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Abstract 

This work proposes a kinetic study of Zirconium alloy when working under controlled 

temperature and pressure conditions to simulate pressurized water reactor (PWR) conditions. 

A detailed analysis of the experimental results allowed to describe each time constant observed 

on the impedance diagrams. A model based on the PDM including the anodic and cathodic 

reactions and the description of the interfacial capacitance is proposed and allows to fit the 

experimental results. Even if the overall oxide film formed on the alloy can reach several 

micrometers in thickness, only a compact oxide sub-layer of a few nanometers contributes to 

the impedance response.  
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1. Introduction 

Zirconium-niobium-oxygen alloys are widely used in pressurized water reactors (PWRs) for 

fuel cladding because of their low neutron absorption cross section, good corrosion resistance 

in nominal conditions, high melting point, and good mechanical properties. The fuel cladding 

is the first confinement barrier between the nuclear fuel and its products, and the coolant water. 

During their use in PWR, ZrNbO alloys inevitably exhibit corrosion due to environmental 

exposure. Therefore, understanding the corrosion mechanisms of ZrNbO alloys, and modelling 

and predicting the oxidation behaviour are essential for the nuclear industry to predict long-

term behaviour of these materials. 

The good corrosion resistance of zirconium alloys is linked to the formation of a passive film 

on its surface. Chen et al. [1] demonstrated through the use of Mott-Schottky plots, the 

electronic characteristic of a zirconium passive film aged at 250°C and 62 bars in 

0.1	M	B(OH)! + 0.001	M	LiOH solution deaerated with argon. This film presents an n-type 

electronic character, which shows that the predominant defects are oxygen or hydrogen 

vacancies and/or interstitial zirconium. 

Generally, the oxide growth for zirconium alloys is composed of three steps, pre-transition, 

transition, and post-transition with a uniform corrosion. In pre-transition, the formed oxide is 

dense, and has a growth that follows a parabolic to a cubic trend resulting in monoclinic and 

tetragonal oxides. The oxide growth is accompanied by the growth of stress in the oxide. This 

stress arises due to the difference in volume between the oxide and the metal, characterised by 

a Pilling-Bedworth ratio of about 1.56. When this stress exceeds the critical thickness limit of 

the oxide and the oxide resistance drops due to crack formation, transition occurs, and the post-

transition period arises. during the post-transition step, the oxide growth rate accelerates then 

remains constant. Oxide formed in post-transition is mainly porous, and composed of 

monoclinic oxide [2]–[4]. 

Impedance measurements of zirconium alloys have been extensively used to study the 

corrosion behaviour of these materials and characterize the passive film formed on the surface 

[4]–[8]. Interpretation of the impedance data have shown two rate-limiting processes: an anodic 

one limited by the transport of oxygen, and a cathodic one related to the reduction of an oxidant 

in solution. To further analyse the impedance data, equivalent electrical models have been 

developed, based on the understanding of the interfaces, consisting of common electrical 

analogue elements (resistor, capacitor and constant phase element, Warburg element) [4], [9], 
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[10]. However, it is often difficult to describe precisely the electrochemical and 

physicochemical processes only in terms of an association of electrical elements. The 

combination of electrical equivalent circuits with impedance models that account for the 

electrochemical and chemical reactions can provide a finer description of the material reactivity 

[11]–[13].  

Different models have already been used for describing the oxidation process of zirconium 

alloys, such as the mixed-conduction model [14], [15] used to model Zr-1%Nb alloys in water 

cooled - water moderated energy reactor (WWER - 16 ppm 𝐾 as 𝐾𝑂𝐻, 1400 ppm 𝐵 as 𝐻!𝐵𝑂! 

and 1 ppm 𝐿𝑖 as 𝐿𝑖𝑂𝐻) simulated conditions around 300°C, in which they successfully used 

electrochemical impedance spectroscopy to develop a new model of oxide growth including 

the effect of a compressive stress. Independently, the Stefan model [16] has been used to model 

the oxidation and the hydriding processes of zirconium alloys in light water reactor (LWR, 

encompasses pressurized water reactors and boiling water reactors) simulated conditions at 

327°C in order to account for moving boundaries for a fine description of the oxide growth 

involving 2 interfaces. 

In the case of a thin oxide film, an impedance model based on the Point Defect Model (PDM) 

developed by Macdonald [12] is often suggested. For instance, Ai et al. [11] devised an 

impedance model for zirconium alloys aged at 250°C and 62 bar in 0.1	M	B(OH)! +

0.001	M	LiOH solution for 24 hours at different applied potentials. These zirconium alloys 

have two oxide layers, an inner dense layer and an outer porous layer. The electrical equivalent 

circuit is composed of two loops in series, where each loop corresponds to a time constant. The 

authors determined that the porous oxide layer dominates the corrosion resistance of zirconium 

alloys aged at 250°C in aqueous deaerated solution.  

The aim of this work is to examine the corrosion mechanisms of ZrNbO alloys aged in 

simulated PWR conditions by electrochemical experimental analysis and by modelling the 

involved processes. Special attention will be paid to the reduction reaction and mass transport 

of species related to this reaction since they should act as rate-limiting steps for zirconium 

corrosion in the experimental conditions chosen. A model is developed to reflect our 

understanding of zirconium corrosion, adapted from the PDM of Macdonald [12] and from 

other studies too [11], [17]–[19]. The oxide thickness evolution obtained from electrochemical 

impedance spectroscopy (EIS) analysis is also reported and discussed. The first part of this 

article introduces the impedance model, whereas the second part presents the experimental 
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results of corrosion. Finally, the interpretation of the applied model on experimental data is 

discussed. 

