1µm diamond paste one day before each experiment.

An

insulated Type 316L SS wire was connected to the bottom of the annular flow channel by
a small screw and then taken out through the top of the vessel via an insulated pressure
fitting, with the whole channel serving as the counter electrode. The reference electrode
in the hydrogenated environments was a Pt/H2 electrode comprising a PTFE-covered Pt
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wire with a small length of the metal exposed to the solution at one end. All potentials
were converted to the Standard Hydrogen Electrode (SHE) scale using Henry’s law for
the solution of hydrogen in water and the pH calculated from the composition of the
system.
To simulate the PWR primary water chemistry, aqueous solutions containing
0.1M B(OH)3 + 0.001M LiOH were used. Pressurized water reactors operate with boric
acid as a nuclear shim to control nuclear reactivity.

Lithium hydroxide (LiOH) is

produced by the reaction 5B10 + 0n1 → 3Li7 +2He4, but the total lithium concentration is
controlled in concert with the boric acid concentration, in order to minimize the release of
corrosion products into the coolant and to inhibit their deposition onto the fuel surfaces.
Typically, a hydrogen concentration of 25~35cm3(STP)/kg(H2O) is maintained to inhibit
the formation of radiolytic oxygen in the coolant. All experiments reported here were
carried out at 250°C and at a pressure of 62bar (900psi), in order to maintain a single
liquid phase in the system. The lower temperature than that found in reactor coolant
circuits (320~340oC for PWRs) was dictated by the need to use PTFE in the
electrochemical cell. The hydrogen content in the aqueous solution was adjusted by
bubbling ultra-high purity hydrogen gas at an appropriate pressure through the solution in
the storage tank overnight at room temperature before the solution was continuously fed
into the autoclave. The solutions were prepared from boric acid (Alfa Aesar), lithium
hydroxide (Merck), and deionized water (milli-Q system, 18.2MΩ cm-1).
Passive films were grown on zirconium potentiostatically. Potential control was
achieved by using an electrochemical interface (Solartron Model 1287) in a floating
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configuration. Potentiodynamic polarization curves were measured using a voltage scan
rate of 1mV/s from a point 0.2V more negative than the open circuit potential. At each
potential step in the potentiostatic film growth studies, the current was monitored as a
function of time until steady state was achieved (defined as the current not changing
perceptibly over 24 hours). Then, the electrochemical impedance was recorded with a
Solartron 1255B Frequency Response Analyzer using an excitation voltage of 10mV
(peak-to-peak) and an applied frequency from 100kHz to 0.01Hz. All EIS data were
measured in the ascending voltage direction. The film thickness was calculated from the
capacitance measured at frequencies higher than 1kHz, as described in our previous work
[20].

B.5 Impedance Model
As a result of thermodynamic analysis and careful review of the literature, as
discussed above, the PDM has been modified to describe the passive film that forms on
zirconium under the prevailing pressurized water reactor coolant conditions by the
incorporation of an outer, porous oxide layer overlying a defective hydride (ZrH2-x)
barrier layer [2]. Mott-Schottky analysis shows that the film displays n-type electronic
character, indicating a preponderance of hydride vacancies and/or zirconium interstitials
in the barrier layer [9], assuming that the outer layer oxide is a stoichiometric phase.
Figure B-1 displays the interfacial defect generation and annihilation reactions that are
envisioned to occur in the system together with barrier layer dissolution and outer layer
formation and dissolution. For reasons discussed in Part I [20], we have discounted the
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existence of cation interstitials in the barrier layer, so that the barrier layer is envisioned
to be a purely hydride-defective phase. Examination of Figure 1 shows that Reaction (1)
leads to the growth of the barrier layer into the metal substrate via the generation of
hydride vacancies, and Reaction (3) results in the destruction of the barrier layer by
dissolution. Reaction (2) describes the hydride vacancy annihilation by the injection of
hydride ions via the reduction of water (or possibly H+) at the barrier layer/outer layer
interface (BOI). Note that Reaction (2) is lattice-conservative process, as it does not
result in the movement of the interface with respect to a laboratory frame of reference,
whereas Reaction (3) is non-conservative. A steady state must involve at least two nonconservative reactions, since only one non-conservative reaction would lead to
monotonic growth or thinning of the passive film. Reactions (4) and (5) correspond to
the formation and dissolution of the outer layer. Note that Figure 1 is not scaled, in that
the available micrographic evidence suggests that the outer layer is typically orders of
magnitude thicker than the barrier layer.

