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Preface

The work discussed in the present report has been carried out as in the Work Packages 1,2 and
4 of the project FP6-036367 A deterministic model for corrosion and activity incorporation in
nuclear power plants (ANTIOXI) in 2006 - 2007. The ANTIOXI project is a part of the
EURATOM FP6 Programme “Advanced tools for nuclear safety assessment and component
design”.

The ANTIOXI project in EURATOM FP6 concentrates on development of modelling tools
for activity incorporation and corrosion phenomena into oxide films on construction materials
in light water reactor environments. In the present report, the integrated deterministic model
for corrosion and activity incorporation is described in detail and the specific cases predicted
by the model calculations are discussed in terms of oxide growth, restructuring and
incorporation of coolant-originating species.

The main funding source of the work has been the Sixth Framework Programme of the
European Commission. The cooperation of the Members of the Advisory Board of the
ANTIOXI project is gratefully acknowledged.

Espoo, 19.12.2008
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1 Introduction

1.1 Definition of the target

The two main issues in having a safe and economic operation of a nuclear power plant are to
minimise the risk and occurrence of stress corrosion cracking, and to minimise the exposure
of the staff and other people to ionising radiation. Although these two issues are very
disparate phenomena, the common and most important factor for both of them is the integrity
of the oxide films on the structural materials in the nuclear power plants.

All materials used in the nuclear power plants rely on a passivating oxide film. This means
that the oxide film formed from the corrosion attack of water on the material will protect the
underlying material against further attack. The material in itself would, according to the
thermodynamics, decompose into a mixture of metal oxides without this protective layer. This
deterioration of the material is also observed if the passivating film is destroyed for a certain
reason. The protective effect of the oxide layer originates from a low solubility of the oxide
itself and a slow reaction rate for any chemical interaction between the oxide film and the
surrounding environment, the coolant water in light water reactors (LWRs). The protective
effect is, however, never perfect. This means that corrosion of the base material is always
occurring to some extent. Furthermore, changes in the chemical composition or pH of the
surrounding water, or an increase in temperature, could increase the reaction rate and hence
diminish the protective ability of the oxide film.

During the long-term commercial use of LWRs, a huge experience has been gained about the
materials behaviour in addition to the basic mechanical properties. Yet, the increasingly faster
change of the environmental conditions has made it difficult to test all possible combinations
of materials and environments in order to assess the long-term behaviour of the materials, or
rather the behaviour of the protective oxides on the materials, in these new combinations of
environments. The corrosion behaviour of a certain material is always depending on the
environment, which influences the release of corrosion products from the already existing
oxide surfaces. The behaviour of oxide films in the primary system of a nuclear power plant is
hence a complex function of their behaviour in coupled localised areas of the system
depending on each other and all local environmental factors. The inference is that a full
assessment of the materials behaviour in LWRs cannot be gained only through materials
testing in simulated or even real LWR environments, since the oxide film stability and
protectiveness will depend on a large number of factors, and so will the materials integrity.
We need a more fundamental understanding for each kind of oxide film and the impact of
environmental factors on the film behaviour. We also need a theory or a modelling tool that
can take into account the interaction between the various local oxides with their local
chemistry in order to have an integral description and understanding of the stress corrosion
cracking and the activity build-up in any LWR.

1.2 Oxide film growth, restructuring and activity incorporation

The activity build-up in nuclear power plants is influenced by the oxide films in several ways.
To have activity build-up a certain corrosion release from the materials is needed to allow
corrosion products to deposit in the core region and become activated. Without corrosion
products from the non-core structural materials, basically only the cladding and its oxide
would be the source for any activity distribution. The oxide formed on the zirconium material,
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does, however, almost exclusively consist of zirconium oxide, which has a very low solubility
in BWR conditions and also markedly low solubility in PWR and WWER environments. This
means that without deposited corrosion products in the core, the activity release would be
almost exclusively due to flaking of oxide on fuel cladding. The activation products of
zirconium, i.e. Zr-95 and Nb-95 and their derivatives, have short half-life (e.g. 64 days for Zr-
95) and the activation build-up problem would be virtually non-existent in LWRs.

In reality, the materials in the LWR primary systems do release a significant amount of
products to the coolant through corrosion. Flow assisted corrosion enhances the corrosion
release from some parts of the system and hence provides even higher contributions to the
primary coolant flow. The corrosion release in itself will affect the oxide film build-up of any
materials downstream the releasing material.

The neutron activation of the core crud will depend on the amount of crud and the residence
time for the deposit on the core. These aspects are indirectly related to the integral corrosion
release from all the materials in contact with the coolant before the core passage. The activity
released from the core is then partly in form of transmuted corrosion products, but still to a
large extent the transmuted nuclides are of the same or similar elements, i.e. cobalt (Co-58
and Co-60), iron (Fe-59), manganese (Mn-54), zinc (Zn-65), and chromium (Cr-51). Still,
most of the released core crud will be non-transmuted, and hence the core will be a sink and
source for the corrosion products being distributed by the coolant. The activated corrosion
products will, however, be responsible for any activity build-up.

The activity build-up in the nuclear power plant is either resulting from particulate matter
mainly depositing in low flow locations, or, which is one of the main focus points in this
review and the planned model development, resulting from incorporation of dissolved
corrosion products with the oxide films in contact with the coolant carrying the ionic activity.
The ionic activity can interact with the oxide film and be incorporated, all as a function of the
oxide growth, release, and restructuring behaviour.

1.3 Oxide films, localised corrosion and stress corrosion cracking

The protective ability of the oxide film is hindering general corrosion of the base alloy and
hence the passive film assures that no significant component thinning is occurring during the
exposure to the surrounding coolant in the LWR. Even very small localised attacks on the
oxide film could, however, be detrimental for the component. Although the localised attack
would only affect a small area or part of the material, it could still be threatening the safe
operation of the LWR through stress corrosion cracking (SCC). The passive behaviour of the
oxide film could then be important in two ways.

The first is for the localised corrosion attack itself. To have SCC, in addition to a tensile stress
applied to the material, the material must be susceptible to localised attack, e.g. sensitised, and
there must be an aggressive environment causing the attack. Although the actual chemistry is
rather different in Boiling Water Reactors (BWRs) compared to Pressurized Water Reactors
(PWRs) or Water-Water Energy Reactors (WWERS), still the same factors are needed. If the
stressed oxide film is prone to localised attacks via chemical interaction with the coolant
water, so called pitting could develop on the material surface. The pits, formed where the
oxide film is locally the least protective, will establish a local aggressive chemistry in the
bottom of the pit. The weakest spots of the oxide film will hence be the locations where
further attacks to the underlying alloy occur. When a certain depth, normally claimed to be
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approximately 20 um or slightly deeper, has been penetrated in the base alloy, the pit or
incipient attack can develop into a propagating crack if sufficient stress is applied. The
weakest spot in the oxide film is thus transformed into the weakest spot for cracking of the
materials.

The second aspect is the re-passivation kinetics, i.e. the ability to quickly reform a protective
passive layer, which is also important for the development of SCC. If the material does not re-
passivate, the localised attack would be more extended and actually open up the attack area to
allow wash-out of the local chemistry. The re-passivation hence allows for the slightly less
stressed areas of exposed metal to rebuild an oxide which will protect them against further
attack, confining the attack to a small area. This forces the attack to grow into the material
instead of extending laterally and stabilising the local chemistry in a more and more confined
location. In this way the localised attack continues to penetrate the material and keeps the
intergranular or transgranular crack growing by continuously re-establishing the aggressive
chemical conditions until the crack has propagated through the material.

The re-passivation kinetics is always important what comes to SCC in LWR environments.
The weak spots in the film are only important when the tensile stresses do not immediately
crack the brittle oxide film but a localised chemical attack is needed to start the cracking
behaviour. Just as for the general corrosion and the impact of the environment on the
passivation behaviour in general, the environment will be of decisive importance what comes
to the localised attack and the re-passivation kinetics.

2 Goal

The main objective of the present report is to describe the development of a theoretical
predictive model of the oxide film behaviour on structural materials in nuclear power plants in
relation to activity build-up and corrosion phenomena. This model comprises of three parts: a
guantitative treatment of the growth of the inner, or barrier oxide film layer via solid state
transport of matter and charge mediated by the generation, diffusion-migration and
consumption of point defects (interstitial ions and vacancies), a diffusion formalism for the
growth of the crystallites of the outer (porous) layers and an adsorption/surface complexation
model for the processes at the coolant/oxide interface. The model is developed into a
quantitative procedure for the estimation of kinetic, structural and transport parameters and is
compared with experimental data for a range of specific cases covering all the three types of
LWRs -BWRs, PWRs and WWER:s.

3 Description

The typical compositions of the structural materials, the oxidation mechanism of which is
subject to discussion in the present report, are summarized in Table 1 (stainless steels) and
Table 2 (nickel-based alloys).
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Table 1. Composition of stainless steels (weight-%).

Material C Cr Cu Fe | Mn Ni S Si Mo | Other
AISI 304 0.08 | 19 n.q. | bal. 2 9.3 |0.03| 1 n.g. |N:0.1
0X18H10T 0.05| 18 | 0.15 | bal. 2 10.4 [0.03| 0.8 |[n.g.|Ti:0.47

(AIS] 321) C0:0.15
AISI 0.015| 165 | 0.26 | bal. [1.73| 105 [0.002] 0.54 [2.55| N:
316L(NG) 0.056

AlSI 316L 003 | 17 | ng. | bal. | 2 12 10.03] 1 25| N:0.1

Table 2. Compositions of nickel-based alloys (weight-%).