2. Model describing the oxide film formation as a function of time 

2.1. Model assumptions 

Mostly the same assumptions are employed in this paper as the ones used by Chao et al. [18] 

for describing the oxide film formation. It is assumed that: 

(a) a continuous oxide film is formed when the external potential is nobler than the Flade 

potential [20](refers to the step from the passive region to the active region) and that the alloy 

dissolution is controlled by the Zr dissolution, only;  

(b) this oxide incorporates a high concentration of oxygen vacancies, zirconium interstitials, 

electrons, and electron holes;  

(c) there is no interaction between defects;  

(d) the electrical field inside the thin film is independent of its thickness;  

(e) the rate-determining step when an electron is involved in physicochemical reactions is 

located either at the metal/oxide interface or at the oxide/solution interface, whereas the 

predominant step of a process that involves oxygen vacancies is their transport through the 

oxide film; 

(f) the interfaces can be polarized, hence, the potential difference at those interfaces depends 

on both the applied potential and the pH of the solution; 

(g) the impedance measurements do not affect the thickness of the oxide film; 

(h) the experimental measurements are performed only in deaerated solution. 

2.2. Kinetic model 

The model devised in this work relies on the work of Ai et al. [11], Sharifi-Asl et al. [17], 

Bojinov et al. [19] and the Macdonald’s Point Defect Model [12]. Our approach consists in 

considering the different anodic and cathodic contributions, as well as the dielectric properties 

of the interface. This leads us to propose an equivalent electrical circuit in which each element 

is described by an analytical expression which depends on the physicochemical reactions of 

the system and not a simple assembly of elements (R, C, L) whose only objective is to fit the 

impedance diagram.  
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Figure 1 (A) pictures the description of the two interfaces at which the reactions that are 

envisioned to occur in the system. Reaction (1) is responsible for injecting 𝑍𝑟"#$ in the oxide 

film at the metal/oxide interface and for oxidation of metal zirconium.  This reaction is 

reversible which allows to take into account the transport of charged species in the film. 

Reaction (2) corresponds to the oxidation of zirconium metal and leads to the growth of the 

oxide film at the metal/oxide interface with the transport of oxygen vacancies through the oxide 

thickness. At the oxide/solution interface, interstitial zirconium combines with water and is 

released into the solution as described by Reaction (3). Reaction (4) results in the consumption 

of oxygen vacancies by the reduction of water and Reaction (5) describes the dissolution of the 

oxide film. Reaction (6) corresponds to the reduction reaction of the solvent, namely the proton 

reduction reaction in this case. Reaction (2) and reaction (5) are the reactions that produce or 

consume the oxide, respectively. These reactions thus control the oxide growth or oxide 

thinning.  

In this description of the zirconium corrosion, only reactions (1) and (2) can be realized in the 

two directions. This introduces, in the equation of the system’s current, the defects’ 

concentrations (as described below by Eq.( 8 )). The defects’ concentrations can then be linked 

to the defects’ transport, which can occur via diffusion and migration. Thus, Nernst-Planck 

equations was solved to calculate the defects’ concentrations. 
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Figure 1 : Schematic representation of (A) corrosion processes describing ZrNbO alloys, 
exhibiting the reactions taken into account in the developed model ; 𝑍𝑟 = zirconium atom in 
metal, 𝑍𝑟"#$= zirconium anion interstitial, 𝑍𝑟%& = zirconium metal cation in the film, 𝑉'($ = 
oxygen anion vacancy, 𝑂'  = oxygen in the film; (B) Potential evolution through the oxide 
thickness, demonstrating that each part of the interface exhibits different potentials; 𝐸)*  = 
applied direct potential on metal zirconium, 𝐸)*+, = potential at metal /oxide interface, 𝐸)*-+. = 
potential at oxide/solution interface; (C) Electrical circuit describing ZrNbO alloys, used in 
the developed model ; 𝑍/! = anodic faradaic impedance, 𝐶𝑃𝐸+, = oxide capacitance, 𝐶𝑃𝐸). 
= double layer capacitance, 𝑅0  = electron transport resistance, 𝑍/"  = cathodic faradaic 
impedance, 𝑅-+. = solution resistance. 

The interfacial reaction rate constants 𝑘" are assumed to be potential dependant and function 

of the oxide film thickness. Assuming that the oxide film is made of a double oxide layer 

composed of an inner dense oxide and an outer porous oxide, the ohmic drop influences the 

interfacial reaction rate constants. The resistance of this porous oxide layer, 𝑅0,1, is a function 

of its resistivity, 𝜌+,, its thickness, 𝛿0,1, and its porosity 𝑃 according to 

 𝑅0,1 =
𝜌+,𝛿0,1
𝑃  ( 1 ) 

The rate constants of the reactions sketched in Figure 1 (A) are defined as follows 

 𝑘" = 𝑘"2𝑒3#(5678$%&)$:#;'%$<#=>     𝑖 = 1,2 ( 2 ) 
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 𝑘6? = 𝑘?2𝑒3()(5678$%&)$:();'%$<()=>  ( 3 ) 

 𝑘6( = 𝑘(2𝑒3(*(5678$%&)$:(*;'%$<(*=>  ( 4 ) 

 𝑘" = 𝑘"2𝑒<#=>     𝑖 = 3, 4, 5 ( 5 ) 

 𝑘@ = 𝑘@2𝑒3+(5678$%&)$<+=>  ( 6 ) 

where 𝑉 is the electrode potential, 𝐼 the DC component of the current flowing through the 

electrode, 𝛿+, the inner oxide film thickness, 𝑘"2  the standard rate constant for the reaction 𝑖, 

and 𝑎" , 𝑏"  and 𝐶"  are coefficients for the rate constants. To simplify the resolution of the 

system, we assume that pH at oxide/solution interface remains constant and that the term 

comprising its contribution is included in the standard reaction rate constant. 

The potential applied corresponds to the potential difference between the metal electrode and 

the reference electrode (𝑉), but the potential of interest which corresponds to the potential used 

for the electrochemical reaction is the potential difference between the dense oxide/porous 

oxide interface and the reference electrode (𝑈). These two potentials can be linked to the 

potential drop due to the porous oxide as 

 𝑈 = 𝑉 − 𝐼𝑅0,1	 ( 7 ) 

In the following, we have replaced Eq.( 7 ) in the rate constants, and we assume having only a 

dense oxide, since neglecting the porous oxide film can be justified by EIS data analysis (as 

presented in section 4.2). This assumption opposes the conclusion of Ai. et al [11], where they 

determine that it is the outer oxide layer that dominates corrosion resistance. 