Figure B-2 is a schematic representation of the potential profile, which
recognizes potential drops across the barrier and outer layers, as well as across the MBI
and BOI.

No potential drop occurs at the outer layer/solution interface, because

conduction occurs within an aqueous phase on both sides of the interface. The potential
profile across the ZrH2-x barrier layer has the opposite gradient to that for an oxide barrier
layer, because the hydride forms cathodically whereas an oxide forms anodically [14].
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Figure B-1: Interfacial reactions leading to generation and annihilation of point defects
within the passive film on a zirconium surface. Zr = zirconium atom, Zr i 2 + = metal
interstitial in the barrier layer, ZrZr = zirconium cation in a normal cation site on the metal
sublattice in the barrier layer, VH• = hydrogen anion vacancy on the anion sublattice of the
barrier layer, H H = hydrogen anion in an anion site on the anion sublattice of the barrier
layer.

Figure B-2: Postulated potential profile in the passive film on zirconium under PWR
coolant conditions. Note that the diagram is not to scale and subscript “bl” designates
“barrier layer”, while “ol” signifies “outer layer”.
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The reaction rate constants, kj, are functions of the potential drops across the two
interfaces, and may be functions of the potential drops across the barrier and outer layers,
and the barrier layer thickness, Lbl, and the pH at the BOI [16]. In any event, the
potential that is applied at the BOI interface is related to the potential applied across the
entire system, V, and the potential drop across the outer layer, I·Rol. The rate constants
can then be written from activated complex theory as:

k1 = k10 ⋅ e a1 ⋅(V − I ⋅Rol ) ⋅ e b1 ⋅Lbl ⋅ e c1 ⋅ pH

B-1

k2 = k20 ⋅ e a 2 ⋅(V − I ⋅ Rol ) ⋅ ec 2 ⋅ pH

B-2

k3 = k30 ⋅ e a3 ⋅(V − I ⋅ Rol ) ⋅ ec3 ⋅ pH

B-3

The unknown rate constants for the five primary interfacial reactions are shown in

Table

B-1

when

the

reaction

rate

expressions

take

the

form

of

ki = ki0 ⋅ e ai ⋅(V − I ⋅ Rol ) ⋅ ebi Lbl ⋅ eci ⋅ pH BOI . Note that only the rate constant for the reaction that
occurs at the MBI [Reaction (1)] is a function of the thickness of the barrier layer, and
that all of the rate constants are functions of the applied voltage, V, and the voltage drop
across the outer layer (I·Rol).
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a (V − I ⋅ Rol ) bi L
e for interfacial reactions based on the
Table B-1: Rate constant ki = ki e i
0

F
Point Defect Model, where γ = RT ; α

Interfacial reactions
k
(1) Zr →
ZrZr
1

+ 2V H• + 2 e −

(2 )VH• + H 2O + 2 e −
(3 ) ZrH 2 + 4OH −

k4
→
H H + OH

−

k5
→
ZrO 2 + + 3 H 2 O + 6 e −

=

dΦ BOI

dV

;

β =

dΦ BOI

dpH

a i (V-1)

bi (cm-1)

2α 1 (1 − α ) γ

− 2α 1γε

− α 2 αγ

0

6α 3α ⋅ γ

0

0

k i ( cm / s )

k

00

e
1

−2 α 1 ⋅ γ ⋅ ( φ o
+ β ⋅ PH )
BOI

o
00 − α 2 ⋅γ ⋅( φ BOI + β ⋅ pH )

k 2e

o
00 6 α 3⋅γ ⋅( φ BOI + β ⋅PH )

k 3e

All interfacial reactions that produce or consume electrons contribute to the total
steady-state current density, I.