Material C Cr Cu Fe Mn Ni S Si
Alloy 600 | <0.15 | 16 | <05 8 <1.0 | bal. {0.015| <05
Alloy 690 | <0.05 | 30 | <05 9 0.31 | bal. |0.006| <0.5

The basic limitation for the oxide film growth rate on stainless steels and nickel-based alloys
and hence the oxide thickness is the solid state transport rate within the inner, also called
barrier, oxide film layer. Models for such transport have been developed for many years, but
only recently has the modelling reached a sufficient sophistication to allow a reasonably good
guantitative correlation between the modelled values and the growth rates of oxide films on
structural materials in real LWR environments. Such a quantitative model, called the Mixed-
Conduction Model (MCM) is described to some detail in the Theory section of the report.
Also the evolution of the micro- and nanostructure of the inner oxide layer(s) and its influence
on the mechanism(s) of ion transport in that layer is taken into account in a quantitative way.
In the Theory section, an approach to the growth of the outer and deposited layer crystallites
using diffusion formalism is also presented, and the coupling between the models for the
compact and porous layers is discussed. In order to treat the incorporation of coolant-
originating species, this model has to be coupled to an adsorption-surface complexation
approach which is briefly described in the Theory section as well. The associated calculation
procedure that enables the estimation of the kinetic and transport parameters using a
quantitative comparison of the model equations with experimental data stemming mainly
from surface and in-depth characterisation of the oxide films on structural materials by ex-situ
analytical techniques is also outlined. The physical significance and the relevance of the
parameter estimates is described at length in the subsequent section, in which a systematic
review of the calculatory results for oxide films formed both in laboratory and during plant
operation is presented. Finally, the limitations of the proposed integrated model are
summarized and some trends for future research in the field are proposed.

4 Limitations

Since our goal is to compare the predictions of the proposed model with depth profiles of
metallic constituents of the oxides, which are available in the literature for a large range of
specific cases pertinent to LWRs, we do not distinguish between the defects via which
respective metallic constituent is transported through the inner layer of oxide. In the absence
of representative information on the pore diameter and tortuousity of the outer and deposited
layers of oxide, and also of reliable data on the crystallite size of such layers, their growth is
formally treated as a diffusion process in a matrix constituted of the outer layer crystals and
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the electrolyte in between, which precludes at this stage the precise determination of the
kinetic and transport parameters of all the elementary steps involved in the outer layer growth.

5 Theory

5.1 The Mixed-Conduction Model

The MCM is at the conceptual level quite similar to the Point Defect Model (PDM) proposed
and developed by Macdonald and co-workers during the last three decades [1-4]. However,
some basic assumptions made in these models differ to a certain extent. Thus it is worth
summarising the assumptions made within the frames of the MCM:

1. The film consists mainly of oxide and the amount of hydroxide in the film is
negligible. Thus the possible doping of the layer with incorporated hydrogen e.g.
playing the role of electron donor is not taken into account. The stoichiometric
composition of the oxide varies gradually with potential without abrupt structural
changes.

2. Possible ionic charge carriers in the film are anion, i.e. oxygen, vacancies, interstitial
cations and cation vacancies.

3. A certain concentration of oxygen vacancies is maintained in the film, in order to
explain the growth of the film via the inward-motion of oxygen ions.

4. The electric field strength in the film is assumed to be homogeneous and independent
of potential, while the film thickness is assumed to be proportional to the applied
potential. However, very recent thickness measurements indicate that the latter
assumption may not be fulfilled at high temperatures.

5. For the transport of ionic species, the high-field approximation is used at room
temperature and the low-field approximation at high temperatures, i.e. the electric
field strength is assumed to decrease as the film becomes thicker and/or more
defective at high temperatures.

6. An exponential dependence on the local potential drops is assumed at both interfaces
for the interfacial rate constants. However, the potential drop at the alloy/oxide
interface is supposed to be independent on the applied potential, which is in turn
distributed between the oxide bulk and the oxide/electrolyte interface. In other words,
the rates of the reactions at the alloy/oxide interface are not adjusted by the applied
potential but rather by the transport of defects through the oxide.

7. Each ionic point defect in the film plays the role of an electron donor or acceptor. This
means that it is accompanied by an electronic defect that contributes to the electronic
conductivity in the film.

In the MCM the impedance of the metal/film/solution system is a combination of the
impedances of the interfaces and that of the bulk film. For the passive film in the steady state
the interfacial impedances can be usually neglected, because the reactions at the interfaces are
either very fast compared with the transport in the oxide film, or the capacitances
corresponding to these reactions are very large so that the impedances are not distinguishable.
The film impedance consists of the electronic and ionic contributions. Using the general
transport equations given by Fromhold and Cook [5] and defining the appropriate boundary
conditions, the concentration profiles for different ionic charge carriers in the film can be
defined. Further, the electronic conductivity is proportional to the concentration of defects,
and equations describing the electronic conductivity can be derived for both low and high
potentials according to the type of charge carriers having the strongest effect. The transfer
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function for the electronic contribution to the total conductivity and to the film impedance
depending on the film thickness and potential can be derived from an explicit physico-
chemical model, being mathematically equivalent to the formal model of Young [6] for
insulating layers with defect induced conductivity. This makes the bridge to the
chemiconductor model at the conceptual level [7]. The ionic part of the film impedance, on
the other hand, often reduces to a resistance, if the apparent diffusion coefficient is high, or to
a Warburg impedance in the case of a low diffusion coefficient.

The MCM has been successfully used previously to explain the features of several metals and
alloys in the passive region at room temperature [8-11]. A comprehensive description of the
model for structural materials in high temperature aqueous electrolytes such as LWR coolants
is given below.

Taking into account the above assumptions, the basic kinetic scheme of the MCM is shown in
Fig. 1 for the passive film on Fe as an example.

Fem —»Fe(III)Fe Fe(lNe 7> Fe*,,

Fe, —> Vg — Vg — > H,0 Fe*,,
N
\‘|Fe(III)Fe OO'L‘ >‘H+aq
/ k
Fe,0, -
Alloy Oxide Electrolyte

Fig. 1. Basic kinetic scheme of the MCM illustrated for the passive film on iron.

As stated above (assumption 5) because of the increase of their defectiveness, the films at
high temperature are not likely to support the high-field conditions. Thus the steady-state
solutions of the generalised transport equation given by Fromhold and Cook [5] with a low-
field approximation results in equations of the type

_ 96(x) Do zFaE(x)
Jo (¥)=-Do— Co ( ){ e } 1)

These equations together have to be solved with the appropriate boundary conditions in order
to calculate the profiles of defects within the film. In this case, the steady state concentration
profiles of anion and cation vacancies, as well as interstitial cations, can be written as follows:
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where K = FE /RT . For a detailed explanation of the symbols used, the reader is referred to
the Nomenclature section.

The obtained expressions for the concentration profiles of positive (e.g. oxygen vacancies)
and negative (e.g. cation vacancies) defects are illustrated in Fig. 2. They contain exponential
terms that depend on the distance within the film and the applied potential. The latter
dependence is included in the dependence of the interfacial rate constants on potential. This
means that, according to the model, the difference between the distribution of defects in films
formed at room and at a high temperature is only quantitative.

positive defects; negative defects;
low potentials high potentials

positive defects;

high potentials

defect concentration

negative defects;
low potentials

metal/film film/solution
interface interface

Fig. 2. A scheme of simulated profiles of defect concentrations through the oxide film at high
and at low potentials.

5.2 Inner layer growth according to the proposed approximation of the
MCM

According to the MCM [8-17], the inner layer growth proceeds via the sequence of reactions
involving the generation of normal cation positions and injection of oxygen vacancies at the
alloy/film interface, their transport via a diffusion-migration mechanism and subsequent
consumption at the film/electrolyte interface via a reaction with adsorbed water. In parallel to
that process, metal cation dissolution through the film, involving either the generation of
cation vacancies at the outer interface, their transport and consumption at the inner interface,
or generation, transport and release of interstitial cations, respectively, is also expected to
occur. Due to the low solubility of the constituent metals in the high-temperature electrolyte,
the dissolved cations are mainly re-deposited to form the outer layer. Such a situation is
illustrated schematically in Fig. 3 for film growth on stainless steel. In this figure, the
oxidation and dissolution of nickel has been omitted for the sake of simplicity. As will be

@)
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pointed out later in this report, in addition to the inner and outer oxide layers resulting from
the release of cations from the oxide, also a deposited layer formed via adsorption of solution
originating particles onto the oxide surface can exist.

The goal of the present work is to elaborate a calculatory procedure for the determination of
kinetic and transport parameters of individual alloy constituents. Such a procedure is intended
to be validated by comparing the predictions of the model with experimentally measured
depth profiles of oxide constituents, normalised to its total cation content to exclude the
influence of the oxygen profile. In order to reduce the number of variables, we intend to use a
simplified approach scheme presented in Fig. 4. Although it has been presumed that Cr and
Ni are transported through the oxide via vacancies and Fe via interstitial cation sites, at this
point we do not distinguish between the types of the defects via which the respective metallic
constituent is transported through the inner layer of oxide. Thus e.g. the reaction rate constant
at the alloy/inner layer interface for Fe (kire) can be regarded as a sum of the reaction rate
constants of oxidation of Fe producing Fe interstitials (kiire), producing normal Fe positions
and oxygen vacancies (Kzre) and consuming cation vacancies with the simultaneous
production of normal Fe positions (kirem), the same being the case for Cr and Ni and also for
the inner layer/electrolyte interface in the pores of the outer layer. On the other hand, the
diffusion coefficients D¢y, Dge and Dy; can be regarded as characterising the overall transport
of cations through the inner layer resulting either from its growth via generation, transport and
consumption of oxygen vacancies or the dissolution of these cations through the inner layer
via a vacancy or interstitial mechanism.