The potential variation in the electrochemical system varies as shown in Figure 1 (B), where a 

potential drop occurs at the metal/oxide interface and at the oxide/solution interface. An ohmic 

drop is also present in the oxide. When a small variation in potential is applied to the metal, for 

example when an impedance measurement is performed, this is reflected throughout the 

system, and it is assumed that this difference remains the same at all points. 

All interfacial reactions that produce or consume electrons contribute to the total current 

density. In the system presented in Figure 1, the anodic faradaic current represents the electron 

contribution with transport of ions, whereas the cathodic faradaic current represents the 

electron contribution for reactions without transport of ions in oxide thickness. Using the 

Butler-Volmer equation, the anodic current is given as 

 𝐼/! = 𝑛𝐹𝐴 N𝑘? + 𝑘( − O𝐶%&#,-(0)𝑘6? + 𝐶5'*-
( (0)𝑘6(PQ ( 8 ) 
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where 𝐹  is Faraday’s constant, 𝑛  the number of electrons exchanged per reaction, 𝐴  the 

samples surface, 𝐶%&#,-(0)  the concentration of interstitial zirconium at the metal/oxide 

interface, and 𝐶5'*-(0) the concentration of oxygen vacancies at the metal/oxide interface. The 

activity for metal zirconium and 𝑍𝑟%& in Reaction (1) and Reaction (2) are assumed to be equal 

to unity. 

The total derivative of Eq. ( 8 ) when applying a sinusoidal perturbation 𝛿𝑥 = Δ𝑥𝑒AB1 , with 𝑥 

representing 𝐼/!, 𝑈, 𝛿+,, 𝐶%&#,-(0) or 𝐶5'*-(0), expresses as 

 
Δ𝐼/!
𝑛𝐹𝐴 = 𝐼CΔ𝑈 + 𝐼;'%Δ𝛿+, + 𝐼%&

2 ΔCDE.,-(0) + 𝐼5
2Δ𝐶5'*-  ( 9 ) 

where  

 

 

𝐼C = 𝑎?𝑘? + 𝑎(𝑘( − O𝑎6?𝑘6?𝐶%&#,-(0) + 𝑎6(𝑘6(𝐶5'*-
( (0)P 

 

( 10 ) 

 𝐼;'% = 𝑏?𝑘? + 𝑏(𝑘( − O𝑏6?𝐶%&#,-(0)𝑘6? + b6(𝐶5'*-
( (0)𝑘6(P ( 11 ) 

 𝐼%&2 = −𝑘6? ( 12 ) 

 𝐼52 = −2𝑘6(𝐶5'*-(0) ( 13 ) 

The mass balance for the oxide film thickness is obtained from Reaction (2) and Reaction (5), 

which allow to express the time evolution of the film thickness as 

 
𝑑𝛿+,
𝑑𝑡 = Ω𝑘( − Ω𝑘F − Ωk6(𝐶5'*-

( (0) ( 14 ) 

where Ω is the volume per mole of cations in the oxide film. Thus, the total derivative of this 

expression allows to express the change in thin oxide film thickness as 

 Δ𝛿+, = 𝛼;'%Δ𝑈 + 𝛽;'%ΔCG/*-(0) ( 15 ) 

 𝛼;'% =
Ω[a(𝑘( − 𝑎6(𝑘6(𝐶5'*-

( (0)]

𝑗𝜔 − Ω[𝑏(𝑘( − 𝑏6(𝑘6(𝐶5'*-
( (0)] 

( 16 ) 

 𝛽;'% =
Ω

𝑗𝜔 − Ω[𝑏(𝑘( − 𝑏6(𝑘6(𝐶5'*-
( (0)]

a−2𝑘6(𝐶5'*-(0)b ( 17 ) 

The transport of interstitials and vacancies is governed by both diffusion and migration. The 

Nernst-Planck equations expressed as  

 𝐽" = −𝐷"
𝜕𝐶"(𝑍)
𝜕𝑍 − 2𝐷"𝑘𝐶"(𝑍) ( 18 ) 

 𝜕𝐶"(𝑍)
𝜕𝑡 = 𝐷"

𝜕(𝐶"(𝑍)
𝜕𝑍( + 𝐷"𝑞"𝐾

𝜕𝐶"(𝑍)
𝜕𝑍  ( 19 ) 
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where 𝑖  corresponds to either 𝑍𝑟"#$  or 𝑉+($ , 𝐽  is the current density, 𝐷"  the diffusion 

coefficient, 𝑞"  is the number of charges, 𝐾 = /
8H
𝜖 with 𝑅 being the ideal gas constant (8.31 

𝐽.𝑚𝑜𝑙6?. 𝐾6?), 𝑇 the temperature (𝐾), 𝜖 the electric field strength (𝑉. 𝑐𝑚6?), and 𝑘 = I#J
(

. 

By solving differential Eq. ( 18 ) and Eq.( 19 ) for 𝐶5'*-(0), we obtain: 

 Δ𝐶5'*-(0) = Δ𝐶5'*-C
2 Δ𝑈 + Δ𝐶5'*-;'%

2 Δ𝛿+,	 ( 20 ) 

By solving differential Eq. ( 18 ) and Eq.( 19 ) for 𝐶%&#,-(0), it comes 

 Δ𝐶%&#,-(0) = Δ𝐶%&#,-0
2 Δ𝑈 + Δ𝐶%&#,-1/2

2 ΔδKL ( 21 ) 

The derivation of Eq.( 20 ) and Eq. ( 21 ) are presented in Annexe A. 