[

BOI m
BOI
I = F ⋅ 2k1 + 2k 2 + 2θ ⋅ k3 aZrBOI2+ aWBOI + 6θ ⋅ k5 ( aOH
− 2θ ⋅ k 4 aVBOI
− )
• aW
i

H

where F is Faraday’s constant; P is the porosity of the outer layer;

a wBOI

]

B-4

is the activity of

water at the BOI; aVBOI is the activity of the VH• in the barrier layer at the BOI; and m is the
•
H

kinetic order of the film dissolution reaction with respect to the activity of hydroxide ion.

In order to simplify the model, we assume the pH at the BOI is a constant, and
hereinafter we merge e ci ⋅ pH into ki0 .

The steady-state constraints are invoked to

construct an impedance expression that is consistent with the zero frequency limit. For
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example, requiring that the generation rate of hydrogen vacancies at the MBI [Reaction
(1) in Fig. 1] is equal to the annihilation rate of the same species at the BOI [Reaction (2)
in Fig. 1] yields

2k1 ≈ P ⋅ a ZrBOI2 + ⋅ aWBOI ⋅ k 2

B-5

i

Equations (B-5) is valid at a steady state, and is assumed to be approximately
valid under non-steady-state conditions. The solution in the pore interior is assumed to
be dilute, so the aWBOI is taken to be 1. Substitution of Equation (B-5) into Equation (B-4)
yields:

[

BOI m
I ≈ F ⋅ 4k1 − 2k 2 + 6θ ⋅ k 5 ⋅ ( a OH
− )

]

B-6

Note that the total current density is a function of V and Lbl. (Note that Rol is also
regarded as being a constant under steady-state conditions.)

Accordingly, for any

arbitrary changes δV and δLbl, and by assuming that the porosity of the outer layer, θ, is
also constant, we write the total differentials of Equations (B-1) to (B-3), and (B-6) as
follows:

BOI m
δI = F ⋅ [− 2δk1 + 6 P ⋅ δk 3 ( aOH
) ]

B-7

δk1 = a1 k1δV + b1 k1δLbl − a1 k1 R ol δI

B-8

−
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δk 2 = a 2 k 2 δV − a 2 k 2 R ol δI

B-9

δk 3 = a 3 k 3δV − a 3 k 3 R ol δ

B-10

Substitution of Equations (B-8) and (B-10) into Equation (B-7) yields:

BOI m
(−2a1 k1 + 6 P ⋅ a 3 k 3 (aOH
)δV − 2b1 k1δLbl 
− )
δI = F 

BOI m
+ Rol [2a1 k1 − 6 P ⋅ (aOH − ) a 3 k 3 ]δI


B-11

The variations in I, V and Lbl are sinusoidal in an EIS measurement, so that we
can write:

δI = ∆I ⋅ e j⋅ω ⋅t

B-12

δV = ∆V ⋅ e j ⋅ω ⋅t

B-13

δL = ∆L ⋅ e j ⋅ω ⋅t

B-14
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BOI
COH
− =

10− pK w (T ) − 6
CHBOI
+

( for dimensions of mol/cm3)

B-15

where Kw(T) is the water dissociation constant, which is a function of temperature [21].
Substitution of Equations (B-12) to (B-15) into Equation (B-11) divided by δV
yields the Faradic admittance Yf as follows.

