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Abstract

The possible effects of fuel crud build-up and water chemistry on waterside corrosion of
zirconium alloys have drawn a certain attention in fuel integrity evaluation programs. This article is
an attempt to explore the possible causes for such effects, based on the presumption that diffusion of
oxygen vacancies in the oxide barrier layer is the rate limiting process for corrosion in reactor water
environments. It is shown that fuel crud build-up and water chemistry may influence corrosion
through changing the chemical reactivity at the metal/oxide and oxide/water interfaces, the oxygen
vacancy concentration and the diffusivity through the oxide layer. In particular, crud build-up may
increase corrosion by enhancing, for example, the oxygen content of reactor water by radiolysis at the
crud/water interface and the cladding surface temperature. The presence of fuel crud may also affect
ZrO2 grain growth and its phase transformation, which are also closely related to the corrosion
kinetics.

1. INTRODUCTION

The effect of fuel crud build-up on the fuel integrity has rarely been explored in any detail [1].
The early investigations on fuel crud were focused on the radioactivity transport caused by the crud
deposition and release in the nuclear power plants and on the water chemistry control. It has been
observed [2] that fuel crud of up to 50 ^m were built-up even in the BWRs with extremely low crud
concentration in the reactor water. Since no scientific ground and evidence can exclude the possible
impact of fuel crud build-up on fuel integrity, this issue remains to be explored.

Water chemistry, which is closely related to the behavior of fuel crud build-up, can influence
the corrosion behavior of zirconium alloys. However, the mechanism for such an impact is largely
unclear. In fact, the major obstacle has been that many influencing factors are seen to play a role in
the corrosion process and that it has been difficult to study each factor more closely and relate it to
some basic corrosion process.

This article is by no means an attempt to review the status of the corrosion research which has
been well treated recently [1], but to discuss the possible influences of fuel crud and water chemistry
based on a much simplified corrosion model. The idea is to relate the effects of fuel crud and water
chemistry to some fundamental processes occurring during corrosion of zirconium alloys.

2. CORROSION KINETICS OF ZIRCONIUM ALLOYS

2.1. The linear oxide growth kinetics

The weight gains (or oxide growth) for in-pile corrosion of zirconium alloys are commonly
described to follow the linear rate law. Such a treatment may be acceptable for the sake of

1 Present address: VNIPIET, Dibunovskaja 55, 197183, St.-Petersburg,, Russia
2 Present address: VNIPIET, Dibunovskaja 55, 197183, St.-Petersburg,, Russia

257



convenience, but it is highly unreliable to be used for any mechanistic interpretation of corrosion
behavior. This is because:

— The oxide thickness data are normally too scattered and too few to be suitable for the corrosion
kinetics evaluation;

— The time intervals for data collection are usually large, during which the oxide growth may
involve repetitive continuous and breakaway growth, as observed in the out-of-pile corrosion
studies [3].

If a linear rate law is implied in the description of corrosion kinetics, the rate-limiting process
maybe

— The probably slow reaction occurring at the metal/oxide or oxide/water interface;
— The diffusion through a coherent oxide layer, or the oxide barrier layer, whose thickness is kept

constant as the result of mechanical failure of the film under the stresses generated during
oxidation, as proposed by Greenbank and Harper [4] for dry oxidation of a zirconium metal;

— The cumulative generation of porosity in the oxide layer resulting from the preferential
dissolution of primary knock-on spikes induced by fast-neutron collision, as proposed by Cox
[5]-

These hypotheses have not yet been verified experimentally.

2.2. The non-linear oxide growth kinetics

For the similar reasons described above, the weight gains (or oxide growth) for in-pile
corrosion of zirconium alloys may also be described to follow two types of non-linear rate laws,
namely, that the growth rate decreases with exposure time (passivation) and vice versa (accelerated
corrosion). These two mechanisms may occur repetitively at different corrosion stages, i.e. pre-
transition period and post-transition period. For the accelerated corrosion, the formation of
microcracks in the metal matrix may occur, which can lead to the exposure of a large fresh metal
surface to the oxidant. No analytical approach has so far been developed to characterize this type of
corrosion.