Voo DO Voo k
4
Fem:/km:e o /O — HZO —H*
Cry |k, Fell, Oo
F Crig, Fe”'KaFe\.F y+
Em Ty D,  cpikKeer o2
Crot 22, Ly Cre——cCr,
1CrM k
ek, Fel—p—Fel m—Fel 0
\Fém | . cri——cr— " Cra
Crm kliCr ﬁ

Steel Inner layer Outer layer Electrolyte

Fig. 3 A scheme of the growth of the inner layer, dissolution of cations through it and
subsequent precipitation of the outer layer of the corrosion film on stainless steel according
to the MCM.



RESEARCH REPORT VTT-R-10525-08

‘478 12 (47)

Steel Inner layer Outer layer Electrolyte

k3Cr DCr,OL

Cr(lll) === Cr(lll) ;===

Dre Kare Dreor
> Fe(X)iLoL > Fe(X)o! :

Kani DuioL
Ni(”)-Ni(”)OL—

IL/OL

Fig. 4 A simplified scheme of the growth of the inner and outer layers of the film formed on a
structural material according to the proposed simplified approach. For details see text.

Mathematically, we treat the problem in conceptual analogy to the approach presented in Ref
18, where the depth profile of W in a binary Ni-W alloy has been calculated on the basis of
the PDM. The depth profile of a metallic oxide constituent j = Fe, Cr,Ni, etc., can be
expressed as the dependence of its molar fraction, y;=c;jVmwmo, 0n the distance within the inner
layer, where ¢; is its molar concentration and Viymo the molar volume of the phase in the
layer. Respectively the transient diffusion-migration equations for each component read as

ayFe _ D 82yFe + XFEDFe ayFe
- “Fe 2
ot OX RT OX

2 _
ayCr _ D a yCr +3FEDCr 8yCr (3)

ot o2 RT  ox

ayNi _ D 82yNi + 2FEDN| ayNi
- Ni 2

ot OX RT OX

where X stands for the nominal valency of Fe in the oxide, which is close to 2.67 in the
passive region and close to 3 in the transpassive region. The boundary conditions at the
alloy/film and film/electrolyte interfaces, as well as the initial conditions can be written as

yFe(Xl 0) = Yeea yCr(X' 0) = Yerar Yni (X,O) = Ynisa
Yee (O,t) = Yrear Yor (0,'[) = Yerar Yni (0,'[) = Ynia

k
Yre (I—, ,t) — _1Fe Yrea 1 . R_T (4)
Vm,MO k3Fe XFEDFe
Kyni Yo
yNi (L| ,t) = INi le,a 1 N R_’T
Vm,MO k3Ni ZFEDNl
k
yCr (L| 1t) = 1Cr yCr,a 1 N F\iT
Vomo | Kier  3FED,

where x = 0 at the alloy/film interface and x = L; is the film/coolant or inner layer/outer layer
interface, L; being the inner layer thickness.
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At this stage of the modelling, we do not consider the existence of a transition layer between
the bulk alloy and the alloy/oxide interface in which the composition of the underlying alloy
is modified. In other words, the respective mass fractions at the alloy / film interface are taken
as equal to the fractions in the bulk alloy. Albeit admittedly a crude simplification, this
assumption facilitates the computations markedly. The introduction of the transition layer at a
later stage of this work is, however, conceptually straightforward. Another simplification
introduced at this point is that at t=0, there is no oxide on the surface, which means that the
thin barrier layer formed via the transformation of the airborne oxide during heat-up is
neglected. The boundary conditions at the film/electrolyte interface are given by the steady-
state concentrations of the respective metallic constituents at that interface obtained by the
steady-state solution of the transport equations.

5.3 An approach to the outer layer growth

The outer layer is presumed to grow via the precipitation of material that is dissolved from the
substrate through the inner layer of oxide. This is admittedly a simplification with regard to
the real plant conditions, in which the composition of the coolant water adjacent to the outer
layer plays an important role. The growth of the outer layer is a multistep process that
involves the dissolution reaction at the inner layer/solution interface, already described above
by the reaction steps ks; (i = Fe, Cr and Ni), liquid phase transport through the pores of the
outer layer, supersaturation and re-precipitation of cations both at the pore walls and at the
outer layer/electrolyte interface and hence outer layer crystal growth. In the absence of
representative information on the pore diameter and tortuousity, and also of reliable data on
the crystallite size of the outer layer, the growth of this layer can be formally treated as a
diffusion process in a matrix constituted of the outer layer crystals and the electrolyte in
between. Similar treatments for a porous oxide layer have already been presented [19] and
discussed in relation to incorporation of foreign species into the growing film on construction
materials in nuclear power plants [20]. It has to be stressed, however, that the approach to
porous layer growth outlined in the present paragraph is purely formal and it can not be
considered analogous to the solid-state growth mechanism of the inner layer discussed in
previous paragraphs.

Since the outer layer is not continuous, but rather represents a system of discrete crystallites
with electrolyte in the pores, the role of the potential gradient in this layer can be considered
negligible with respect to the concentration gradient. Thus, to calculate the depth profile of a
certain cation in the outer layer, the following system of equations has to be solved:

ayFe,OL — D azyFe,OL

8’[ Fe,OL axz
Ner, 0" Yer,

“o o, ®)
ayNi,OL — D ) azyNi,OL

8’[ Ni,OL aXZ

The boundary conditions at the inner interface of the outer oxide layer are identical to those
used as outer boundary conditions at the inner layer / electrolyte interface (see eqn. (4)),
which ensures the continuity of the composition of the whole film as usually found by ex-situ
analytical techniques.
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It also reflects the implicit assumption that the material dissolving at the inner layer/solution
boundary is effectively re-deposited to form the outer layer. In the actual in-plant case, on the
contrary, we probably will not have a confined system which possibly affects the model by
introducing additional terms for solution-originating Fe, Cr and Ni cations that are able to
incorporate in the outer layer. This possibility is taken into account by introducing formal
reaction rate constants at the boundary of the outer layer with the coolant, ko (i=Fe,Cr, Ni
etc.). These can be regarded as rate constants for release when the solubility limit of a
respective cation is not reached, and rate constants for deposition if this solubility limit is
exceeded. Thus the boundary conditions at the outer layer/coolant interface, x = L, where L,
is the outer layer thickness, are defined as follows

Ve (L 1) = KareYee (L)
kOLFe

" (6)

yNi(L07t) =

OLNi
r y r (LI ! t)
yCr (Lo , t) — kiCC—
I(OLCr
In the following, a steady-state is assumed, i.e. the formal reaction rate constants at the outer

layer/coolant boundary are adjusted by thermodynamic values, stemming from the respective
solubilities of Fe,Cr, Ni etc. [22].

54 Adsorption and surface complexation of solution-originating cations

The first step in the interaction between an oxide and a solution-originating cation is
adsorption on the outer surface of the oxide, which is treated using the surface complexation
approach. The surface hydrolysis of an oxide in hydrothermal conditions, e.g. magnetite,
trevorite or hematite, can be described in terms of the 1-pK surface complexation model, in
which a single surface protonation step is required [21]

= Fe-OHY?* == Fe-OY* + H*, K (7)

The mass-action equation for reaction (7) is given by

o [=Fe-0"* |e ™/ [H] [=Fe-O¥][H" |e ™™ .
a [E Fe_OH]2/2+:|e%Fy//RT - [E Fe-OHZ”] 8)

where y is the electrostatic potential at the interface (where the surface protons are located).

The actual value of the electrostatic potential depends on the chosen surface charging model,
such as Diffuse Layer Model (DLM) or the Constant Capacitance Model (CCM).

The basic species for 1-pK model is = Fe-OHf/z, by which both charged species in reaction
(7) are written as

= Fe-OH"* ==Fe-OH;), +1H", K
=Fe-0"* +1H" ==Fe-OH,),, K=1

I

9)

and the mass-action equations for above reactions are given by
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- [=Fe-oHS, [HT
" [=Fe-oH¥ Jeif/M

[=Fe-OHY, |
[E Fe-OY* ] o 3FV/RT [Hj%

(10)
1=

The total concentration of surface sites is calculated as the sum of neutral and charged species

T

Fe.OHY2 — I:E Fe-OHf/z]+[E Fe-OHW*].;-[E Fe-O”Z']
2 -LFy [RT
=[z Fe-OH;Z] 1+[ ] e 4 ;1 (11)
K, [H+]2 o BFY/RT

The surface charge density is accordingly

[+ Ja-Fw/RT
q, =%{[E Fe-OHY> | -[ = Fe-O]/Z':'}:_TFe-OHW Ky =[H" Je™

2 Ka(1+[H+]5e‘%F‘”/RT){Hje-FWRT (12)

At this point, a phenomenological dependence between the surface charge and potential has to
be added. Within the frames of the DLM the dependence is given by

266, xkRT . F
o, =a,00, = —OTsmh (z%}

where

1
1000F?1 )2
K=2| ——
eg,RT

where x is the Debye parameter (inverse thickness of the diffuse layer), a, is the specific
surface area of the sorbent, p is its density, ¢ is the dielectric constant, &, is the permittivity

of vacuum, and I is the stoichiometric ionic strength. Within the frames of the 1-pK surface
complexation approach, the interaction of a coolant-originating cation M** with the oxide
surface is written as

= Fe-OM(OH)"™ +2H" == Fe-OH’, + M* +H,0, K

55 Incorporation of solution-originating cations in the oxide

In order to predict quantitatively the depth profile of a solution-originating cation that is
incorporated into the inner layer, we need to add the associated diffusion-migration equation
for the non-steady state transport of that cation, e.g. for Zn
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oc,,
ot

d’c,, 2FED, éoc,,
OX? RT  ox

= DZn

(13)

to the system of equations (3) and solve the extended system subject to the boundary
conditions (4). The boundary condition at the inner layer/outer layer interface is given by the
enrichment factor K -defined as the ratio between the concentration of Zn at that interface

enr,zn.i

and the Zn concentration in the water: y, (L,t) =K, ,.iC,,(sol). A reflective boundary

condition is used for Zn at the alloy / inner layer interface since there is usually no Zn present
in the alloy substrate.

