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The pre-transition oxides formed on two different types of zirconium alloys (Zircaloy 4 and E110) have
been characterised in situ using electrochemical impedance spectroscopy (EIS) in high-temperature elec-
trolyte simulating WWER conditions at 310 �C. To obtain a correlation between the oxide film thickness,
the oxide growth rate and the impedance parameters, the EIS data have been fitted to a transfer function
derived from the mixed-conduction model for oxide films, allowing for the contribution of both an inner,
barrier type of oxide and a more defective outer layer. The values of the total oxide film thickness based
on the model calculations have proved to be in a good agreement with the values measured from the
cross-section micrographs of the specimens using scanning electron microscopy. The main kinetic and
transport parameters characterising the oxidation process have been estimated and discussed with
regard to the effect of KOH content and alloy type on the mechanism of conduction through the formed
oxide.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

There is considerable interest towards the mechanism of oxide
film growth and corrosion of zirconium alloys used as fuel cladding
materials in nuclear reactors. The tendency towards more severe
operating conditions induced by the need for longer service times
and higher fuel burnups has called for a more thorough character-
isation of the relationship between the composition and micro-
structure of the Zr alloys, their oxide growth kinetics and
susceptibility to localised corrosion modes [1–4]. The elevated lith-
ium concentration is necessary in pressurised water reactors
(PWRs) with high burnup and longer than 12-month fuel cycles
in order to keep the pH of the primary coolant within the optimal
range. Elevated lithium concentration combined with local sub-
cooled nucleate boiling accentuated by high burnup may result
in formation of crud onto fuel cladding surfaces and further in
the phenomenon called crud induced power shift (CIPS, previously
called axial offset anomaly, AOA) or localised clad corrosion. The
exact mechanism of CIPS is not known and numerous studies of
this phenomenon have been and are being carried out (e.g. in the
IAEA’s Optimisation of Water Chemistry to ensure Reliable Water
Reactor Fuel Performance at High Burnup and in Aging Plant (FUWAC)
2006–2010 – programme) to clarify the relationship between fuel
cladding materials, water chemistries and the occurrence of CIPS.
However, several studies have proposed that there may be a con-
ll rights reserved.

).
nection between the alkali and boron concentrations, the composi-
tion of the fuel cladding materials and the occurrence of CIPS.

Despite of the fact that there is a general agreement on the oxi-
dation process of zirconium alloys in high-temperature water, the
exact mechanism of conduction through the oxide has remained
unidentified. It is usually believed that the growth of the oxide pro-
ceeds according to the coupled-currents mechanism [2], in which
the transport of oxygen vacancies along the grain boundaries of
the zirconium oxide is the rate-limiting step of the overall reaction.
Reduction of water at the oxide/electrolyte interface is assumed to
consume electrons supplied by the oxidation of zirconium. It has
been proposed that the electronic conduction through the oxide
proceeds via easy paths associated with second phase particles
embedded in the oxide matrix [1,3] or is due to the semiconductor
properties of the formed oxide [5]. The extent of coupling between
the electronic and ionic fluxes has remained largely unquantified.

In recent years, electrochemical impedance spectroscopy (EIS)
has been extensively used to characterise the oxide films on zirco-
nium alloys [6–23]. However, mainly ex situ measurements in
aqueous electrolytes at room temperature, or experiments in a gas-
eous atmosphere following oxidation in high-temperature water
have been reported. Only few measurements to follow the oxide
growth in situ in pressurised water reactor (PWR) coolant condi-
tions have been carried out. The most comprehensive of these
studies has been focused on the impedance behaviour of Zircaloy
4 after long-term exposure to high-temperature lithiated water
[17]. However, the interpretational part of that study has been
focused on the high-frequency part of the impedance spectra in
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order to be able to follow the evolution of the thickness of the inner
and outer layers of the formed oxide with time of exposure. The
limited number of studies of zirconium alloys in water cooled
water moderated energy reactor (WWER) coolants has effectively
suffered by similar interpretational limitations [15,16,19]. Summa-
rising, interpretations of the impedance spectra have usually fo-
cused on the dielectric or semiconductor properties of the oxide
film, using mostly the equivalent circuit analysis approach. Only
a few very recent investigations try to make a distinction between
these characteristics and the transport processes due to the mixed
conduction in the oxide. It is probable that no attempt has yet been
made to correlate the impedance response to the oxide growth
rate, which is believed to be proportional to the flux of oxygen
vacancies in the already formed zirconium oxide.