The passivation mechanisms for corrosion of zirconium alloys in high temperature water have
not been examined in detail using an analytical approach. The defect chemistry of the zirconium
oxide formed on zirconium alloys is still poorly understood. Moreover, there has been some
hesitation to apply the Wagner oxidation theory, as it was suspected that the complex corrosion
processes may not meet the pre-requisites for this theory [1].

In out-of-pile corrosion studies, the numerical approach is often used. The result with such a
method is no more than a well fitted weight gain (or oxide thickness) curve by a chosen mathematical
expression. Such a numerical approach is only useful in finding the missing data between the
measured data points. For the mechanistic analysis, it provides hardly any insight to the corrosion
mechanism. Moreover, some mathematical practices would reveal that it is indeed not uncommon
that a set of weight gain data (or oxide thickness) could be nicely fitted by several equations.
Therefore, an analytical approach for modeling the corrosion kinetics should be preferred whenever it
is possible.

2.3. A kinetic model for the oxide growth

One possible growth model may be stated as the following. The oxide growth is governed by
diffusion of oxygen vacancies through the oxide barrier layer which may be broken down upon
reaching some critical thickness due to the stresses developed in the layer. The oxygen vacancies are
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produced through the substitution of Zr4+ cations by other impurity metal cations, such as Fe3+ and
Ni2+ present in the oxide layer.

According to this model, the number of ZrO2 molecules formed per unit area per unit time is
given by the Wagner oxidation theory as

where c0 is the oxygen concentration; Do the oxygen diffusion coefficient; x the thickness of the ZrO2

layer; ju° and ju' the chemical potentials of oxygen at the ZrO2/water (outer) and Zr/ZrO2 (inner)
interfaces, respectively. Further exploration of Eq. 1 is not available at present for corrosion in high
temperature water.

For oxidation of zirconium alloys in O2 gas, the following parabolic growth equation is derived
[6]

x2 =±[Mf;r]DVo(lnp°Oi-lnpi
O2).t (2)

where \MfZr] is the concentration of impurity cations (Mf1*) which substitute zirconium cations;

Dy- the diffusion coefficient of oxygen vacancies; p°o and p'o the O2 partial pressure at the outer

and inner interfaces, respectively. It can be seen from Eq. 2 that the oxide growth is influenced by the

following three factors: (1) the partial pressures of oxygen at the interfaces, p^ and p'o ; (2) the

diffusivity of oxygen vacancies in the oxide layer, D -, and (3) the concentration of the impurity
"o

cations which substitute zirconium cations in the oxide layer, | MfZr\.

For wet corrosion an expression with the similar nature to that of Eq. 2 may presumably be
derived. In the following, the possible influences of fuel crud and water chemistry on the above three
major factors are discussed.

3. THE INFLUENCES OF FUEL CRUD

Fuel crud mainly consists of iron and nickel oxides, in addition to a small amount of other
metal oxides of various kinds depending on the types of materials with which high temperature water
reacts. In phase compositions, PWR fuel crud mainly consists of nickel ferrite while BWR fuel crud
mainly of both nickel ferrite and hematite. Some other metal oxides usually form solid solution with
nickel ferrite. The influence of fuel crud on the major factors involved in corrosion of zirconium
alloys may be discussed as follows.

3.1. The effect on ZrO2 phase stability

The ZrO2 phase newly formed in the oxide/metal interface region during corrosion in reactor
water environments is thought to be either cubic or tetragonal phase [1]. With the growth of the oxide
layer it is converted into monoclinic phase, which is accompanied by a large volume change. Since
the phase transformation deteriorates the integrity of the oxide layer by forming microcracks in the
layer, the phase stability of the oxide may directly influence the material corrosion resistance. It is
known [6] that the cubic fluorite structure of ZrO2 may be stabilized at high temperatures (usually at
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above 1100°C) by addition of many di- and trivalent metal oxides. This yields corresponding fluorite
type solid solutions of the oxides. If the crud constituents react with ZrO2 and stabilize the cubic or
tetragonal phase, it may lead to fewer cracks and therefore more protective oxide barrier layer.
However, there has been no evidence which suggests that this occur in the reactor water
environments.