If, in addition, the solution-originating cation is present in the alloy substrate, such being the
case with Co, Mn, etc., the boundary condition at the inner layer/electrolyte interface is
written as

K.Y 1 RT
L t) = K, oy :Coo (SOI) + 2202 +—=
yCo( i ) enr,Co,i Co( ) V k3CO ZFEDCO

Within the frames of the formal model for the outer layer growth, the depth profile of e.g. Zn

in the outer layer can be predicted by solving the system of equations (5) extended with a
corresponding equation for Zn:

82 yZn,OL

0
Ymol = DZn oL 2 (14)
’ X

ot

The boundary condition at the outer layer/water interface is set by the corresponding
enrichment factor for the respective component at that interface, e.g. for Zn:

yZn(Loit) = Kenr,Zn,oCZn (SOI) .

5.6 Description of the calculation procedure

First, the position of the metal/film interface is determined by a sigmoidal fit of the
experimental profile of the atomic concentration of oxygen obtained by the respective
analytical technique - Auger Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy
(XPS), Glow Discharge Optical Emission Spectroscopy (GDOES) or Secondary lon Mass
Spectroscopy (SIMS). Then, the profiles of the mass fractions of main metallic elements are
normalised to the total metallic content of the film and the respective profiles are recalculated
with the estimated position of the metal/film interface taken as zero. Whenever evidence of
the presence of an outer layer has been found in the experimental profiles, the approximate
position of the inner layer/outer layer interface is calculated by sigmoidal fits of the
experimental profiles of the main metallic constituents of the alloy — Fe and Cr for stainless
steels, or Ni and Cr for nickel-based alloys.

As a first step of the calculation, the system of equations (3) is solved subject to the initial and
boundary conditions (4) using a Crank-Nicholson method in order to obtain the compositional
profiles in the inner layer. In the cases when an outer layer is present, the inner layer thickness
has been subtracted and the inner/outer layer boundary is taken as a new zero. Then the
system of equations (5) is solved with the respective boundary conditions at the inner
layer/outer layer interface similar as those used in (4). The boundary conditions at the outer
layer / electrolyte interface are at this point assumed to be equal to the experimentally found
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stoichiometry of the outermost layer of oxide as determined by the respective ex-situ
technique. The surface composition has been found to be in reasonable agreement with
thermodynamic calculations of the solubility of the respective oxide phases discussed by other
authors [22]. As a final step, the calculated profiles for the normalised mass fractions of the
inner and outer layers are combined in order to compare the model predictions with the
experimental results in a convenient way. It has to be stressed that the outlined procedure does
not represent an optimisation method per se, but rather a manual search for the best possible
match between the experimental and calculated profiles by a trial-and-error method. In that
respect, the possibility of another set of parameters furnishing an equally good fit to the
experimental data can not be excluded. Proofs of the reliability of the estimated kinetic and
transport parameters are sought a posteriori by computing further characteristics of the
systems under study. The adopted procedure of validation of the model is described below,
using results from ex-situ characterisation of oxides formed on stainless steels and nickel-
based alloys in both real (in-reactor) and simulated BWR, PWR and WWER coolant cases.

6 Results and Discussion

6.1 Pressurised Water Reactor case

6.1.1  Effect of exposure time and Zn addition on the kinetic parameters of
film growth on AISI 304 stainless steel

The experimental and calculated depth profiles of the mass fractions of Fe, Cr and Ni in the
oxides formed on AISI 304 stainless steel in simulated PWR water without Zn addition at
260°C for 5000 and 10 000 h are shown in Fig. 5. The corresponding profiles obtained in
simulated PWR water with the addition of 30 ppb of Zn after 1000 and 10 000 h of oxidation
are presented in Fig. 6. Double-layer oxides are formed in both environments, the inner layers
being slightly enriched in Cr whereas the outer layers contain mostly Fe and Ni. The oxides
formed in the presence of Zn are significantly thinner than those in the absence of Zn, and
significant amounts of Zn are incorporated in the outer part of the inner layer. The profile of
Zn in the inner layer follows to a certain extent that of Cr, and the enrichment of Cr in the Zn-
doped inner layers is more significant than that in the inner layers formed in the absence of
Zn. The outer layer is significantly thinner than the inner layer in the presence of Zn,
especially for a 10 000 h of exposure.

The calculated profiles (shown in the figures with solid lines) match sufficiently well the
experimental ones, except for the profile of Zn in the vicinity of the alloy/inner layer
interface. This could be due to sputtering effects since no Zn is expected to be present in the
base alloy. The values of the kinetic parameters calculated from the simulation are shown in
Fig. 7 (rate constants at the alloy/inner layer and inner layer/electrolyte interfaces) and Fig. 8
(diffusion coefficients in the inner layer and formal diffusion coefficients of the growth of the
outer layer, respectively).

The profiles obtained after 5000 and 10000 h of exposure in an electrolyte without Zn are
reproduced with a rather homogeneous set of parameters, this being especially true for the rate
constants at both interfaces. The rate constant for oxidation of Cr at the inner interface is the
highest whereas the corresponding rate constant for dissolution of Cr at the outer interface is
the lowest, which results in the observed Cr enrichment in the outer part of the inner layer.
The opposite is true for Fe which is preferentially leached from the inner layer and
subsequently redeposited to form the outer layer, as observed in the profiles.
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Fig. 5 Experimental (points) and calculated (solid lines) XPS depth profiles of the mass
fractions of Fe,Cr, and Ni in the films formed on AISI 304 during a 5000 h (left) and 10 000 h
( right) exposure to a simulated PWR water at 260 °C. The inner layer / outer layer boundary
indicated with a vertical line. Experimental data from Ref. 23.
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Fig. 6 Experimental (points) and calculated (solid lines) XPS depth profiles of the mass
fractions of Fe,Cr, Ni and Zn in the films formed on AlSI 304 during a 1000 and 10,000 h
exposure to a simulated PWR water with the addition of 30 ppb Zn at 260 °C. The inner layer
/ outer layer boundary indicated with a vertical line. Experimental data from Ref.24.

The effect of Zn on the kinetic and transport parameters is significant, especially on the
diffusion coefficients in the inner layer and the formal diffusion coefficients depicting the
growth of the outer layer of oxide. In other words, when the film grows in an electrolyte
containing Zn, the transport rate in the inner layer of oxide has been reduced by a factor of 3-
4, and the growth of the outer oxide is almost totally suppressed, especially for longer
oxidation times (Fig. 8).

The decreasing effect of Zn on the kinetics of the interfacial reactions is comparatively
weaker, with one notable exception — in solutions containing Zn, the rate constant of Fe
dissolution from the inner layer is somewhat larger than that in electrolytes without Zn
addition (Fig. 7). It is tempting to assume that Zn is substituted for divalent Fe, thus expulsing
the latter from the oxide, as already discussed by several authors [24-26].
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The following line of reasoning is proposed to explain these observations. If the incorporation
of Zn at the inner layer/electrolyte interface occurs via filling of available empty cation

interstices V, and/or cation vacancies V,, :
2+ oo
Vi +Zn, — Zn; (15)
Vy +Zni —Zn,, (16)

then the concentration of these defects at the interface will decrease. In order their steady-state
concentration to be maintained, an additional amount of Fe (the main element of the alloy)
has to dissolve according to the reactions

Fe*™ — Fe;q+ +V, +(x—-2)e’ a7
Fer, > Felr +V,, +(x—X)e' (18)

According to the model described above, the sum of the rate constants of the reactions (17)
and (18) is equal to the rate constant ksge, Which is observed to increase with the addition of
Zn to the electrolyte. Further incorporation of Zn in the bulk of the inner layer will lead to a
decrease of the concentration of defects, and also their mobilities, within the oxide. This in
turn explains the much smaller values of the diffusion coefficients of inner layer constituents
when the film is grown in solutions that contain Zn.

The sum of the reactions (15)-(18) can be written as an equilibrium exchange between a Fe
cation in the inner layer of oxide and a Zn aquoion in the electrolyte, in analogy with what has
been proposed in Ref. 24:

2+ X+
I:einner layer + Znaq ;) Feaq + Zninner layer (19)

Alternatively, the first step of Zn incorporation in the oxide can be written as a surface
complexation reaction [21]

= Fe—OHJ, +Zn}; =2=Fe—-0Zn"* + H" (20)

The equilibrium constant of this reaction on magnetite has been estimated to be 41.7 at 280°C
using the constant capacitance model to quantitatively interpret high-temperature titration data
on magnetite surfaces in simulated PWR water [27]. The equilibrium constant can be also
estimated from the present results using data on the mass fractions of Zn and Fe at the inner
layer/electrolyte interface (Fig. 6), the surface site concentration on magnetite estimated
earlier from titration data (1.75 x 10 mol cm™) and the speciation of soluble Zn in the
electrolyte calculated using literature data [27]. A value of 60£10 is obtained, in reasonable
agreement with the surface complexation calculations. It can be concluded that the first step
of Zn incorporation into the oxide is described adequately by the surface complexation model
and equation (20). It is worth noting that recent estimates of the surface site concentration and
the point of zero charge of trevorite in hydrothermal conditions [28] demonstrate that the
above interpretation remains valid also for the interaction of Zn with trevorite.
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Fig. 7 Dependence of the rate constants for inner layer constituents at the alloy/inner layer
(left) and inner layer/electrolyte (right) interfaces on time of exposure and Zn addition.
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Fig. 8 Dependence of the diffusion coefficients of inner layer constituents (left) and formal
diffusion coefficients depicting the growth of the outer layer (right) on time of exposure and
Zn addition.