Very recently, a kinetic approach to the anodic behaviour of
pure Zr in both deaerated and hydrogenated boric acid–lithium
hydroxide solutions has been proposed on the basis of the point
defect model (PDM) and validated against EIS data obtained at
250 �C [22,23]. On the other hand, some of us have adapted the
mixed-conduction model (MCM) for oxide films [24,25] to quanti-
tatively describe the in situ impedance data for several Zircaloy
2-type alloys in simulated boiling water reactor (BWR) coolant at
300 �C [20]. As a consequence, several important kinetic and trans-
port parameters of the growing oxide have been estimated. The
values obtained for the oxide film thickness on the basis of model
calculations were in a good agreement with the experimental val-
ues estimated from scanning electron microscopy (SEM) micro-
graphs, and the ratio of the calculated oxide formation rates for
the respective alloys corresponded well to the ratio of their
in-reactor corrosion behaviour. A possible correlation between
the inverse of the corrosion rate and the number of small second
phase particles (SPP) found in the alloy matrix has been also
proposed.

In the present work EIS measurements on two zirconium alloys
typically used in WWER plants (Zircaloy 4 and E110) are used to
check whether different water chemistry conditions (in the specific
case, KOH concentration) will have an effect on the oxidation pro-
cesses. The other goal in the studies carried out with different fuel
cladding materials is to check whether differences in oxidation
behaviour between different alloys can be distinguished already
during pre-transition oxidation. If the comparison of corrosion
behaviour on these materials could be performed reliably already
during the pre-transition oxidation, the number of long-lasting
and expensive post-transition oxidation tests could be decreased.
The EIS results obtained during a 5-day exposure of the alloys to
WWER water with different KOH content at 310 �C are interpreted
using a modified version of the MCM and the main kinetic and
transport parameters are estimated by fitting the spectra to the
model equations. The obtained parameter values are discussed in
terms of the effect of KOH concentration and alloy type on the
kinetics of oxidation and the conduction mechanism of the formed
oxide.
2. Experimental

The materials used in this study were Zircaloy 4 (Westinghouse,
USA, nominal alloy composition, wt%: Sn 1.50, Fe 0.20, Cr 0.10,
Ni < 0.007, balance Zr), and E110 (Zr–1%Nb, Chapetsky Mechanical
Plant, Russia, nominal alloy composition, wt%: Nb 1.00, Sn < 0.01,
Fe 0.014, Cr < 0.003, Ni < 0.004, C < 40–70 wppm, Si 46–90 wppm,
N < 30–40 wppm, Hf 300–400 wppm, balance Zr). The disc-shaped
specimens were cut from as-fabricated tubes by a diamond saw.
The edges of the discs (Ø5.5 mm) were rounded with a side cutter.
To prepare the working electrodes for the electrochemical mea-
surements, a zirconium wire was spot-welded to the backside of
the specimens and mechanically connected to a silver-plated cop-
per wire. All the electrical connections were insulated using multi-
layer PTFE tape. The area of the samples exposed to the WWER
coolant was estimated to be 0.5 cm2. The samples were exposed
to simulated WWER water prepared from H3BO3 (1200 ppm B),
and KOH (11, 28 and 56 ppm K), 40 cm3/kg H2 (STP). All experi-
ments were performed at 310 �C in an autoclave connected to a
high-temperature water re-circulation loop. All the measurements
were at least triplicated in order to ensure the reproducibility of
the obtained results.