F ⋅ S1 F (−2b1 k1 ) ∆Lbl
+
S0
S0
∆V

Yf =

B-16

10− pKw (T ) −6 m
10− pKw (T )−6 m m
,
and
)
]
=
−
2
+
6
⋅
(
) .
S
a
k
P
a
k
1
1 1
3 3
CHBOI
CHBOI
+
+

where S0 = 1 + FRol [−2a1k1 + 6P ⋅ a3k3 (

The derivation of ∆Lbl ∆V is as follows. Firstly, we write the mass balance
condition for the barrier layer as:

 10 − pK w (T ) −6 
dLbl

= Ω ⋅ k1 − Ω ⋅ θ ⋅ k 3 
 C BOI

dt
H+
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where Ω =17.04 cm3/mol is the volume per mole of cations in the barrier layer. Thus, the
total differential is written as
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dδLbl / dt = jω ⋅ ∆Lbl ⋅ e j⋅ω⋅t

(

)

m

= Ω ⋅[k1a1 −θ ⋅ k3 a3 10− pKW (T )−6 / CHBOI
] ⋅ ∆V ⋅ e j⋅ω⋅t + Ω ⋅ k1b1 ⋅ ∆Lbl ⋅ e j⋅ω⋅t
+

(

− ΩRol [k1a1 −θ ⋅ k3 a3 10

− pKW (T ) −6

/C

)

BOI m
H+

B-18

] ⋅ ∆I ⋅ e j⋅ω⋅t

which gives
∆Lbl
A1 Rol
A1
=
−
⋅Yf
∆V
jω − Ω ⋅ k1b1 jω − Ω ⋅ k1b1

B-19

m

 − pKw (T ) −6 
where A1 = Ω ⋅[k1 a1 − θ ⋅ k 3 a3  10 BOI  ]
 C +

H



Thus substitution of Equation (B-19) into Equation (B-16) yields the Faradic
admittance Yf under PWR coolant conditions.

Yf =

F (−2k1b1 ) A1 + FS1 ( jω − Ωb1 k1 )
FA1 Rol (−2b1 k1 ) + S 0 ( jω − Ωb1 k1 )

B-20

The total impedance comprises the impedance of the barrier layer, including those
of the two interfaces, Zbl, and that of the barrier layer itself, in series with that of the outer
layer and the resistance of the bulk solution of the experimental system, Zol and Rbs,
respectively. The impedance element array for the passive film is the same as that in our
previous work [20].

As for the barrier layer, its impedance is the sum of four

components: (a) impedance due to the Faradic process, Zf (i.e. 1/Yf ), (b) impedance due
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to geometric capacitance, Z C , (c) resistance due to the transport of electrons and the
bl

diffusion of electron holes, Ze,h, and (d) the Warburg impedance, Zw, due to the transport
of defects within the layer. The latter is added in a somewhat ad hoc fashion, as it strictly
does not follow from the model if the interfacial reactions are assumed to be irreversible.
However, as shown by Chao, Lin, and Macdonald [18] and later by Macdonald and
Smedley [22], specification of reversible point defect generation and annihilation
reactions at the interfaces does result in the presence of the Warburg term in the faradaic
impedance. Furthermore, there is such a feature in the experimental data. We, therefore,
include the series Warburg term in the present model by assuming virtual reversibility of
the interfacial reactions. As for the outer layer, its impedance comprises the resistance,
Rol, due to electrolyte in the pores in parallel with an impedance due to the geometric
capacitance, Z C .
ol

Z total = Z bl + Z ol + Rbs =

Z

−1
Cbl

1
1
+ −1
+ Rbs
−1
−1
+ ( Z f + Z w ) + Z e,h Rol + Z C−1ol

B-21

where Rol = ρ ⋅ Lol / θ , and ρ is the resistivity of the solution in the outer layer pores.
Z w = σ / ω − jσ / ω [19], and σ and ω are Warburg coefficient and frequency,

respectively.
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B.6 Results and Discussion

B.6.1 Validity of the Measured Impedance Data
Electrochemical impedance spectra (EIS) for passive films on zirconium were
Electrochemical impedance spectra (EIS) for passive films on zirconium were measured
over a wide range of frequency (typically 100 kHz to 0.01 Hz) as a function of the
formation potential across the passive range in 0.1M B(OH)3 + 0.001M LiOH solutions
o

with 22cm3 (STP)/kg (H2O) hydrogen (pH=6.94 at 250 C). The impedance was measured

after holding the potential constant at each point for at least 24 hours, in order to ensure
that the passive film exists in the steady state, as determined by the constancy of the
current. The measurements were carried out in the ascending potential direction. Since
the stability of the electrochemical system during the EIS measurements is critical to
obtaining viable data, the quality of the EIS data was checked both experimentally and
theoretically. The test method and related theory was already described in our previous
work [20].