Substitution of Eq.( 20 ), Eq. ( 21 ) and Eq. ( 15 ) into Eq. ( 9 ) yields the anodic faradaic 

admittance corresponding to the anodic contribution: 

𝑌/! =
Δ𝐼/!
Δ𝑈 = 𝑛𝐹𝐴{𝐼C + 𝐼;'%𝑂𝑋 + 𝐼%&

2 OΔ𝐶%&#,-C
2 + Δ𝐶%&#,-;'%

2 𝑂𝑋P

+ 𝐼5'
2 [
Δ𝐶5'*-C

2 O1 − 𝛽+,Δ𝐶5'*-;'%
2 P + Δ𝐶5'*-;'%

2 𝛼+, + 𝛽+,Δ𝐶5'*-;'%
(

1 − 𝛽+,Δ𝐶5'*-;'%
2 ]} 

( 22 ) 

 𝑂𝑋 =
𝛼+, + 𝛽+,Δ𝐶5'*-;'%

2

1 − 𝛽+,Δ𝐶5'*-;'%
2  ( 23 ) 

 

Similarly, using the Butler-Volmer equation allows the cathodic faradaic current to be defined 

as: 

 𝐼/" = 𝑛𝐹𝐴{−𝑘@} ( 24 ) 

The total differential of Eq. ( 24 ) by applying a sinusoidal perturbation 𝛿𝑥 = Δ𝑥𝑒AB1 , with 𝑥 

representing 𝐼/"or 𝑈, can be presented, in the cathodic faradaic admittance form, as: 

 𝑌/" = −𝑛𝐹𝐴𝑎@𝑘@ ( 25 ) 

No physico-chemical reactions for the porous oxide layer are represented in Figure 1 (A), since 

the impedance measurement only analyses the dense oxide film (as presented in section 4.2). 

However, the resistance of the porous layer must be considered, since the current circulates 

through it.  
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The calculation of these different analytical expressions describing the impedance of the 

system requires knowledge of interstitial and vacancy concentrations at metal/oxide interface. 

Bojinov et al. [19] provided analytical expressions for the concentration of point defects 

involved in the electrochemical reactions (1) to (6) which are assumed to be governed  by the 

generalised transport equations established by Fromhold and Cook [21] 

 𝐽" = −𝐷"
𝜕𝐶"
𝜕𝑍 cosh v

𝑧𝐹𝑎𝑈
𝑅𝑇 x −

𝐷"
𝑎 𝐶" ∗ sinh	(

𝑧𝐹𝑎𝑈
𝑅𝑇 ) ( 26 ) 

Where 𝑖 corresponds to either 𝑍𝑟"#$ or 𝑉+($, 𝑧 is the charge of species, and 𝑎 the atomic jump 

distance. Assuming that the high field approximation holds, i.e., ( M/3N
8H

≫ 1, tanh }M/3N
8H

~ = 1) 

and sinh }M/3N
8H

~ = 0
3456
78

(
 , Eq. ( 26 ) thus expresses as 

 𝐽" = −𝐷"O
𝜕𝐶"
𝜕𝑍 −

𝐷"O

𝑎 𝐶"  
( 27 ) 

with 𝐷O = P
(
𝑒
3456
78 . By solving Eq.( 27 ) for interstitial zirconium and oxygen vacancies, one 

obtains the general form presented in Annexe B.  The defect concentrations appearing in 

impedance equations are only located at the metal/oxide interface, thus: 

 𝐶%&(0) = 𝐸%& −
𝐵%&
𝐴%&

𝑎
𝐷%&O

 ( 28 ) 

 𝐶5'(0) = 𝐴5' + 𝐵5'  ( 29 ) 

The total impedance of the system includes the anodic impedance contribution, the cathodic 

impedance contribution, and the resistance of the solution, 𝑅-+., presented in Figure 1 (C). The 

anodic impedance branch is composed of the impedance due to physico-chemical reactions, 

the anodic faradaic impedance (𝑍/!) in series with the oxide capacitance (𝐶𝑃𝐸+,) and the 

double layer capacitance (𝐶𝑃𝐸).). The cathodic branch is in parallel with the anodic branch 

and is composed of an electron transport impedance (𝑅0) in series with the cathodic faradaic 

impedance (𝑍/"). Therefore, the total impedance of the system presented in Figure 1 (C) is 

 𝑍 =
1

1
𝑍Q
+ 1
𝑍<

+ 𝑅-+. 	 ( 30 ) 

where:  

 𝑍Q = 𝑍/! + ZRST/2 + ZRST9:  ( 31 ) 
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 𝑍< = 𝑅0 + 𝑍/"  ( 32 ) 

𝑍<UN'%and 𝑍<UN;< are the impedance of constant phase elements for the oxide layer and the 

double layer, respectively. The impedance equation of a constant phase element is as 

 𝑍" =
1

𝑄"(𝜔𝑗)V#
 ( 33 ) 

With 𝑄" and 𝛼" being parameters of the constant phase element and 𝑖 standing for ox or dl.  

The use of a CPE for describing the oxide film capacitance is helpful from a practical point of 

view. However, its physical meaning is limited unless one is able to evaluate the properties of 

the film (resistivity, permittivity) and propose an expression for impedance base on these 

properties, such as a power law distribution of the resistivity or the Yong model  as discussed 

in detail in [22]. 

It is important here to underline that this equivalent circuit (Figure 1 C) contains in fact all the 

kinetics of the processes involved in the corrosion of zirconium. 

3. Experimental 

3.1. Samples and solution 

The samples used are zirconium alloys in cylindrical shape composed of 1.0 wt% of niobium 

and 0.12 wt% of oxygen, supplied by Framatome, France. The samples were cleaned in an 

ultrasonic bath first in acetone, then in ethanol, and finally in pure water for 15 minutes each.  

The experimental solution simulating PWR coolant was composed of 1.5 ppm of lithium and 

650 ppm of bore. This solution was deaerated with argon to decrease the oxygen content down 

to 10 ppb. The oxygen content is measured with a Hach orbisphere 510. 