6.1.2  Effect of Zn on in-reactor Co incorporation in the oxide on stainless
steel

The effect of Zn on the incorporation of radioactive matter (e.g. Co) from the coolant into the
oxides formed on stainless steels and nickel-based alloys has been thoroughly investigated by
the Halden Reactor project [29-31]. Both fresh and preoxidised samples have been exposed to
PWR in-plant conditions (1000 ppm B, 3 ppm Li, 320 °C, pHsgoc = 7.1, soluble Zn either 0 or
ca. 50 ppb, soluble Co ca. 0.05 ppb), the duration of each exposure phase being ca. 100
Effective Full Power Days (EFPD). The SIMS depth profiles for Fe,Cr, Ni, Co, Mn and Zn in
the films obtained after the first and third exposure phase on fresh AISI 304 sample in the
presence of 50 ppb Zn in the water are shown in Fig. 9 together with the profiles calculated
using the present model. The kinetic and transport parameters estimated from the calculation
are collected in Fig. 10. The following conclusions can be drawn on the basis of the parameter
values:

e The set of parameters used to simulate the in-reactor film growth and restructuring on
AISI 304 is fully compatible with that used for the simulation of the growth and
restructuring on the same steel in laboratory conditions (see previous paragraph). This
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demonstrates the feasibility of the present model also for the interpretation of in-
reactor data.

The equilibrium constant of Co incorporation via a reaction analogous to (20) was
estimated to be close to 1, which agrees by order of magnitude with the value
calculated on the basis of high-temperature titration data and the surface complexation
model [27], whereas the corresponding value for Zn incorporation was again of the
order of 50, confirming the earlier calculations and demonstrating once again the
higher affinity of Zn towards the surface oxide.

The main effects of Zn are on the values of the diffusion coefficients in both layers
and to a certain extent on the values of the rate constants at the outer interface. This
can be interpreted as a modification of both the oxide surface and the bulk oxide by Zn
addition.

Oxide growth/restructuring and incorporation of Co in the oxide are retarded by Zn
incorporation. This could be related to the formation of new Zn-containing phases in
both the inner and outer layers, as discussed also by other authors [24-26,31].

The SIMS depth profiles for Fe,Cr, Ni, Co and Zn in the films obtained after in-reactor
exposure of a preoxidised AISI 304 sample to PWR water in the presence or absence of Zn
are shown in Fig. 11 together with the corresponding profiles calculated by the model. The
Kinetic and transport parameters estimated from the calculation are collected in Fig. 12. On
comparing the parameter values for the fresh and preoxidised samples, it can be concluded

that:

Incorporation of Zn in already existing oxides is slower,and the layer restructuring is
less pronounced. The diffusion coefficients in the inner layer formed in the presence
of Zn on the preoxidised samples are ca. 50% lower than those formed on the fresh
sample, and when the Zn-doped oxide is once again exposed to Zn-free PWR water,
their initial values are restored. This means that the incorporation of Zn in pre-existing
oxides is to a great extent reversible, thus less effective in suppressing further oxide
growth and incorporation of solution-originating Co.

There is no appreciable difference between the values of the apparent diffusion
coefficients in the outer layer in both cases, with the notable exception of the diffusion
coefficient for Co - when Zn is added, D¢, 0. decreases to a half of its value before Zn
addition. Thus Zn addition suppresses incorporation of Co in the outer layer as well.
The value of the rate constant ks is once again much higher in the presence of Zn
which could be interpreted as if the exchange reaction of Zn for Fe being efficient
enough for preoxidised samples as well and its mechanism being essentially unaltered.
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Fig. 9 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe,Cr, Ni, Co, Mn and Zn in the films formed on AISI 304 after the exposure to ca. 100
and 300 EFPD (125 and 336 days) in the Halden Reactor, PWR coolant conditions. The
inner layer / outer layer boundary indicated with a vertical line. Experimental data taken
from Refs 29-31.
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Fig. 10 Dependence of the rate constants at the steel/inner layer interface (above left), the
inner layer/electrolyte interface (above right), diffusion coefficients of inner layer constituents
(below left) and formal diffusion coefficients depicting the growth of the outer layer (below
right) on time of exposure. 50 ppb Zn added from the beginning of exposure.

125

A summary plot of the estimated values of the field strength in the inner layer of the oxide on
AISI 304 is given in Fig. 13. The values of the field strength in the inner layers formed or
restuctured in the presence of Zn in the water are somewhat higher than those in the absence
of Zn, and a slight decrease of this parameter with time of exposure is observed. Overall, the
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effect of both time of exposure and Zn addition to the electrolyte is small and the field
strength can be considered essentially constant, its values being in agreement with what has
been calculated earlier by us in the same temperature range [17]. The values of the field
strength are in general rather low and confirm the validity of the low-field approximation used
to derive the model equations in the Theory section.
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Fig. 11 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe, Cr, Ni, Co, Mn and Zn in the films formed on AISI 304 during a 100 day exposure with
no Zn addition (above left), followed by a 237 day exposure to 50 ppb Zn (above right) and
another 230 day exposure with no Zn addition (below). The inner layer / outer layer boundary
indicated with a vertical line. Experimental data taken from Refs 29-31. Data for Mn for the
second exposure to Zn-free coolant not available.

Further proof for the validity of the model comes from Fig. 14, in which the inner layer
thicknesses for the oxides formed on AISI 304 in both simulated and in-reactor PWR water in
the absence or presence of Zn are compiled as depending on exposure time (data from Refs.
23-34). In the figure, experimentally determined thickness values are compared with the
thickness calculated according to the relationship proposed within the frames of the PDM and
MCM [3,17]

1 - =l
L(t) = L(t= 0)+E|n[1+vwo(kmyma Ky Yroa + Koy Yupa D61

_ 21
_ 3o,FE @)

RT

b




24 (47)

RESEARCH REPORT VTT-R-10525-08

noZn

(MM Mn
no Zn

Co

V7 Fe
C_r

22 /
AMMIIANIIIIIIIIITIIDEGEDBDS IDDDDWUOWWWSE

50 ppb Zn

722222222222

50 ppb Zn

AT

film interface are similar and equal to a4 and the values of the rate constants are taken from
Fig. 7, Fig. 10 and Fig. 12. Notwithstanding the fact that the compilation of data is stemming

from exposure to slightly different experimental conditions, the solid lines shown in Fig. 14
predictions, which is encouraging taking into account the fact that no further adjustment has

demonstrate the fair agreement between the experimentally estimated thicknesses and model
been made.
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Fig. 13 Summary of the field strength values for the inner layer on AlSI 304 calculated from
the comparison of the model equations to the data in Fig. 5,Fig. 6,Fig. 9 and Fig. 11.
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Fig. 14 Inner layer thickness vs. time data for AISI 304 in simulated and in-reactor PWR
water with or without Zn addition at 260-300 °C (symbols) and calculated curves according
to the model (solid lines).

6.1.3  Effect of exposure time and Zn addition on the kinetic parameters of
film growth on nickel-based alloys

Knowledge of the oxidation processes on Ni alloys in a PWR coolant is of major importance
for at least two practical reasons: (i) the radioactivity of the primary circuit is primarily due to
cations released by corrosion of the steam generator tubes made mainly of nickel-based alloys
and (ii) the oxidation process is important in the mechanisms of the initiation of intergranular
stress corrosion cracking in Alloys 600, 82 and 182. Understanding the root causes of this
cracking should also allow the safety margins offered by the Alloys 690, 52 and 152, which
have replaced the former ones, to be evaluated more accurately. Very recently, unique
experiments and new data on the initial stages of passive oxide film growth on nickel-based
Alloys 600, 690 and 800 in a simulated PWR coolant using a micro-autoclave technique
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combined with ex situ XPS and STM characterisations have been reported [35-37]. A
preliminary treatment of these data in terms of the MCM using a set of parameters calculated
from fitting of electrochemical impedance spectroscopic data on binary Ni-15%Cr and Ni-
20%Cr alloys has been presented and discussed in Ref. 16. Further treatment of these and
associated data to extract the full set of model parameters as depending on exposure time and
also Zn addition to both simulated and in-reactor PWR water is given in the present chapter.

Fig. 15 shows XPS depth profiles of the mass fractions of Ni, Cr and Fe in the oxides formed
on Alloy 600 in simulated PWR water (2 ppm Li, 1200 ppm B, partial pressure of H; 0.3x10°
Pa) for 20 and 100 h at 325°C [35] together with the corresponding profiles calculated by the
model. XPS depth profiles for the oxides on Alloy 600 stemming from experiments involving
much longer oxidation times in simulated PWR water with and without the addition of 30 ppb
of soluble Zn at 260°C [38,39] are presented in Fig. 16 and Fig. 17, respectively. The
parameters used to reproduce the experimental profiles are collected in Fig. 18. On the other
hand, XPS depth profiles of the mass fractions of Ni, Cr and Fe in the oxides formed on Alloy
690 in simulated PWR water for 20, 50 and 100 h at 325°C are summarized in Fig. 19, and
the corresponding parameters used to calculate the profiles are collected in Fig. 20-Fig. 21.
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Fig. 15 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe, Cr, and Ni in the films formed on Alloy 600 in simulated PWR water for 20 h (left) and
100 h (right). The inner layer / outer layer boundary indicated with a vertical line.
Experimental data taken from Ref. 35.