Figure 3 displays typical Nyquist and Bode plots, indicating that the

impedance data measured in the two frequency-step directions (from high-to-low and
then immediately back from low-to-high), after holding the potential at 0.1 VSHE for 24
hours for the film to attain a steady state, are coincident. Coincidence is observed in all
impedance measurements for passive films formed at different potentials. Figure 4
shows a set of K-K transforms, in which the transformed components of the impedance
are compared with the corresponding measured components. Excellent agreement is
obtained, except for the small discrepancies at low frequencies. The discrepancies are
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due to the “tails” problem that arises from the fact that the impedance data are measured
over a finite frequency bandwidth, whereas the transforms are defined over an infinite
bandwidth in frequency.
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Figure B-3: Comparison of Nyquist (a) and Bode (b) plots for passive zirconium at 0.1
Vshe after polarization for 24 hours, and subsequently scanning the frequency in the highto-low direction and immediately following in the low-to-high direction, in 0.1 M
B(OH)3 + 0.001 M LiOH solution with 22 cm3 (STP)/kg (H2O) hydrogen. T = 250 °C
and P = 62 bar. “High-to-low” means stepping the frequency in the high-to-low direction
and “low-to-high” means stepping the frequency in the reverse direction.
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B.6.2 Extraction of Model Parameter Values from EIS Data
The DataFit (Version 8.0, www.curvefitting.com) software was used in this work
for optimization, so as to obtain values for the standard rate constants, k i00 , and transfer
coefficients, α i , for the i elementary interfacial reactions, the polarizability of the barrier
layer/outer layer interface (BOI), α , the electric field strength across barrier layer, ε ,
and other parameters as described below. Optimization was carried out in five stages.
First of all, the total impedance model was decomposed into two parts for the real and
imaginary components; secondly, the optimization model, together with the experimental
impedance data upon which the optimization was performed, needs to be carefully
defined; thirdly, approximate parameter values are obtained by “manually optimizing”
the model for Z (ω ) on the experimental data; fourthly, optimize the parameter values
using the DataFit code; and finally, test the optimization results.

The optimization

procedure ends if the result satisfies the following requirements simultaneously; if not,
the procedure returns to the third stage and the model is optimized once again. These
requirements include: (1) all the parameter values are physically reasonable and should
exist within defined bounds, if known; (2) the calculated Z ' (ω ) and Z '' (ω ) should agree
with their respective experimental results in both the Nyquist and Bode planes; (3) the
parameters, such as the polarizability of the barrier layer/outer layer interface, α , the
electric field strength across barrier layer, ε , the standard rate constants, k i00 , the transfer
coefficients for the point defect generation and annihilation at the barrier layer interfaces,
0
α i , and the constant φ BOI
should be approximately potential-independent; and (4) the
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calculated current density and passive film thickness, as estimated from the parameter
values obtained from the optimization, should be in reasonable agreement with the
steady-state experimental values.
Typical experimental impedance spectra for the passive state on zirconium in high
temperature, de-aerated borate buffer solution [0.1M B(OH)3 + 0.001M LiOH aqueous
solution with 22 cm3 (STP)/kg (H2O) hydrogen, pH = 6.94 at 250oC] are shown in Figure B-

4, in the form of Nyquist plots and Bode plots, respectively. It is important to note, as
was emphasized above, that the data satisfy the Kramers-Kronig transforms [23-27],
demonstrating that the system complies with the constraints of Linear Systems Theory.
In this figure, the imaginary component of the impedance is plotted versus the real
component in the Nyquist plane as a function of decreasing frequencies for three
potentials. The data are also plotted in the form of the modulus, Z , and the phase angle,