3.2. Electrochemical measurements 

Two autoclaves were used to characterise electrochemically our samples, a static autoclave, 

and a dynamic autoclave (i.e., an autoclave coupled to a recirculating loop for the electrolyte 

circulating at a flow rate of 0.35 L/min). Nominal experimental conditions were at 360±5°C 

and 190±5 bar. A platinum wire and a home-made Ag/AgCl electrode were used as reference 

electrodes, the body of the autoclave was used as counter electrode, and the zirconium sample 

was used as working electrode. The electrochemical setup included the EchemLab xm 

Solartron analytical or Modulab Solartron analytical potentiostat.  
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Impedance measurements were performed at the open circuit potential (OCP), at +100 mV vs 

OCP and at -100 mV vs OCP on a frequency domain ranging from 1 MHz to 10 mHz with 13 

points per frequency decade and with an excitation signal of 25 mV amplitude. Polarization 

curves were measured anodically and cathodically, from -10 mV vs OCP to +250 mV vs OCP 

and from +10 mV vs OCP to -250 mV vs OCP, respectively, with a scan rate of 0.167 mV/s. 

Measurement of the open circuit potential was carried out for the duration of the experiment, 

except while impedance or polarization measurements were underway. 

3.3. Validation of experimental impedance data 

Kramers-Kronig transformations [23] have been used to check the consistency of the EIS 

measurements. Transformed real and imaginary components greatly coincide with 

experimental data, except at low frequency. This is ascribed to the fact that impedance data are 

measured on a finite frequency domain, whereas the transformations are defined on an infinite 

frequency domain and the data at low frequency are not always well defined due to the 

experimental conditions (corrosion behaviour at 360°C and 190 bar). At long exposure times, 

impedance at low frequencies do not tend to a finite value, thus behaving similarly to a semi-

infinite Warburg. 

4. Results and discussion 

4.1. Impedance results 

A typical impedance spectrum of ZrNbO alloy aged at 360°C and 190 bar in PWR solution for 

13 days in a dynamic autoclave is shown in Figure 2, in form of a Nyquist plot. ZrNbO alloys 

have first a parabolic oxide growth, then a linear oxide growth at high temperature and high 

pressure, with oxide thicknesses increasing rapidly to the order of a micron [8], [24]. Figure 2 

shows a well-defined impedance diagram for a measurement realized in these conditions, thus 

the system seems to be stable enough during the whole duration of the measurement. Three 

time-constants can be observed on the Nyquist plot. The first time constant at high frequencies 

corresponds to an artefact due to the experimental setup, which is also obtained in Vermoyal’s 

work [8]. This signal is an impedance response since it fulfils Kramers-Kronig relations. 

However, the use of an electrical circuit instead of the electrochemical system allowed to 

measure the same high frequency time constant, thus validating the analysis. It should be noted 

that the experimental constraints related to the measurement at high pressure and high 

temperature do not allow to modify certain aspects of the experimental device and the choice 

was made to keep this device but to correct the measurements concerning this contribution that 
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we were able to independently evaluate experimentally. The second flattened semi-circle at 

medium frequencies describes the electronic behaviour limitation of the system comprising the 

contribution of the oxide resistance, the charge transfer resistance, and the oxide capacitance. 

The low-frequency time constant is attributed to a transport behaviour since there is a 45° angle 

at the beginning of the loop, whereas the low frequency tends towards a real value, thus 

suggesting transport process in a layer of finite thickness. 

 

 

Figure 2 : Typical Nyquist plot of ZrNbO alloys at OCP in a frequency range of 1 MHz to 1 
mHz aged at 360°C, 190 bar and in PWR solution for 13 days. 

To ascertain whether the transport limitation observed on the impedance diagram corresponds 

to a transport process in solution or in the oxide film, a dynamic autoclave was used which was 

adapted and developed by Skocic [25]. This dynamic autoclave allows to modulate the flow of 

the solution circulating around the samples and thus potentially modify the low-frequency 

impedance response if it is due to a contribution in solution. EIS measurements for three 

different flows at 280°C and 70 bar in PWR solution were performed as shown in Figure 3. At 

low frequency, a slight difference appears between the three plots. This difference is not 

sufficient to be ascribed to a change in the size of the diffusion layer and has instead been 

attributed to temperature gradients being significantly different between measurements due to 

the difference in solution fluxes. Hence, transport in solution is negligible, and the transport 

highlighted in the impedance measurements takes place in the oxide for ZrNbO alloys. 

Experimental 

setup artefact 
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Figure 3: EIS measurements performed for three different flows of the solution at 280°C and 
70 bar in PWR solution at the OCP in a dynamic autoclave having a 150 mm² cross section. 

Polarization curves performed on two identical samples aged at 360°C and 190 bar for 7 days 

are presented in Figure 4 in an aerated solution corresponding to about 1 750 ppm O( (red 

circles) and in an oxygen-free solution (blue squares), both in a static autoclave. In the 

deaerated environment, a significant shift of the corrosion potential towards more negative 

values and a corrosion current smaller by about two orders of magnitude compared to the 

experiment performed in the presence of oxygen is observed. Moreover, at the end of the 

experiment, the oxide thickness of those samples was measured with an optical microscope. 

The oxide thickness of the sample from the aerated environment was 1.5 times larger than the 

oxide thickness of the sample studied in deaerated environment. These results show the 

primordial role of oxygen on the corrosion of zirconium and the thickening of the oxide layer 

for short immersion times. 

The impedance response (Nyquist plots) of identical samples in different environments also 

shows differences, as shown in Figure 5. These measurements were performed on two identical 

samples aged at 360°C and 190 bar for 14 days and 59 days in an aerated solution (circles) and 

in an oxygen-free solution (squares), both in a static autoclave. The sample in an aerated 

solution shows a lower impedance than the sample in a deaerated solution, therefore, in aerated 
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solution, the sample corrodes faster than the deaerated sample, which is consistent with the 

polarization curves presented in Figure 4.  