Concerning in-reactor exposure, SIMS depth profiles for Fe, Cr, Ni, Co and Zn in the films
obtained on a fresh Alloy 690 sample after the first and third exposure phase of the Halden
reactor project experiment discussed above in the presence of 50 ppb Zn in the water are
shown in Fig. 22 together with the profiles calculated using the present model. The kinetic
and transport parameters estimated from the calculation are collected in Fig. 23 and Fig. 24.
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Fig. 16 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe, Cr, and Ni in the films formed on Alloy 600 in simulated PWR water for 5000 h (left)
and 10000 h (right). The inner layer / outer layer boundary indicated with a vertical line.
Experimental data taken from Ref. 38.
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Fig. 17 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe,Cr, Ni, and Zn in the films formed on Alloy 600 in simulated PWR water with 30 ppb Zn
for 5000 h (left) and 10000 h (right). The inner layer / outer layer boundary indicated with a
vertical line. Experimental data taken from Ref. 39.

Several differences can be noticed between the estimated parameter values for the oxides on
stainless steels and nickel-based alloys when comparing Fig. 7, Fig. 8, Fig. 10,Fig. 12, Fig.
18, Fig. 20, Fig. 21, Fig. 23 and Fig. 24:

e The differences between parameters for oxides on Alloys 600 and 690 is not very
significant, the only important difference being observed for the diffusion coefficients
in the inner layer (Fig. 21, left). In general it can be stated that the values of the
parameters on Alloy 690 are somewhat larger and their time evolution more
pronounced. The lower diffusion coefficients in the inner layer on Alloy 600 can be
tentatively explained by the unavailability of Cr from the alloy layer underneath the
oxide, which retards film growth, as suggested in Refs. 35-37.
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The diffusion coefficients of individual constituents of the inner layer are significantly
(more than an order of magnitude) smaller for the oxides formed on nickel-based
alloys, which explains the much slower growth and restructuring of the corrosion
layers on these materials when compared to stainless steels. This fact can be in general
explained by the composition of the inner layer, which is close to chromium oxide
(Cr,03) for nickel-based alloys, whereas it can be considered as close to the normal
spinel chromite (FeCr,O4) on stainless steels. The diffusion coefficients in spinel
structures are in general much larger than those in corundum structures as that of
Cr,0s.

There is also a very significant difference between the formal diffusion coefficients of
the outer layers formed on stainless steels and nickel-based alloys which amounts to
more than two orders of magnitude in certain cases. A tentative explanation for this
observation could be that the growth mechanism of the outer layer on nickel-based
alloys (which consists of NiO or Ni(OH),, or a mixture of the two and NiFe;Q,) is
closer to a solid-state process, whereas the outer layer on stainless steels (consisting
mainly of trevorite NiFe,O, doped with Cr) grows via a dissolution-precipitation
reaction resulting in comparatively large crystals with electrolyte in between.
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Fig. 18 Dependence of the rate constants at the alloy 600 / inner layer interface (above, left),
inner layer/electrolyte interface (above,right), diffusion coefficients of inner layer constituents

(below
time of

left) and formal diffusion coefficients for the growth of the outer layer (below right) on
exposure to simulated PWR water with or without Zn addition.

On the other hand, the differences between the interfacial rate constants at the inner
and outer interfaces are much smaller, although there is some tendency for a decrease
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of the rate constants at the inner layer /electrolyte interface from the oxide on stainless
steels to that on nickel-based alloys. Thus the mechanism of the interfacial reactions
does not seem to be altered remarkably by the transition of the main element in the
alloy from Fe to Ni.

Concerning the effect of Zn on the oxide growth and restructuring, it can be stated that the
effect is much smaller on the oxides formed on Ni-based alloys than on those formed on
stainless steels, even if the amounts of incorporated Zn especially in the outer part of the inner
layers on both types of materials are not very different. It can be argued that the incorporation
of Zn in a Cr,03 type structure does not lead to such a large alteration of the properties of such
phase when compared to the incorporation of Zn in FeCr,O,4 type oxides.

Indeed, by examining the values of the diffusion coefficients of inner layer constituents of the
oxide on nickel-based alloys, it can be concluded that the time of exposure has a much larger
influence on the values than the addition of Zn to the electrolyte. In order to explain the effect
of film aging on its properties, the effect of microstructure has to be considered.
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Fig. 19 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe,Cr, and Ni in the films formed on Alloy 690 in simulated PWR water at 325 for 20 h
(above, left), 50 h (above, right) and 100 h (below). The inner layer / outer layer boundary
indicated with a vertical line. Experimental data taken from Ref. 35.
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Fig. 20 Dependence of the rate constants at the alloy 690 / inner layer interface (left) and the
inner layer/electrolyte interface (right) on the time of exposure of Alloy 690 to simulated PWR
water (full symbols). The values for the oxide on Alloy 600 are shown with open symbols for
comparison.
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Fig. 21 Dependence of the diffusion coefficients of inner layer constituents (left) and formal
diffusion coefficients for the growth of the outer layer (right) on the time of exposure of Alloy
690 to simulated PWR water (full symbols). The values for the oxide on Alloy 600 are shown
with open symbols for comparison.

In the simplest treatment, the effective diffusion coefficient can be expressed as a
combination of the diffusion coefficients in the grain interior and at the grain boundary

Deff = (1_ fgb)Dgi + fgb ng (22)

where for the fraction of grain boundaries the following equation holds as a first
approximation

35,
fo = Y (23)
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where &, is the grain boundary width (of the order of 1 nm) and @ is the grain size of the

oxide in question. An additional explanation for enhanced conduction at boundaries is related
to the formation of space charge regions in the grain areas adjacent to the boundaries. As
charged species and defects tend to segregate to the grain boundaries to lower the strain and
electrostatic energy of the system, the boundary charges are compensated by the formation of
space charge in the adjoining grain areas. If a bulk defect with a high mobility is accumulated
in the space charge region, the overall conductivity of the solid should increase. The width of
the space charge region can be linked to the space charge screening length

ee KT
L, = 0 24
0=\ (24)

Using typical values for e=20, T=573 K and a bulk concentration of the high mobility carrier
N =5 x10"°cm™, we arrive at L, =5 nm, which can be substituted for 5, in equation (23).

Using data from Refs. 35-39, an increase of grain size of the oxide on Alloy 600 from 10 to
30 nm is adopted for oxidation between 20 and 5000 h, and a corresponding decrease of the
fraction of grain boundaries from 0.3 (at 20 h) to 0.1 (at 5000 h) is obtained from equations
(23)-(24). Using the calculated value of the diffusion coefficient e.g. for Ni after 20 and 5000
h of oxidation (Fig. 18), the grain interior diffusion coefficient is estimated as 10%° cm?® s in
good agreement with an extrapolation of the diffusion coefficient of Ni for dry oxidation in
the intermediate temperature range [40]. Although this can be considered as a proof for the
validity of the present approach to the heterogeneity of the inner layer of oxide as a transport
medium, the availability of grain size data for the inner corrosion layers in high-temperature
water is not sufficient to generalize this treatment for other structural materials.
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Fig. 22 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe, Cr, Ni, Co and Zn in the films formed on Alloy 690 during the first and second
exposure to ca. 100 Effective Power Days in the Halden Reactor, PWR coolant conditions.
The inner layer / outer layer boundary indicated with a vertical line. Experimental data taken
from Refs 29-31.
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Fig. 23 Dependence of the rate constants at the Alloy 690 / inner layer interface (left) and
the inner layer/electrolyte interface (right) on the time of exposure of Alloy 690 to PWR
water containing 50 ppb of Zn.
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Fig. 24 Dependence of the diffusion coefficients of inner layer constituents (left) and formal
diffusion coefficients for the growth of the outer layer (right) on the time of exposure of Alloy
690 to PWR water with 50 ppb of Zn.

A summary plot of the estimated values of the field strength in the inner layer of the oxide on
Alloys 600 and 690 is given in Fig. 25. For short exposure times, the values of the field
strength in the inner layer formed in the presence of Zn in the water are somewhat higher than
those in the absence of Zn. Furthermore, a significant decrease of this parameter with time of
exposure is observed. It is also worth noticing that the field strength in the inner layers on
nickel-based alloys is considerably higher than that on stainless steels at short exposure times,
which is in agreement with our previous calculations based on quantitative treatment of
electrochemical impedance spectroscopic data [15,16]. If it is assumed that the space charge
regions near grain boundaries determine the conduction through the oxide via a diffusion-
migration mechanism, the decrease of the field strength in the inner layer with time of
exposure can be tentatively attributed to the increase of the space charge screening length
with time of exposure, which is tantamount of a decrease of the density of current carriers in
the space charge regions.
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Fig. 25 Summary of the field strength values for the inner layer on A600 and A690 calculated
from the comparison of the model equations to the data in Fig. 15, Fig. 16, Fig. 17 and Fig.
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Fig. 26 Inner layer thickness vs. time data for nickel-based alloys in simulated and in-reactor
PWR water with or without Zn addition at 260-325°C (symbols) and calculated curves

according to the model (solid lines).

The inner layer thicknesses for the oxides formed on Alloys 600 and 690 in both simulated
and in-reactor PWR water in the absence or presence of Zn in the water are compiled in Fig.
26 as depending on exposure time (data from Refs. 29-31, 35-39,41,42). In the figure, the
experimentally determined thickness values are compared with the thickness calculated
according to equation (21). Once again a reasonable agreement is obtained without any
further adjustment of parameters, which demonstrates the ability of the model to predict the
kinetics of growth of the oxide on nickel-based alloys as well.
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6.2 Water-Water Energy Reactor case

Fig. 27 shows Glow Discharge Optical Emission Spectroscopic (GDOES) depth profiles of
the constituent elements of the oxide films on AISI 316L and 0X18H10T stainless steels
exposed for 8600 h to a WWER coolant ((1200 ppm B, 15 ppm K, 15 ppm NHg, dissolved H,
40 cm®kg™ STP, Ecorr = -0.8...-0.75 V, 250 °C) at the Loviisa 1 power plant [43].
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Fig. 27 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe,Cr, Ni, Ti, Mo, and Mn in the films formed on AISI 316L(left) and 0X18H10T (right)
after a 8600 h exposure to WWER reactor coolant at Loviisa 1 power plant. The inner layer /
outer layer boundary indicated with a vertical line.