Electrochemical impedance spectra were measured by a Solar-
tron 1287/1260 system controlled by ZPlot/ZView software (Scrib-
ner Associates) in a semicontinuous fashion during the 1–5 days of
exposure to the simulated WWER water. Ir was used as both coun-
ter and pseudo-reference electrode in analogy to previous mea-
surements [20]. The contribution of the Ir electrode to the
impedance has been found to be less than 3% over the whole fre-
quency range as estimated by measuring the impedance of an
Ir–Ir couple in similar conditions. The frequency range in the mea-
surements was from 80 kHz to 0.001 Hz and the amplitude of the
a.c. perturbation was 50 mV (rms). The difference in the d.c. poten-
tial between the working and the counter electrode was ca.
20–30 mV. The validity of the impedance spectra was ensured by
checking the linearity condition, i.e. measuring spectra at signal
amplitudes between 5 and 50 mV (rms), and by checking the cau-
sality using a Kramers–Kronig compatibility (KK) test included in
the ZView software. The reproducibility of the impedance spectra
was ±2% by magnitude and ±3� by phase angle. After the imped-
ance measurements the specimens were removed from the auto-
clave to estimate the total thickness of the oxides by SEM. For
the simulation and fitting of impedance spectra to the transfer
function derived from the kinetic model, Microcal Origin-based
software was employed.
3. Results

The electrochemical impedance spectra of E110 and Zircaloy 4
in simulated WWER water with different KOH contents (11, 28
and 56 ppm) at 310 �C as depending on the time of exposure are
presented in Figs. 1–6, respectively. Following our previous work
[20], Bode representations of the spectra were adopted in order
to be able to discern clearly the impedance signatures at both high
and low frequencies. Results of several repetitive runs are included
in some of the figures to demonstrate the reproducibility of the ob-
tained spectra.

The magnitude of the impedance at low frequencies (e.g.
0.001 Hz) Zf?0 that can be interpreted as the inverse of the stea-
dy-state conductivity of the alloy/oxide/electrolyte system, in gen-
eral increases with exposure time, indicating that oxide growth is
taking place. The increase of Zf?0 is not very pronounced, indicat-
ing that oxide growth is slow and the system can be regarded as
being in a quasi-steady-state with respect to the measurement
time of a single impedance spectrum. The fact that the time evolu-
tion of the system was negligible with respect to measurement
time was corroborated by the fact that all the presented impedance
spectra passed the Kramers-Kronig transform test. In general, Zf?0

is larger for the films formed on E110 when compared to those on
Zircaloy 4 for a constant exposure time, indicating that the rate of
the limiting step of the oxidation process (most probably the disso-
lution of the already formed oxide) is smaller for the former alloy.
On the other hand, Zf?0 decreases with the increase in KOH con-
tent of the electrolyte, this decrease being more pronounced for
the oxides formed on Zircaloy 4 when compared to those on
E110. Thus increasing the KOH concentration in the electrolyte
leads to an increase in the rate of the limiting step of oxidation,



Fig. 1. Electrochemical impedance spectra of E110 in simulated WWER water (11 ppm KOH) at 310 �C as depending on the exposure time. Left – impedance magnitude vs.
frequency, right – phase angle vs. frequency. Points – experimental values, solid lines – best-fit calculation according to the proposed model.

Fig. 2. Electrochemical impedance spectra of Zircaloy 4 in simulated WWER water (11 ppm KOH) at 310 �C as depending on the exposure time. Left – impedance magnitude
vs. frequency, right – phase angle vs. frequency. Points – experimental values, solid lines – best-fit calculation according to the proposed model.

Fig. 3. Electrochemical impedance spectra of E110 in simulated WWER water (28 ppm KOH) at 310 �C as depending on the exposure time. Left – impedance magnitude vs.
frequency, right – phase angle vs. frequency. Points – experimental values, solid lines – best-fit calculation according to the proposed model.
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Fig. 4. Electrochemical impedance spectra of Zircaloy 4 in simulated WWER water (28 ppm KOH) at 310 �C as depending on the exposure time. Left – impedance magnitude
vs. frequency, right – phase angle vs. frequency. Points – experimental values, solid lines – best-fit calculation according to the proposed model.