3.2. The effect on the oxygen vacancy concentration

The oxygen vacancy concentration is in the level of the concentration of the impurity cations
which substitute zirconium cations in the oxide [6]. The impurity ions come partly from the dissolved
and oxidized secondary phase particles (SPPs) in the oxide and other impurities introduced in the
alloy production, and partly from the crud constituents which deposit and diffuse in the ZrO2 grain
boundary region. It is possible that crud constituents in the ZrO2 grain boundaries interact with ZrO2

to form more oxygen vacancies in the oxide and therefore increase the corrosion rate.

3.3. The effect on the diffusivity of oxygen vacancies

The diffusion of oxygen vacancies in the oxide layer should be conducted largely through ZrO2

grain boundaries. The diffusion rate is therefore dependent on the composition and structures of the
grain boundaries. The presence of crud constituents in the grain boundaries may increase the
diffusivity of oxygen vacancies, leading to corrosion enhancement.

3.4. The effect on the chemical potentials of oxygen at the interfaces

According to Eq. 1 the corrosion rate is partly determined by the chemical potentials of oxygen
at the oxide/crud and metal/oxide interfaces. The presence of fuel crud on the oxide surface may
drastically increase the concentrations of some ion species locally [7, 8]. It is possible that the
production rate of oxygen and hydrogen peroxide by the radiolysis processes under irradiation may be
affected, which is known to have a profound impact on the corrosion rate of zirconium alloys [9].

3.5. The effect on cladding surface temperature

Fuel crud is a poor thermal conductor. In the absence of boiling, conduction through the crud
layer is the principal mode of heat transfer, leading to temperature gradients of the order of 1°C per
micrometer of deposit thickness at a heat flux of about lMW/m2 [10]. An increase in cladding surface
temperature would affect almost every physical and chemical process involved in corrosion. For
example, at 360°C an increase in temperature of 10°C would increase the oxygen vacancy diffusion
coefficient by 42%, while at 285°C by 57% [6]. According to Eq. 2 it would correspond to an
increase in oxide thickness by 19% and 25%, respectively.

4. THE INFLUENCES OF WATER CHEMISTRY

Water chemistry can influence the corrosion rate of zirconium alloys no matter if fuel crud
would be present on the cladding surface or not [1]. Some chemical species such as F~ and Cl~ in
reactor water may have potential effect on corrosion. Among the various parameters concerned,
lithium hydroxide, oxygen and hydrogen contents of the reactor water may be particularly important
for waterside corrosion of zirconium alloys. In the following, the influences of some water chemistry
parameters on the above-mentioned three major factors are discussed.

4.1. The effect on the chemical potential of oxygen at the oxide/water interface

The oxygen, hydrogen peroxide and hydrogen contents of reactor water are probably most
relevant to the chemical potential of oxygen at the oxide/crud interface. The oxygen content was
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found to have a profound impact on the corrosion rate of zirconium alloys [9]. Since a part of oxygen
in reactor water comes from the radiolysis reactions and the irradiation impact on different parts of
fuel rods are not homogeneous, the oxygen contents at the different parts of fuel rods should be
different.

In order to understand the mechanism of the oxygen effect, a knowledge of defect chemistry of
the oxide under the reactor water conditions may be required.

4.2. The effect on the concentration and diffusivity of oxygen vacancies

The concentration and diffusivity of oxygen vacancies in the oxide barrier layer depend largely
on the impurity level and the microstructure of the oxide layer. In PWR reactor water, the lithium
concentration may have a certain effect on the concentration of oxygen vacancies in the oxide,
provided that some lithium cations substitute zirconium cations in the oxide and increase the oxygen
vacancy concentration. Another possible effect of lithium is an increase in the porosity of the oxide
layer [5], which creates fast paths for the permeation of oxidants.