θ, [i.e. arctan(-Zimag/Zreal] versus the logarithm of the frequency. Also plotted in this
figure are impedance data calculated from the model described above using the optimized
model parameters. From this figure, it can be seen that the simulated data agrees well
with the experimental data, with the level of agreement being similar to that reported in
other studies [16,20,28]. Thus, the impedance model based on the PDM provides a
reasonable account of the experimental data.
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Figure B-4: Nyquist and Bode impedance plots for passive zirconium polarized for 24
hours in 0.1 M B(OH)3 + 0.001 M LiOH solutions with 22 cm3 (STP)/kg (H2O) hydrogen
at 250 °C and 62 bar and as a function of potential, showing a comparison between the
experimental and simulated data.
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The simulated thickness of the passive film (barrier + outer layers) is very close to
the experimental value for the passive film overall, as shown in Figure B-5 (a), when
the dielectric constant is taken to be the eminently reasonable value of ε = 28 [12].
Likewise, the calculated current density, based on the fitting parameter values, also
agrees with the steady-state experimental value, as shown in Figure B-5 (b).
Furthermore, the porosity of outer layer, the resistance of solution of the experimental
system, the polarizability of the BOI, electric field strength across the barrier layer,
0
standard rate constants, transfer coefficients and φ BOI
obtained by optimization of the

model on the experimental impedance data are all found to be essentially potentialindependent within the applied potential range (Table B-2), which, in itself, is a test of
the viability of the model described above. Moreover, the thickness of the barrier layer is
found to decrease with increasing applied potential, which is consistent with the
predictions of the PDM for hydride barrier layers on metals and alloys [14].
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+ 0.001 M LiOH with 22 cm3 (STP)/kg (H2O) hydrogen at 250 °C, pH = 6.94.
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The parameter values have been averaged to yield a single set for passive
zirconium, which is shown in Table B-2. It should be noted that the value for β was
assumed to be -0.005 [16] and the assumption is due to the fact that we do not have any
data upon which the model can be optimized with respect to pH as an independent
variable.
Using Equation (B-22) [18], the diffusivity of the hydride vacancy ( VH• ) in the
barrier layer, D, is calculated to be in the range from 4.98 × 10-15 cm2/s to 1.18 × 10-14
cm2/s within the experimental applied potential range.

D = 2σ 2 (1 − α ) 2 I ss2 / ε 2

B-22

We were unable to find any appropriate data in the literature with which to
compare this value. However, we note that, in the case of an oxide barrier layer (Part I
[20]), the oxygen vacancy diffusivity calculated from Equation (B-22) is in excellent
agreement with that measured by other means.
From Equation (B-23), the polarization resistance, Rp, was calculated to be 10711,
11606 and 12144 Ω at -0.1, 0.0 and 0.1 VSHE, respectively, in the high temperature,
hydrogenated borate buffer solution.

R p = Z (ω = 0 ) − Z (ω = ∞ ) ≈ Z (ω = 10 −20 ) − Z (ω = 10 20 )

B-23
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The calculation indicates that the polarization resistance varies little with applied
voltage, the polarizability of the BOI, the transfer coefficients, and the electric field
strength across the barrier layer, but it does change significantly with the porosity and
thickness of the outer layer. For example, at a potential of 0.0 VSHE, the polarization
resistance decreases from 79477 Ω to 23668 Ω to 11606 Ω, and eventually to 9657 Ω
when the porosity increases from 0.009 to 0.039 to 0.139, and eventually to 0.239, while
all other model parameter values are the same as those shown in Table B-2. These data
indicate that the corrosion resistance of zirconium in high temperature, hydrogenated
aqueous solution is dominated by the outer layer.