Moreover, EIS diagrams presented in Figure 5, show that the two samples behave differently. 

At 14 days, only one flat semi-circle seems to be present for the sample in aerated medium. 

Whereas at 59 days, the behaviour of the sample in aerated medium tends to the behaviour 

observed for sample in deaerated medium. This change of behaviour may be attributed to oxide 

transition. 

 

Figure 4: Polarization measurements of the same ZrNbO alloy aged at 360°C and 190 bar in 
PWR solution for 7 days, one in deaerated solution (□) and the other in aerated solution (○) 
(~1 750 ppm 𝑂(). 
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Figure 5: Corrected Nyquist plots (without the experimental setup artefact) for identical 
ZrNbO samples, one in a deaerated PWR solution (□) and the other in an aerated PWR solution 
(○); aged at 360°C and 190 bar for 14 days and 59 days. 

Figure 6 shows impedance measurements performed at the OCP, and around the OCP, namely 

at -100 mV vs OCP (cathodically) and at +100 mV vs OCP (anodically) for two oxide 

thicknesses. The oxide thicknesses were calculated as a function of the alloy and the time and 

conditions of exposure in the autoclave, based on the charts presented in the work of Vermoyal 

[8]. The present measurements were performed on a ZrNbO alloy aged at 360°C and 190 bar 

in PWR solution contained in a static autoclave, resulting in 1 µm and 1.9 µm thick oxide films 

on the Zr alloy at 19 days of exposure and 52 days of exposure, respectively. An example of 

SEM and TEM observation of the oxide and the metal/oxide interface is presented on Figure 7 

for a sample after 52 days exposure.  

The cathodic measurements present the lowest impedance compared to OCP and anodic 

measurements for the two oxide thicknesses. It is thus concluded that the cathodic reactions 

contribute to the impedance response. Indeed, Motta et al. [26] have reported that proton 

reduction is the main cathodic reaction involved in zirconium corrosion, arguing that the 

hydrogen observed in zirconium metal comes primarily from hydrogen generated by the 

corrosion reaction. However, it should also be remembered that the role of oxygen is not 

necessarily negligible, as shown by the results previously discussed. 
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Figure 6: Corrected Nyquist plots (without the experimental setup artefact) obtained at the 
OCP (○), -100 mV vs OCP (□) and +100 mV vs OCP (▲) for two oxide thicknesses (1 µm and 
1.9 µm) aged at 360°C and 190 bar in PWR solution for 19 days and 52 days; Represented 
oxide thicknesses are theoretical ones based on the work of Vermoyal [8]. 

The experimental temperature of 360°C has been used in previous studies [8], [27], [28], but 

other temperatures are investigated in order to characterize zirconium alloys, as such the work 

of Renciukova et al. in which experiments were performed at 340°C [4], Müller et al. who 

studied the corrosion of Zr alloy at 343°C and 400°C [29], or Ai et al. who performed 

experiments at 250°C  [11]. The influence of the temperature on the impedance response of the 

ZrNbO alloy is presented in Figure 8 in a Nyquist representation. A ZrNbO sample with 

0.7±0.1 µm oxide thickness was used for measurements realized in Figure 8 a & b. In Figure 

8 c, the measurement realized at 300°C was on a ZrNbO sample aged for 15 days, and for the 

measurement at 360°C, another ZrNbO sample aged at 18 days is used. 
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Figure 7: (a) SEM image of a FIB slide of a ZrNbO alloy oxidized at 360°C and 190 bar in a 
PWR medium at OCP for 52 days; (b) large scale TEM image of the oxide film; HRTEM at the 
interface metal/oxide. 

 

For the lowest temperatures (Figure 8 a), the impedance diagrams show only one constant 

which is assimilated to a CPE behaviour with values of the modulus of impedance that are very 

large. Such a behaviour is characteristic of the dielectric response of the oxide layer on the 

material, and the kinetics of the electrochemical processes is very much slowed down. When 

the temperature is increased (Figure 8 b & c), the shape of the diagrams presented previously 

is gradually found, whereas the modulus of the impedance decreases, which is equivalent to a 

larger current density. This indicates that the temperature allows to activate the kinetics of the 

electrochemical reactions, and we observe therefore the time constants related to the charge 

transfer and the transport process. 
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Figure 8: Corrected Nyquist plots of ZrNbO alloy realized at different experimental 
temperatures in PWR solution at a pressure granting a liquid phase to the solution; (a) and (c) 
measurements are realized on a ZrNbO sample having a 0.7±0.1 µm oxide thickness, 
measurement at 300°c is realized on another ZrNbO sample aged for 15 days (~1 µm oxide), 
measurement at 360°C is realized on another ZrNbO sample aged for 18 days (~1 µm oxide). 

4.2. The porous oxide layer 

The influence of the oxide layer thickness on the electrochemical response of the system was 

studied by comparing electrochemical measurements performed on ZrNbO alloys prepared in 

two different ways: one sample was pre-oxidized to an oxide thickness of 27 µm in a static 

autoclave at 360°C and 190 bar in a PWR solution, the second one was pre-oxidized to an oxide 

thickness of 1 µm in a static autoclave at 360°C and 190 bar in a PWR solution. Figure 9 shows 

the two EIS measurements performed on these materials. The sample with a 1 µm thin oxide 

shows only a dense oxide, whereas the sample with 27 µm thick oxide is characterized by both 

dense and porous oxide layers. In both cases, the EIS response exhibits two well-defined time 
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constants, one in the high frequency range (with a characteristic frequency of about 100 Hz) 

and a second one in the low frequency domain (in the mHz range).  

The sample with a 27 µm thick oxide shows a higher impedance than the 1 µm thin oxide 

sample, therefore, a 27 µm thick oxide sample corrodes slower than a 1 µm thin oxide sample. 