The oxides formed in WWER conditions are comparable, albeit somewhat thinner than the
oxides formed in PWR conditions on compatible materials. The oxides exhibit once again a
duplex structure, the inner layers being enriched in Cr and Ti and the outer layers constituted
essentially of iron oxide. Despite the larger Cr content of the inner layer on 0X18H10T, its
thickness is greater than that on AISI 316L which could be due to the higher Ni content of the
inner layer on the latter steel acting as an additional barrier to film growth.

The calculated profiles of Fe, Cr, Ni, Ti, Mo and Mn are also shown in Fig. 27 with solid
lines and demonstrate the ability of the model to account for in-plant WWER data as well. No
quantitative comparison with experimental data for Co was possible because of the relatively
large scatter in the measured concentrations. Thus no kinetic and transport parameters for Co
could be estimated. The estimated values of the rate constants and diffusion coefficients for
the remaining constituent elements in both studied steels are collected in Fig. 28 and Fig. 29,
respectively. The rate constants at the inner interface values are somewhat lower than the
values determined for AISI 304 in a simulated PWR coolant (Fig. 7-Fig. 8). On the other
hand, the rate constants ks ; at the outer interface are 3-4 times larger, which could be traced to
a more significant dissolution rate in the real primary coolant in comparison to the simulated
one. It is worth noting that the values for both the rate constant of oxidation at the alloy/inner
layer interface and dissolution at the inner layer/coolant interface for Ni are lower than those
for Fe and Cr, which seems to be consistent with its oxidation state in the oxide being close to
metallic, as argued by other authors as well [44]. The large values of both the rate constant at
the inner layer/coolant interface and the diffusion coefficient in the inner layer for Mn are
consistent with the fact that this constituent is significantly impoverished in the oxide. On the
other hand, the corresponding parameters for Ti are rather low, which explains the enrichment
of this component in the inner layer.
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conditions.

A compilation of layer thicknesses on AISI 316 and 0X18H10T in primary WWER coolant is
shown in Fig. 30 [43-48]. Despite the limited number of experimental data available, the
predictions of the proposed model can be deemed reasonable also in the WWER case.
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Fig. 30 A compilation of thickness vs. time data for AISI 316L and 0X18H10T as depending

on the time of exposure in a primary WWER coolant. Model predictions shown with lines.
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6.3 Boiling Water Reactor case

6.3.1  In-reactor exposure of stainless steels to BWR conditions

Fig. 31 shows GDOES depth profiles of the constituents of the oxide films on AISI 304 and
316 stainless steels exposed for 7200 h to a BWR coolant (conductivity less than 0.12 pScm™,
dissolved oxygen 200 ppb) at the Olkiluoto 1 plant [49]. The film on AISI 304 stainless steel
appears to be significantly thicker than that on AlISI 316. As customary for both in-reactor and
simulated BWR conditions [50-54], the films comprise an outer iron-rich layer and an inner
layer containing more Cr. It is worth noting that Cr is impoverished in the films with respect
to its content in the alloy substrate due to its transpassive dissolution as Cr(VI) in BWR
conditions as demonstrated by wall-jet ring-disk electrode measurements [55].
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Fig. 31 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe, Cr, Ni, Mn, Mo and Co in the films formed on AISI 304(left) and AlSI 316 (right) after
a 7200 h exposure to BWR reactor coolant at Olkiluoto 1 power plant. The inner layer / outer
layer boundary indicated with a vertical line.

A plateau in Ni concentration is detected close to the metal / film interface in the oxide
formed on AISI 304, whereas a well-pronounced maximum of Ni concentration exists in the
inner layer formed on AISI 316 (Fig. 31). In general, it can be stated that the difference in
thickness between the films formed on 304 and 316 stainless steels is largely due to the inner
layer being thicker on 304 steel.

The calculated profiles of Fe, Cr, Ni and Co in the films are also shown in Fig. 31 with solid
lines and demonstrate the ability of the model to account for BWR data as well. The estimated
values of the rate constants and diffusion coefficients are collected in Fig. 32 and Fig. 33,
respectively. The values for the rate constants and diffusion coefficients in the inner layer are
rather similar for both alloys being, however, somewhat smaller for the oxide formed on AISI
316 than for that formed on AISI 304, thus explaining the lower thickness and hence the
slower growth of the inner layer on the former steel. A somewhat conjectural explanation of
this fact is that the more pronounced Ni-enrichment in the inner layer formed on AlSI 316
acts as a diffusion barrier preventing further growth of the inner oxide on that steel. The fact
that also the formal diffusion coefficients of the growth of the outer layer on AISI 316 are
significantly smaller can be also explained by the larger concentration of Ni in this phase
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which may hinder its growth. Indeed, the outer layer on AISI 304 is composed almost
exclusively of iron (more than 90%), whereas that on AISI 316 contains ca. 15% of nickel.
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Fig. 32 Dependence of the rate constants at the steel / inner layer interface (left) and the
inner layer/electrolyte interface (right) on the steel type. BWR conditions.
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Fig. 33 Dependence of the diffusion coefficients of inner layer constituents (left) and formal
diffusion coefficients for the growth of the outer layer (right) on the steel type.

On comparing the sets of parameters used to reproduce the depth profiles of AISI 304 in PWR
and BWR water (e.g. Fig. 7-Fig. 8 and Fig. 32-Fig. 33), it can be concluded that the most
important differences are found between the rate constants at the inner layer/water interface,
the diffusion coefficients in the inner layer and the formal diffusion coefficients of the growth
of the outer layer. Notably, the rate constants of Cr and Co dissolution at the outer interface
are orders of magnitude higher for films formed in BWR water than those for films formed in
PWR water, which reflects the transpassive dissolution condition of the steels. On the basis of
this result it can be tentatively assumed that Co substitutes Cr in the phase in the inner layer
and is dissolved transpassively together with Cr. On the other hand, the diffusion coefficients
in the inner layer are smaller in BWR water than in PWR water, which may reflect a change
in the phase composition of the inner layer of oxide towards a phase containing mainly Fe(ll1)
in which the concentration and mobility of Fe(ll) interstitials is lower in comparison to those
in the phase formed in PWR conditions. The fact that also the formal diffusion coefficients of
the growth of the outer layer are smaller in BWR conditions could be tentatively related to the
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formation of a hematite phase in this layer which growth mechanism is expected to be
different from that of the spinel trevorite phase usually found in PWR water.

6.3.2  Influence of Zn on the incorporation of Co in simulated BWR
conditions

This chapter focuses on the effect of ionic additions to the BWR coolant on the distribution of
the main source of radiation field in BWR - radioactive cobalt - in the oxide films formed on
primary loop recirculation piping [56-59]. GDOES profiles for Fe, Cr, Ni, Zn and Co in the
oxide formed on AISI 304L after 1000 h of exposure to simulated BWR water containing 1
ppb of Co and different amounts of Zn [59] are shown in Fig. 34. In these profiles, besides the
usual inner and outer layers, a third layer probably formed by deposition of foreign cations is
observed. Such three-layer structures have been observed in laboratory loop experiments [60]
due to the fact that saturation is achieved more readily than in real reactor conditions as flow
rates are typically much smaller. Co is incorporated in both layers, but mostly in the inner
layer, and its incorporation is hindered by Zn addition in analogy to the PWR results
described above.

In the present context, the growth of the deposit layer has been treated in analogy to the outer
layer, i.e. using the formalism described by equations (5) and (14) and defining a formal
diffusion coefficient in the deposit layer. As it has been shown that also the deposit layer
consists of loosely packed crystallites with electrolyte in between (see e.g. Ref. 50), a pure
diffusion mechanism has been used in complete analogy to the treatment for the outer layer.
The results of the calculations with such an extended version of the model are presented in
Fig. 34 with solid lines and demonstrate the ability of the approach to account for this type of
data as well. The kinetic and transport parameters in the three layers used to reproduce the
experimental profiles are collected in Fig. 35 (rate constants at the interfaces) and Fig. 36
(diffusion coefficients in the three layers and the field strength in the inner layer).
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Fig. 34 Experimental (points) and calculated (solid lines) depth profiles of the mass fractions
of Fe, Cr, Ni, Co and Zn in the films formed on AlSI 316 for 1000 h in simulated BWR water
without Zn (above left), with 10 ppb Zn (above right) and 50 ppb Zn (below). The inner layer /
outer layer and outer layer/deposited layer boundaries indicated with a vertical line. Data
taken from Ref. 59.
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Fig. 35 Dependence of the rate constants at the steel / inner layer interface (left) and the
inner layer/electrolyte interface (right) on the Zn content in the simulated BWR water.
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water.