Fig. 5. Electrochemical impedance spectra of E110 in simulated WWER water (56 ppm KOH) at 310 �C as depending on the exposure time. Left – impedance magnitude vs.
frequency, right – phase angle vs. frequency. Points – experimental values, solid lines – best-fit calculation according to the proposed model.

Fig. 6. Electrochemical impedance spectra of Zircaloy 4 in simulated WWER water (56 ppm KOH) at 310 �C as depending on the exposure time. Left – impedance magnitude
vs. frequency, right – phase angle vs. frequency. Points – experimental values, solid lines – best-fit calculation according to the proposed model.
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which has been found to be analogous to similar measurements
performed by us in simulated PWR water with different LiOH con-
tent (unpublished). At this stage, it can be argued that the increase
in KOH concentration is increasing the solubility of the zirconium
oxide at its interface with the electrolyte, therefore the quasi-stea-
dy-state is reached at a larger respective rate of oxide growth to
compensate for dissolution. This finding implies that either solubil-
ity or dissolution rate of the oxide appear to be corrosion rate
limiting, as proposed by Markworth et al. [26] for the corrosion
of Zr–2.5Nb alloy in Canadian Deuterium Uranium (CANDU) cool-
ants. In the model devised by these authors, the zirconium oxide
layer is treated as a bilayer with an inner protective barrier and
an outer porous nonprotective layer. The transformation of the
barrier layer into a nonprotective porous layer at the outer side
of the barrier layer ultimately controls the reaction, because the
thickness of the barrier layer is dependent on this transformation.
Similar work has been reported by Macdonald and co-workers
[22,23,27] on oxide films in which the steady-state growth and dis-
solution of the barrier layer was studied.

A total of three time constants is observed in the phase angle vs.
frequency curves in a certain analogy to the results published by
Schefold et al. in simulated PWR water at 360 �C [10]. The time
constant situated at the highest frequencies (ca. 10–30 kHz) can
be related to the electric properties of the outer layer of oxide, that
observed at intermediate frequencies (100–500 Hz) to the electric
properties of the inner, protective barrier layer, whereas the lowest
frequency time constant situated below 0.1 Hz is most probably
due to a solid state diffusion-migration process (transport of oxy-
gen vacancies in the barrier layer) [20–23]. In general, the charac-
teristic frequencies of the highest-frequency time constant
increase with the time of exposure and also with KOH content in
the electrolyte, indicating a larger thickness of the outer layer. In
principle, the characteristic frequencies of the medium frequency
time constant also increase with exposure time, but their evolution
with KOH concentration is more difficult to discern because of the
overlap of the time constants related to the properties of the two
layers of oxide. On the other hand, no meaningful evolution of
the characteristic frequency of the time constant associated with
the transport process could be observed. This fact could be related
to the fact that the transport properties of the barrier layer are not
so significantly affected by either the exposure time or KOH con-
centration. However, a certain increase of this characteristic fre-
quency could be observed for the oxides on both alloys when the
KOH content is increased from 28 to 56 ppm, which could be re-
lated to an increase in the transport rate.
Fig. 7. Microscopic estimates of the oxide film thickness on E110 and Zircaloy 4
after 120 h of exposure to simulated WWER water as depending on the KOH
content.
Fig. 7 presents the estimates of the film thickness on the studied
samples of both alloys after 120 h exposure to the simulated
WWER water at 310 �C obtained from microscopic examination
of metallographic cross-sections. The thicknesses increase with
KOH content, this increase being more pronounced when the con-
centration is changed from 28 to 56 ppm. Another important fact is
that the thickness of the oxides on the Zircaloy 4 samples is signif-
icantly larger than that on E110 electrodes, the difference between
the oxides on the two alloys becoming the larger, the higher the
KOH content in the electrolyte. It is also worth noting that the vari-
ations in the oxide thickness increase with KOH content and are
much more pronounced for the oxides Zircaloy 4.