The modulus of their impedance is of the same order of magnitude while having such a big 

oxide thickness difference, thus, it is not necessary that the impedance measurement analyses 

the total thickness of the oxide. The thick oxide sample is composed of two oxide layers; hence 

impedance measurement could analyse only the inner dense oxide layer. 

 

Figure 9 : Corrected Nyquist plot for the same ZrNbO alloys at OCP in PWR solution aged at 
360°C and 190 bas for 13 days (1 µm of oxide) and for 2 473 days (27 µm of oxide). 

 

 

 

4.3. Model results 

To further exploit the impedance measurements, a model was developed based on the analysis 

presented in Section 2.2. The impedance diagrams have been fitted with this model with the 

use of a home-made software. However, given the number of parameters, it seems appropriate 

to set several parameters, especially using data from the literature.  These parameters are 

reported in Table 1.   
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𝑇 633.14	𝐾 Experimental-this work 

𝑛 4 This work 

𝑎 3.35 ∗ 10!"𝑐𝑚 [30] 

𝐴 70	𝑐𝑚² Experimental-this work 

𝐸#$$ −0.196		𝑉	𝑣𝑠	𝑃𝑡 Experimental-this work 

Ω 21.06	𝑐𝑚%. 𝑚𝑜𝑙!& [11] 

 

Figure 10 presents the comparison between the obtained fit and the experimental data in 

Nyquist plot and Bode plots, for a measurement performed after 2 days of exposure. From this 

figure, the model fits fairly well with the experimental data. This fit seems to have a level of 

agreement similar to that reported in different studies [11], [31]. Hence, the impedance model 

developed provides a reasonable understanding of the experimental data for the early stages of 

corrosion. 

 

Figure 10 : Comparison of simulated data (★) and experimental data (l) of ZrNbO alloy at 
360°C and 190 bar in PWR solution in the form of (a) a Nyquist plot, (b) the module and (c) 
the phase, after 2 days of exposure. 

Table 2 presents the parameter values obtained by optimization of the model on experimental 

impedance data for measurement performed after 2 days of exposure. On the diffusion 

coefficients side, oxygen vacancy diffusion is faster than interstitial zirconium diffusion even 
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with important incertitude, which is in agreement with the literature [26].  As for the electron 

transport resistance, its value is 1 to 2 orders of magnitude lower than the system’s value, thus 

it doesn’t limit the corrosion process. Finally, the oxide thickness value is completely different 

to the total oxide thickness of the sample estimated at ~0.9 µm, based on the work of Vermoyal 

[8]. The oxide thickness calculated tends to be similar to the thickness of a sub-oxide. Hu et al. 

[32] reported that for a ZrNbO alloy with a few micrometres of oxide, sub-oxide thickness 

varies from ~60 nm up to ~350 nm. In our case, the oxide thickness isn’t as thick as for Hu et 

al. but the order of magnitude of the oxide thickness found by them is of the order of magnitude 

of our calculated oxide thickness. This sub-oxide layer is thought to be formed while a slow 

oxidation takes place with the presence of a dense oxide layer [33]. As our oxide hasn’t been 

through transition, confirmed visually by the oxide colour, our oxide has a predominantly dense 

oxide and slow oxidation kinetics. Thus, our oxide should have a sub-oxide layer. The sub-

oxide layer is composed of a region of 𝑍𝑟𝑂, elements and of metal zirconium saturated in 

oxygen [32]. 

 

Table 2 : Parameter values of the developed model on the experimental impedance data for 
ZrNbO alloys in PWR solution at 360°C and 190 bar at OCP for 2 days of exposure. 

Parameter Value / unit 
𝑘&' 6.9 ∗ 10!( ± 1 ∗ 10!%	𝑚𝑜𝑙. 𝑠!&. 𝑐𝑚!( 
𝑘(' 4.2 ∗ 10!) ± 4 ∗ 10!*	𝑚𝑜𝑙. 𝑠!&. 𝑐𝑚!( 
𝑘% 2.13 ∗ 10!% ± 1 ∗ 10!+	𝑚𝑜𝑙. 𝑠!&. 𝑐𝑚!( 
𝑘, 2.7 ∗ 10!& ± 3 ∗ 10!(	𝑚𝑜𝑙. 𝑠!&. 𝑐𝑚!( 
𝑘)' 4 ∗ 10!&, ± 4 ∗ 10!&%	𝑚𝑜𝑙. 𝑠!&. 𝑐𝑚!( 
𝑎& 51.046 ± 0.006	𝑉!& 
𝑎!& −60.89 ± 0.06	𝑉!& 
𝑎( 97.9 ± 0.3	𝑉!& 
𝑎!( −90.4 ± 0.4	𝑉!& 
𝑎) −3 ± 1 ∗ 10%	𝑉!& 
𝑏& −5622 ± 10	𝑐𝑚!& 
𝑏!& −9.51 ∗ 10% ± 10	𝑐𝑚!& 
𝑏( −8.3 ∗ 10% ± 1 ∗ 10(	𝑐𝑚!& 
𝑏!( −4 ∗ 10% ± 5 ∗ 10+	𝑐𝑚!& 
𝛿-. 6.2 ∗ 10!* ± 1 ∗ 10!"	𝑐𝑚 

𝑄/01!"  6 ∗ 10!+ ± 3 ∗ 10!+ 
𝛼/01!"  0.8 ± 0.3 
𝑄/01#$  3 ∗ 10!+ ± 1 ∗ 10!+ 
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𝛼/01#$  0.41 ± 0.07 
𝑅2-3  3.44 ∗ 10, ± 2 ∗ 10(	Ω. 𝑐𝑚² 
𝑅4 6 ∗ 10& ± 1 ∗ 10"		Ω. 𝑐𝑚² 
𝐷5!%&  1.13 ∗ 10!* ± 8 ∗ 10!6	𝑐𝑚(. 𝑠!& 
𝐷78'(&  5 ∗ 10!&( ± 1 ∗ 10!&(	𝑐𝑚(. 𝑠!& 
𝜖 4.088 ∗ 10+ ± 3 ∗ 10(	𝑉. 𝑐𝑚!& 

 

5. Conclusions 

In the present work, an impedance model based on the point defect model for the growth of 

oxide layers formed on ZrNbO alloys under high temperature and high pressure deaerated 

aqueous solution conditions is developed, and an exploration of the electrochemistry of these 

aged alloys is presented.  