The following conclusions on the effect of Zn on the kinetic and transport parameters can be
drawn on the basis of the calculatory results:

The effect of Zn on the rate constants at the alloy/inner layer interface is small, which
can be explained by the fact that Zn incorporation does not in fact reach the inner
interface

In analogy to what has been observed in PWR conditions, the incorporation of Zn in
the inner layer leads to an increase of the rate constant of dissolution of Fe at the inner
layer/water interface. This once more lends support to the reaction scheme of
incorporation described by equations (15)-(18)

The diffusion coefficients of constituents in the inner layer, the formal diffusion
coefficients of growth of the outer and deposit layer all decrease with the increase of
the Zn content in the water, the decrease being the most pronounced for the outer and
deposit layers. The significant concentrations of incorporated Zn in these layers could
lead to the formation of new Zn containing phases, the growth mechanism of which is
different and anyway the rate of growth much slower than that of the outer and deposit
layers formed in the absence of Zn.
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The equilibrium constant of the exchange reaction between Zn and Fe can also be estimated
from the present results using the values of the mass fractions of Zn and Fe at the inner
layer/electrolyte interface (Fig. 34), the surface site concentration on hematite estimated
earlier from titration experiments in simulated BWR water and the speciation of soluble Zn in
the electrolyte calculated using literature data [61]. A value of logK = 2.8 is obtained, which
lies in between the values of 5.18 and -0.23 estimated in Ref. 61 for surface complexation
reactions of the type

2=FeOH, + ZnZ +nH,0 2 (= Fe0),Zn(OH); " + (n+1)H" (25)

for n=2 and 5, respectively. Taking into account the fact that the experiments in Ref. 61 were
performed with pure hematite in simulated BWR water, the correspondence between these
two types of results is reasonable. Anyway, the equilibrium constant of Zn incorporation
reaction into the oxide formed in BWR conditions is considerably (ca. 3-4 times) larger than
that in PWR conditions, which could be traced to the larger equilibrium concentration of
soluble Zn ions at the neutral pH of the BWR water, and also the smaller equilibrium
concentration of surface sites for adsorption for the oxide formed in BWR conditions.
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Fig. 37 A compilation of thickness vs. time data for AISI 304 and AISI 316 as depending on
the time of exposure and Zn content of simulated and in-reactor BWR water. Model
predictions shown with lines.

A compilation of layer thicknesses on AISI 304 and AISI 316 in simulated and in-reactor
BWR coolant with or without Zn addition is shown in Fig. 37 (data from Refs. 51-54, 59)
together with the thicknesses calculated by using the estimated model parameters and
equation (21). Once more a satisfactory agreement is obtained, allowing for the conclusion
that the model is successful in predicting the kinetics of oxide growth also in these conditions.

7 Conclusions

Several aspects of the processes of growth and restructuring of oxide films formed on
structural materials in LWRs, such as stainless steels and nickel-based alloys, have been
described using the model proposed in the ANTIOXI project. The inner layer growth and
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internal transport properties of charge and matter were shown to be quantitatively modelled
by use of the MCM, which is developed from the solid state properties of a passive film and
takes into account the coupling between transport and reaction fluxes at the interfaces, as well
as ionic and electronic conduction. The interaction between the surface of the solid film and
the aqueous environment has been also described in terms of incorporation of solution-
originating cations and the net effects resulting from this interaction have been discussed in
terms of the surface complexation approach.

The deterministic model described in the report is focused on the inner layer of oxide having
an uniform composition, but also a plausible approach towards taking into account the
evolution of the oxide microstructure (such as grain size and grain boundary width) on the
transport of defects through the inner layer is also described. Although there are some
observations that absence of a pronounced outer oxide layer will enhance the overall alloy
corrosion rate, it is assumed that the overall alloy corrosion rate is limited by the rates of the
net processes in this layer and can thus be explained by the MCM. The importance of the
oxide film on stainless steels and nickel base materials in LWRs is, however, not limited to
the formation, growth, and stability of the inner layer. In most cases, an outer oxide layer is
also present. The outer layer has generally a different composition as a result of the
interaction with the environment and is not considered to be part of the passivating oxide film.
However, the outer layer may be important in order to prevent direct chemical attack of the
protective chromiume-rich layer in oxidising environments, i.e. BWRs or PWRs during shut-
down. Hence, the outer layer(s) is not passivating, but can be protective. This means also that
the outer layer is of fundamental importance in any effort to model the interaction between
material and environment leading to activity build-up as well as to localised attack resulting in
e.g. stress corrosion cracking. In the present project, a procedure to assess the kinetics of
growth and hence to estimate the composition of the outer layer by using a diffusion
formalism is proposed. In order to ensure the continuity of composition between the inner and
outer layers, the boundary conditions at the inner layer/coolant interface in the pores of the
outer layer are presumed equal to the inner boundary conditions for the outer layer. On the
other hand, the boundary conditions at the interface between the coolant and the outer layer
crystallites have been presumed to be fixed by thermodynamics, i.e. determined by the
solubility of the individual layer constituents in the coolant water.

The outer layer is a result of the interaction of the environment with the oxide film. This
interaction is of utmost importance for the modelling of the activity build-up. The pick-up and
release of radioactive nuclides (and other ions) will depend on the diffusion from the outer
oxide surface into the inner oxide material. The surface concentration of such species will be
a function of their concentration in the water, the extent of surface complexation, and the
transport rate into the inner oxide material. As yet another effect of the interaction with the
environment, deposits are formed onto the outer oxide. The deposits are especially well
developed in BWRs. While the outer oxide is a result of the solid state reactions in the barrier
layer and within the outer layer providing a local environment controlling its formation and
restructuring, the deposits are formed mainly as a result of the local bulk water chemistry
conditions. This notion is shown by the very well developed rather large single crystals found
on stainless steel and nickel base materials in LWR environments. In the present report, the
growth of the particulate deposit layers is treated in a manner similar to that for the porous
outer layer.

In reality, the interfaces between the two oxide layers and between the inner oxide film and
the metal interface, as well as between the water and the outer oxide film, are mostly found to
be non-uniform. The importance of an uneven water-oxide interface will be small due to the
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very fast relative diffusion rates in water at elevated temperatures with regard to the
dimensions of the oxide films. Similarly, the uneven oxide film appearance will have no
importance for the modelling of the impact of the deposited crystals for the same reason. The
importance of an uneven inner layer could be of more importance. However, in reality a
slightly thicker oxide layer would constitute a more pronounced transport barrier and a
variation in this thickness would be self-regulating to result in a barrier layer oxide of similar
transport limiting properties for all areas of similar local conditions on similar materials. An
important step in going from an idealised oxide model of a uniform and even oxide film to the
real oxide would be the introduction of porosity instead of using the formal approach to the
growth and restructuring of the outer and deposit layers as outlined in the present chapter.

8 Summary

An integrated deterministic model for corrosion and activity incorporation in oxides on
structural materials in nuclear power plant coolant circuits is proposed based on fundamental
physico-chemical mechanisms. In order to ensure adequate modelling, uncertain or non-
determined fundamental parameters are set or adjusted within the range of reasonable values
by evaluating well-defined or well-controlled in-plant observations or laboratory experiments.
As a result of the calculation procedure developed on the basis of the model, the kinetic and
transport parameters of the growth and restructuring of the oxides on austenitic stainless steels
(AISI 304, 0X18H10T and AISI 316) and nickel based alloys (Alloys 600 and 690) in Light
Water Reactors (LWRs) were determined via quantitative comparison of the equations of the
Mixed-Conduction Model for oxide films with ex-situ analytical results on thickness and
composition of such layers obtained from both laboratory and in-reactor exposures. The
obtained parameters were used to predict general corrosion of stainless alloys in terms of
oxide film growth and restructuring, as well as corrosion release in several specific cases
covering all the three types of LWRs - Boiling Water Reactors (BWRs), Pressurised Water
Reactors (PWRs) and Water-Water Energy Reactors (WWERs). Kinetic and transport
parameters for the incorporation of Co and Zn in the oxide layers on stainless steels and
nickel alloys are also estimated by reproducing the experimental depth profiles of these
elements. The diffusion-migration equations for the non-steady state transport of such species
were solved subject to the boundary conditions at the solution side set by the stability
constants of the corresponding Zn and Co complexes. The calculatory results are discussed in
terms of the influence of incorporation of solution-originating species on the kinetics of film
growth and layer restructuring.
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List of symbols

diffusion coefficient of Co in the inner layer, cm?s™
formal diffusion coefficient of Co in the outer layer, cm?s™
diffusion coefficient of Cr in the inner layer, cm*s™
formal diffusion coefficient of Cr in the outer layer, cm?s™
diffusion coefficient of Fe in the inner layer, cm*s™
formal diffusion coefficient of Fe in the outer layer, cm?s™
diffusion coefficient of Ni in the inner layer, cm*s™
formal diffusion coefficient of Ni in the outer layer, cm?s™
diffusion coefficient of Zn in the inner layer, cm?s™
formal diffusion coefficient of Zn in the outer layer, cm?s™

field strength in the inner layer, V cm™

Faraday number, 96487 C mol™

equilibrium constant of surface complexation reactions

enrichment factor of Co at the inner layer/ coolant interface

enrichment factor of Zn at the inner layer/ coolant interface

enrichment factor of Zn at the outer layer/coolant interface

rate constant of oxidation of Cr at the alloy/inner layer interface, cm* mol™ s*
rate constant of oxidation of Fe at the alloy/inner layer interface, cm® mol™ s*
rate constant of oxidation of Ni at the alloy/inner layer interface, cm* mol™* s
rate constant of dissolution of Cr at the inner layer/ coolant interface, cm s™
rate constant of oxidation of Fe at the inner layer/ coolant interface, cm s™
rate constant of oxidation of Ni at the inner layer/ coolant interface, cm s™
inner layer thickness, cm

initial film thickness, cm

outer layer thickness, cm

universal gas constant, 8.314 J mol™ K™

temperature, K

molar volume of the phase in the inner layer, cm® mol™

formal valency state of Fe in the inner layer

mass fraction of Co in the oxide

mass fraction of Cr in the oxide

mass fraction of Fe in the oxide

mass fraction of Ni in the oxide

mass fraction of Zn in the oxide

mass fraction of Co in the alloy substrate

mass fraction of Cr in the alloy substrate

mass fraction of Fe in the alloy substrate

mass fraction of Ni in the alloy substrate

mass fraction of Zn in the alloy substrate

transfer coefficient of the oxidation reaction at the alloy/inner layer interface
dielectric constant of the oxide

dielectric permittivity of vacuum, 8.85 x 10 F cm™

electrostatic potential, V
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