Summarising, the in situ impedance measurements and the ex
situ microscopic observations point to a significant effect of KOH
concentration in the electrolyte on the kinetics of the oxidation
process of zirconium alloys in simulated WWER water. The differ-
ences between the oxidation kinetics between the two alloys are
also well discernible and are the more pronounced, the higher
the KOH content in the solution. In order to be able to rationalise
these facts in terms of the conduction mechanism of the alloy/
oxide/water systems, a kinetic model of the oxidation process
has to be developed and validated. An approach to such a model
is described in the following section.

4. Discussion

4.1. Conceptual model

The qualitative picture of the zirconium alloy oxidation in high-
temperature water suggests the following barrier layer growth
reaction:

Alloy=barrier layer interface:

Zrm!
k1 ZrZr þ 2V ��O þ 4e0 ðzirconium oxidationÞ;

Barrier layer=water interface:

2V ��O þ 2H2Oþ 4e0 !k2 2OO þ 4Hoxide

ðoxide formation and water reductionÞ;

where Zrm stands for a zirconium atom in the alloy, ZrZr and OO are
zirconium and oxygen ion positions in the ZrO2 lattice, V ��O is an
oxygen vacancy in that lattice and k1 and k2 are the rate constants
of the interfacial reactions. The above processes require the trans-
port of oxygen vacancies and electrons through the oxide.

At the barrier layer/water interface, restructuring of that layer
occurs and an outer layer is formed. This restructuring could pro-
ceed via dissolution, the rate of which is influenced by the concen-
tration of KOH in analogy to what has been proposed by
Markworth et al. [26] for the corrosion of Zr–2.5%Nb in high-tem-
perature lithiated water

ZrO2 þ OH� !kd HZrO�3 :

According to the PDM and the MCM the transport of oxygen vacan-
cies in the oxide is governed by both diffusion and migration
[22–25]:

JOðx; tÞ ¼ �DO
ocOðx; tÞ

ox
� 2KDOcOðx; tÞ: ð1Þ

In this equation, cO(x, t) is the time and spatially dependent con-
centration of oxygen vacancies, K ¼ F~E=RT;~E is the electric field
strength in the oxide and DO is the diffusion coefficient of oxygen
vacancies.

The steady-state solution of this equation with the boundary
conditions JO(L) = k1, JO(0) = k2cO(0) in a coordinate system in which
x = 0 is at the barrier oxide/water interface at the bottom of the
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pores of the outer layer and x = L at the alloy/barrier layer interface,
L being the barrier layer thickness, gives the concentration profile
of oxygen vacancies in the barrier layer:

cOðxÞ ¼ 2k1
e2Kx

k2
þ 1

2KDO

� �
: ð2Þ

On the other hand, following other conceptual treatments of the
oxide growth on zirconium alloys [1], the transport of matter and
charge through the defective outer layer is assumed to take place
by migration via short circuit paths like imperfections and cracks,
or interconnected porosity. Thus no concentration gradient of
oxygen vacancies is thought to be present in this layer and
the transport mode through it is presumed to be pure ohmic
migration.

4.2. Transfer function for the impedance response

The overall impedance of the alloy/barrier layer/outer layer/
electrolyte system is written as

Z ¼ Rel þ Zb þ Zout: ð3Þ

Several distributed impedance elements have been tried to sim-
ulate the impedance of the outer layer. The best results have been
obtained with the so-called Havriliak–Negami response [28]

Zout ¼
Rout

½1þ ðjxRoutCoutÞu�n
; ð4Þ

where Rout and Cout are the apparent resistance and capacitance of
the outer layer, and u and n are fractional exponents. The Havril-
iak–Negami response represents a generalisation of the constant
phase element (CPE) to account for asymmetric capacitive loops.
Mathematically, it also represents a good approximation to the
Williams–Watts distribution [29]. This distribution has been found
to agree rather well with the continuous random walk model of
Scher and Lax for transport in disordered and composite media
[16,19]. Interestingly, the Havriliak–Negami element has been pro-
posed originally for polymer dispersions [28] and can be regarded
according to the original authors as the impedance of a two phase
mixture. This seems to represent a quite reasonable description for
the ZrO2 outer layer since it contains second phase particles in an
otherwise homogeneous ZrO2 matrix [1,3,4].