4.3. The effect on the chemical potential of oxygen at the oxide/metal interface

The chemical potential of oxygen at the oxide/metal interface may be influenced by (1) the
amount of oxidized SPP at the oxide/metal interface, which subsequently react with the oxide to form
oxygen vacancies, and (2) the hydrogen content of the zirconium metal at the oxide/metal interface.
During oxidation the hydrogen gas produced at the oxide/metal interface may diffuse towards both
metal and oxide. With the metal hydrogen reacts to form hydrides, while in the oxide hydrogen
diffuses as molecule either through pores or grain boundaries or through the oxide lattices in which
self-diffusion of oxygen vacancies is involved [11]. If the oxide barrier layer grows and breaks
periodically during corrosion, the chemical potential of hydrogen at the oxide/metal interface should
vary accordingly, which would in turn affect the equilibrium for oxidation reaction at the interface.

Table 1 summarizes the relationships between some corrosion processes and crud build-up as
well as water chemistry.

It is obvious that the above descriptions about the corrosion and the influencing factors are
much simplified and focused mainly on some aspects of corrosion chemistry. Some other important
processes involved in the corrosion, such as crack propagation in the oxide barrier layer and in the
underlying metal matrix, have not been properly treated. It is, however, our opinion that any
discussion about the corrosion kinetics should be referred to the basic physical and chemical
parameters as partly described above.

5. SUMMARY

The complexity of corrosion of zirconium alloys in reactor water environments lies in the fact
that a number of physical and chemical processes occur simultaneously and the importance of each
process may change with the structural evolution of corrosion scale. Since many important factors,
such as irradiation, microstructure of the corrosion products, the cladding surface temperature and
oxygen content of the reactor water, are interrelated, it would be difficult to study the effect of a
chosen factor on the overall corrosion.

In this paper the corrosion rate of zirconium alloys is assumed to be governed both by the solid-
state diffusion through an inner barrier layer of the corrosion scale, and by the breakdown of the
growing barrier layer when a critical mechanical stress is reached. Based on this assumption, the role
of crud build-up and water chemistry is highlighted with respect to some important parameters for the
corrosion process. These parameters include the chemical potentials of oxygen at the oxide/metal and
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water/oxide interfaces and the concentration and diffusivity of the oxygen vacancies in the oxide
barrier layer, to which the possible influences of fuel crud and water chemistry could be referred and
interpreted.

TABLE 1. THE RELATIONSHIPS BETWEEN ZIRCALOY CORROSION AND CRUD BUILD-UP
AS WELL AS SOME WATER CHEMISTRY PARAMETERS (DIFFUSION-CONTROLLED
CORROSION MECHANISM).

Independent
processes

Surface reaction
(on the surface of
the barrier layer) A

Diffusion (in the
barrier layer) A-

Interfacial reaction
(at the oxide/ metal

interface or
metal/water
interface) ^

Influencing factors

° Oxygen activity *•

° Irradiation A
O T A

° [M/Zr] A

° SPP and its size
distribution •*- *•

° ZrO2 grain size -*-

° Structural defects *•

° Phase transformation
•

° Irradiation A

° Hydrides -w *

° p o 2 ^
° Structural defects A

o X •

° Irradiation *•

Crud build-up

0 Affect interfacial
oxygen activity?

° Enhance local
radiolysis?

0 Increase cladding
temperature A

° Increase [M/Zrj?

° Affect ZrO2 grain
growth?

° Enhance phase
transformation?

0 Increase cladding

temperature A

0 Increase cladding
temperature A

0 Enhance local
radiolysis?

Water chemistry

0 Radiolysis A

o o A

° T A
i

pH2 •
° [Li+] (PWR)?

° [Li+] (PWR) A

X A

In contact with water
through pores and
cracks

° Radiolysis A

The symbols (•»•), (A) and (?) denote the negative, positive and probable effects of the factors on the
corresponding independent processes, respectively.
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