B.6.3 Sensitivity Analysis
In order to rank the model parameters that have the greatest impact on the
predictions of the model, extensive sensitivity analysis was carried out. Typical effects
of changing the model parameter values on the calculated spectra are shown in Figure

B-6, in which the other model parameter values are the same as those shown in Table 2.
Also plotted in this figure are the experimental impedance data. It can be seen from this
figure that the changes to the porosity and the thickness of the outer layer with reference
to the results listed in Table B-2 leads to the greatest deviation of the fitting curves from
the experimental results, which indicates again that the corrosion resistance is dominated
by the outer layer.
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Figure B-6: Sensitivity analysis, showing the effect of model parameter value changes
on the calculated impedance spectra in comparison with the measured spectra, where the
solution is 0.1 M B(OH)3 + 0.001 M LiOH with 22 cm3 (STP)/kg (H2O) hydrogen at 250
°C, pH = 6.94
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Table B-2: Parameter values after optimization of the Point Defect Model on the
experimental impedance data for zirconium in aqueous solution (pH 6.94) at 250 0C

Eapp (Vshe)

-0.1

0

0.1

Mean (±SD)

3.20E-6

2.91E-6

2.24E-6

(2.84 ± 0.36)E-6

Capacitance of outer layer (F/cm )

3.57E-7

2.90E-7

2.47E-7

(2.98 ± 0.59)E-7

Thickness of barrier layer (cm)

1.89E-7

1.58E-7

1.39E-7

(1.62 ± 0.27)E-7

Thickness of outer layer (cm)

1.44E-5

1.51E-5

1.56E-5

(1.50 ± 0.03)E-5

0.141

0.139

0.140

0.140 ± 0.001

Resistance of solution, Rbs, (Ω)

510

493

474

492 ± 18

Resistance of outer layer (Ω)

4430

4680

4640

(4.46 ± 0.22)E3

Warburg coefficient, σ

3941

3543

4600

(4.03 ± 0.457)E3

Impedance due to electrons and holes (Ω)

6282

6926

7500

(6.68 ± 0.82)E3

Polarizability of the BOI, α

0.484

0.3413

0.406

0.434 ± 0.05

β (V)

-0.005

-0.005

-0.005

-0.005, Assumed

-648743

-560714

-595318

-(6.02 ± 0.46)E5

0.452

0.473

0.468

0.464 ± 0.012

-0.041

-0.048

-0.048

-0.046± 0.005

1.67E-9

31.47E-9 1.71E-9 (1.62 ± 0.15)E-9

5.53E-4

4.61E-4

4.75E-4 (4.96 ± 0.57)E-4

Transfer coefficient, α1

0.363

0.317

0.335

0.338 ± 0.025

Transfer coefficient, α3

0.114

0.128

0.110

0.117 ± 0.011

Capacitance of barrier layer (F/cm2)
2

Porosity of outer layer, θ

Electric field across barrier layer, ε, (V/cm)
Kinetic order, m
φ

0
BOI

(V)

Standard rate constant, k
Standard rate constant, k

-1

00
1

00
2

-2

(mol s cm )
(mol s-1 cm-2)

B.7 Summary and Conclusions
In the present work, we developed an impedance model based on the Point Defect
Model for the growth of bilayer passive films formed on zirconium and Zircaloys under
PWR coolant conditions, and extracted values for various model parameters based on the
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experimental impedance data measured in high temperature, hydrogenated aqueous
solutions [0.1M B(OH)3 + 0.001M LiOH, pH 6.94] at 2500C. The principal findings of
this work are as follows:
•

The impedance model based on the PDM provides a reasonable account of the
growth of bilayer passive films formed on zirconium and Zircaloys under PWR
coolant conditions.

•

The corrosion resistance of zirconium in high temperature, hydrogen-added
aqueous solutions is dominated by the porosity and thickness of the outer layer.
This result agrees with previous findings that the outer layer dominates the
corrosion resistance of zirconium in high temperature, de-aerated solutions
simulating BWR primary coolant environments.

•

The porosity of the outer layer, the electric field strength across the barrier layer,
the polarizability of the barrier layer/outer layer interface (BOI), the standard rate
constants and transfer coefficients for the point defect generation and annihilation
at the barrier layer interfaces, and other parameters, are found to be essentially
constant within the applied potential range explored in this work.

•

Optimization of the impedance model on the experimental impedance data has
yielded a set of parameter values that might be used for predicting the
accumulation of general corrosion damage to Zircaloy fuel cladding under PWR
operating conditions.
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