For the impedance of the barrier layer, the transfer function
proposed earlier within the frames of the MCM [20] is employed

Zb ¼ ðZ�1
e þ Z�1

ionÞ
�1; ð5Þ

where Ze is the electronic contribution to the impedance of the in-
ner barrier layer of oxide at the surface of the zirconium alloy. The
electronic contribution to the impedance is related to the spatial
variation of the steady-state concentration of oxygen vacancies in
the oxide, which creates a positive ionic space charge that requires
electronic compensation to achieve electroneutrality in the film.
Thus, the electronic contribution to the impedance can be gener-
ally regarded as the non-ideal capacitance of a semiconductor layer
with spatially and energetically variable defect density. An expres-
sion for Ze has been derived using Eq. (2) as a starting point [20]:

Ze ¼
p

jxCb
ln

1þ jxqdee0e1=p

1þ jxqdee0

� �
; ð6Þ

where Cb ¼ ee0
Lb
;qd ¼

RTk1

F2Dek2
; p ¼ 1

2KLb
, e is the dielectric constant of

zirconium oxide, assumed to be equal to 22 [1], e0 is the dielectric
permittivity of free space, x is the angular frequency and De is the
diffusion coefficient of the electronic charge carriers.

On the other hand, the impedance due to the motion of ionic
defects, Zion, can be obtained as the small amplitude ac solution
of Eq. (1) in the form of a finite length Warburg impedance in series
with a charge transfer resistance

Zion ¼ Rt þ
RT

4F2KDOcOðLÞð1� aÞ 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jx

K2DO

qh i ; ð7Þ

where cO(L) is the concentration of oxygen vacancies at the alloy/
barrier layer interface and a is the polarisability of the barrier
layer/water interface [20,22,23]. This parameter characterises the
part of the overall potential drop in the alloy/barrier layer/water
system which is located at the barrier layer/water interface as
opposed to film bulk. In the simplest case, it can be assumed that
a 0, i.e. all the potential drop is located within the barrier layer
of oxide. On the other hand, starting with Eq. (2), and assuming
that k2e2KL� 2KDO [20], the concentration co (L) can be approxi-
mated as

cOðLÞ ¼ 2k1
e�2KL

k2
þ 1

2KDO

� �
� k1

KDO
: ð8Þ

Finally, combining Eqs. (7) and (8), the equation for the imped-
ance due to ionic transport becomes

Zion ¼ Rt þ
RT

4F2k1 1þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ jx

K2DO

qh i : ð9Þ

The overall impedance is then calculated by taking into account
Eqs. (3), (4), (6), (7) and (9).

4.3. Calculation procedure and parameter estimates

The spectra of both alloys in all the electrolyte combinations as
depending on the time of exposure to simulated WWER water
were quantitatively compared to the above transfer function using
non-linear least square fitting. Statistical weighting was used for
the experimental data set and the errors of parameter estimation
were multiplied by the square root of the reduced chi-square value
resulting from the fit. In spite of the relatively large number of
parameters, this resulted in a sufficient number of degrees of free-
dom in the system in order to obtain statistically reliable values of
the kinetic parameters. The calculated spectra are presented in
Figs. 1–6 and demonstrate the ability of the proposed model to ac-
count for both the magnitude and the frequency distribution of the
experimental impedances. The main discrepancies are observed in
the lowest frequency region, in which the match between experi-
ment and calculation is slightly worse. Bearing in mind the fact
that we attempt to represent the transport in a disordered and het-
erogeneous medium using unidimensional linear diffusion-migra-
tion approach, at this stage the correspondence between model
and experiments is considered satisfactory.

As a result of the fitting procedure, the parameters Rout;Cout;

Cb;qde; k1;DO; and ~E were estimated as depending on the alloy
type, KOH content and exposure time. Due to the strong overlap
of the time constants, the charge transfer resistance Rt could only
be calculated with a relatively large error and is thus not com-
mented further. Assuming a dielectric constant of 22, the thick-
nesses of the barrier and outer layers were computed from the
respective capacitances. A collection of all the relevant parameters
is presented in Fig. 8 (for the oxides formed on E110) and Fig. 9 (for
the oxides formed on Zircaloy 4).

The following main conclusions can be drawn from the calcu-
lated parameter values:

� The estimates of the thickness of the whole oxide film from
the capacitances of the inner and outer layers after 120 h of
exposure agree very well with the estimates of the total film
thickness obtained from the microscopic examinations, indi-



Fig. 8. Dependences of the (a) inner (full symbols) and outer (open symbols) layer thickness, (b) the parameter qde, (c) the resistance of the outer layer Rout, (d) the rate
constant of zirconium oxidation at the alloy/oxide interface k1, (e) the diffusion coefficient of oxygen vacancies DO and (f) the field strength in the inner layer~E on the time of
exposure of alloy E110 to the simulated WWER water with variable KOH content.
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cating the validity of the proposed model for the oxide film.
The thickness of the inner layer is several times smaller than
that of the outer layer, which indicates that the corrosion
properties of the zirconium alloys are controlled by a thin
layer close to the alloy/oxide interface. The thicknesses of both
layers seem to increase with time of exposure according to a
direct logarithmic law (solid lines in Figs. 8(a)–9(a)). As such
a law for film growth has been derived both from the PDM
and the MCM [30], the evolution of oxide thickness with time
can be taken as another proof for the adequacy of the repre-
sentation of the corrosion processes using the MCM. The
thickness of the whole oxide and the outer layer is larger on
Zircaloy 4 when compared to E110 and in general increases
with KOH concentration. On the other hand, the thickness of



Fig. 9. Dependences of the (a) inner (full symbols) and outer (open symbols) layer thickness, (b) the parameter qde, (c) the resistance of the outer layer Rout, (d) the rate
constant of zirconium oxidation at the alloy/oxide interface k1, (e) the diffusion coefficient of oxygen vacancies DO and (f) the field strength in the inner layer~E on the time of
exposure of Zircaloy 4 to the simulated WWER water with variable KOH content.
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the inner layer is somewhat smaller on Zircaloy 4 than on
E110 and tends to decrease with increasing KOH concentra-
tion, which points out to the different properties of the inner
layer on the two alloys.

� The values of the parameter qde that characterise the defect
induced conductivity of the interface at which oxygen vacan-
cies are generated (the alloy/oxide interface), preserve more
or less constant values with exposure time and decrease with
increasing KOH concentration (Figs. 8(b)–9(b)). Bearing in mind
the expression for qd given above, this behaviour may be corre-
lated to the respective increase of the rate constant of genera-
tion of oxygen vacancies, k1 (Figs. 8(d)–9(d)) with KOH
concentration, assuming that the diffusion coefficient of elec-
tronic charge carriers does not change appreciably with KOH
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concentration. The increase of k1 with KOH concentration is
most probably due to the increase of the rate of dissolution,
kd, with KOH concentration, as speculated already above.
Indeed, in order to preserve the steady-state, if the rate of dis-
solution increases, so should the rate of transport through the
oxide and the rate of oxidation at the alloy/barrier layer inter-
face. The processes at the two interfaces and in the film bulk
are related through the continuity in concentration of the major
ionic current carriers, the oxygen vacancies. No meaningful dif-
ferences between the values of qde are found for the two alloys,
which is in line with the statement that conduction in the bar-
rier layer at the interface with the alloy is governed by genera-
tion and transport of oxygen vacancies.

� For the oxide on Zircaloy 4 at a KOH concentration of 11
and 28 ppm, both the diffusion coefficient in the barrier layer
and the rate constant of Zr oxidation decrease with oxidation
time (Fig. 9(d)–(e)) Within the frames of the proposed
approach. this observation can be tentatively explained by the
deceleration of the dissolution rate of the oxide with time of
exposure.

� The resistance of the outer layer Rout, (Figs. 8(c)–9(c)) does not
depend on the type of alloy either but decreases significantly
with increasing KOH concentration which may be related to
an increased number of defects and short circuit conduction
paths through this layer when the alloys are exposed to WWER
water with higher KOH content. The respective resistivities cal-
culated by dividing Rout, by the outer layer thickness decrease
by a factor of 6–7 when the concentration of KOH in the electro-
lyte is increased 5 times, which may once more be connected to
the quasi-linear increase of the solubility/dissolution rate with
KOH concentration. Since the porosity of the outer layer has not
been quantified in the present study, it is in principle possible
that the decrease in the layer resistivity with increasing KOH
concentration is due to the higher conductivity of the liquid
in the pores of the outer layer.

� The diffusion coefficient of oxygen vacancies in the inner layer
DO (Figs. 8(e)–9(e)) does not change appreciably with expo-
sure time and is reproducibly smaller for the oxide formed
on E110 when compared to that on Zircaloy 4, which is in
good accordance with the generally lower corrosion rate of
E110, as observed experimentally. DO in general increases with
KOH concentration, i.e. the ionic conductivity of the inner
layer seems also to be a function of KOH content in the WWER
water. In line with the hypotheses proposed above, if oxide
transformation via dissolution is rate limiting and depends
on KOH concentration, in steady-state so should be the ionic
conductivity and hence the diffusion coefficient. On the other
hand, the field strength in the inner layer on Zircaloy 4 seems
to decrease when the KOH content is increased from 11 to
28 ppm, whereas something of a reverse effect is observed
for the inner layer on E110. In fact, the effect of KOH concen-
tration on the field strength in the inner layer on E110 is on
the overall small in comparison to that effect on the inner
layer formed on Zircaloy 4. Clearly further studies are needed
to explain this behaviour.

Summarising, it can be mentioned that the evolution of the
estimated structural, kinetic and transport parameters with expo-
sure time, KOH concentration and alloy type seems to be inter-
nally consistent and thus to furnish further proof for the validity
of the proposed approach. As a next step in this investigation,
the proposed model will be applied to data on the effect of Li con-
tent in simulated PWR water on the initial stages of oxidation of
E110 in Zircaloy 4 in such medium. This study is relevant in order
to understand why corrosion rates on Zr based alloys in KOH solu-
tions (simulating VVER conditions) have been reported to be dif-
ferent from those measured in LiOH solutions of similar
concentrations [31].

5. Conclusions

The experimental results obtained in the present work indicate
that for both E110 and Zircaloy 4 in simulated WWER water, at the
higher KOH concentration the oxidation is enhanced. Based on the
interpretation of the impedance spectra through the mixed-con-
duction model the rate constant of Zr oxidation (generation of oxy-
gen vacancies) at the alloy/film interface increases, the diffusion
coefficient of oxygen vacancies in the barrier layer increases, both
the defect induced resistivity of the inner layer and the overall
resistivity of the outer layer decrease. Our hypotheses is that the
effect of increasing KOH content in the electrolyte is to enhance
the dissolution rate of the oxide, which in turn influences the rates
of transport in the barrier layer and oxidation of Zr at the alloy/bar-
rier layer interface. The process of dissolution at the oxide/electro-
lyte interface itself is not discernable in the impedance spectra
probably because it is a chemical process that is not directly influ-
enced by the potential drop through the oxide film. As an overall
result, the changes in the above mentioned parameters lead to a
film thickness increase with increasing KOH concentration. Based
on these observations, it is predicted that in longer term exposures
the oxide film thickness will have a higher growth rate in WWER
water with a higher KOH content.

However, it is worth remembering that this study does not in-
clude all environmental effects (e.g. irradiation). Therefore the re-
sults presented in this paper can be considered only tentative
with respect to actual in-reactor corrosion of zirconium alloys.
Plans for the future studies on E110 and Zircaloy 4 include the
comparison between the alkali hydroxides, i.e. LiOH vs. KOH, and
also the effect of different anions, such as Cl� or F�. Concerning
the modelling aspect of this work, it has been demonstrated that
the MCM can be applied to reproduce quantitatively the initial
stages of corrosion of zirconium alloys also in simulated WWER
water. Thus, after taking into account irradiation effects, it can be
used as a first approximation of a predictive model for the corro-
sion of such materials in nuclear power plants.
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