The electrochemical exploration performed presents the importance of working at 360°C, at 

which the limiting processes are the most observable. These limiting processes are the transport 

of species in the oxide layer and a reduction reaction. Supposedly the transport of oxygen 

vacancies and the proton reduction are the limiting steps of ZrNbO oxidation. This seems to be 

in accordance with the simulated data of the developed impedance model that comprises those 

limiting steps.  

The developed impedance model links electrochemical reactions, chemical reactions, diffusion 

of species, migration of species and the concentration of those moving species to form a 

coherent understanding of the ZrNbO oxidation system. Calculated parameters have reasonable 

values. The oxide value seems to represent mostly a sub-oxide thickness rather than the total 

oxide thickness, which would mean that impedance measurements would analyse the sub-oxide 

thickness, only. 

 

 

 

 

Annexe A 

By solving differential Eq. ( 18 ) and Eq.( 19 ) for 𝐶5'*-(0), we obtain: 
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 Δ𝐶5'*-(0) = Δ𝐶5'*-C
2 Δ𝑈 + Δ𝐶5'*-;'%

2 Δ𝛿+,	 ( 34 ) 

 Δ𝐶5'*-C
2 =

𝑏?C𝑎(? − 𝑏?C𝑎((
𝑎??𝑎(( − 𝑎?(𝑎(?

 ( 35 ) 

 Δ𝐶5'*-;'%
2 =

𝑏?W𝑎(? − 𝑏?W𝑎((
𝑎??𝑎(( − 𝑎?(𝑎(?

 ( 36 ) 

 𝑎?? = 𝑟?𝐷5'*- + 2𝐷5'*-𝑘 − 2𝐶5'*-(0)𝑘6( ( 37 ) 

 𝑎?( = 𝑟(𝐷5'*- + 2𝐷5'*-𝑘 − 2𝐶5'*-(0)𝑘6( ( 38 ) 

 𝑎(? = 𝑒&)Wa𝐷5'*-𝑟? + 2𝐷5'*-𝑘 + 𝑘#b ( 39 ) 

 𝑎(( = 𝑒&*Wa𝐷5'*-𝑟( + 2𝐷5'*-𝑘 + 𝑘#b ( 40 ) 

 𝑏?C = 𝑘(𝑎( − 𝑘6(𝑎6(𝐶5'*-
( (0) ( 41 ) 

 𝑏?W = 𝑏(𝑘( − 𝑏6(𝑘6(𝐶5'*-
( (0) ( 42 ) 

 𝑟? = −𝑘 +�𝑘( +
𝑗𝜔
𝐷5'*-

 ( 43 ) 

 𝑟( = −𝑘 − �𝑘( +
𝑗𝜔
𝐷5'*-

 ( 44 ) 

By solving differential Eq. ( 18 ) and Eq.( 19 ) for 𝐶%&#,-(0), it comes 

 Δ𝐶%&#,-(0) = Δ𝐶%&#,-0
2 Δ𝑈 + Δ𝐶%&#,-1/2

2 ΔδKL ( 45 ) 

 Δ𝐶%&#,-0
2 =

𝑓?C𝑒(? − 𝑓?C𝑒((
𝑒??𝑒(( − 𝑒?(𝑒(?

 ( 46 ) 

 Δ𝐶%&#,-=
2 =

𝑓?W𝑒(? − 𝑓?W𝑒((
𝑒??𝑒(( − 𝑒?(𝑒(?

 ( 47 ) 

 𝑒?? = 𝑟!𝐷%&#,- + 2𝐷%&#,-𝑘 − 𝑘6? ( 48 ) 

 𝑒?( = 𝑟#𝐷%&#,- + 2𝐷%&#,-𝑘 − 𝑘6? ( 49 ) 

 𝑒(? = 𝑒&>W O𝑟!𝐷%&#,- + 2𝐷%&#,-𝑘 + 𝑘!P ( 50 ) 

 𝑒(( = 𝑒&,W O𝑟#𝐷%&#,- + 2𝐷%&#,-𝑘 + 𝑘!P ( 51 ) 

 𝑓?C = 𝑎?𝑘? − 𝑎6?𝑘6?𝐶%&#,-(0) ( 52 ) 

 𝑓?W = 𝑏?𝑘? − 𝑏6?𝑘6?𝐶%&#,-(0) ( 53 ) 

 𝑟! = −𝑘′ + �𝑘′( +
𝑗𝜔
𝐷%&#,-

 ( 54 ) 
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 𝑟# = −𝑘′ − �𝑘′( +
𝑗𝜔
𝐷%&#,-

 ( 55 ) 

Where 𝑘′ =
I?@#

,-J

(
  and 𝐿 is the oxide thickness. 

Annexe B 

 As the fluxes of the defects are related to reactions presented on Figure 1 (A), the boundary 

conditions can be defined as: 

 𝐽%&#,-(𝑍 = 0) = 𝑘? − 𝑘6?𝐶%&(0) ( 56 ) 

 𝐽%&#,-(𝑍 = 𝐿) = 𝑘!𝐶%&(𝐿) ( 57 ) 

 𝐽5'*-(𝑍 = 0) = 𝑘( − 𝑘6(𝐶5'
( (0) ( 58 ) 

 𝐽5'*-(𝑍 = 𝐿) = 𝑘#𝐶5'(𝐿) ( 59 ) 

The steady state solutions for 𝑍𝑟"#$ and 𝑉+($ of Eq. ( 27 ), coupled with the boundary conditions 

(Eqs.( 56 ), ( 57 ) and ( 58 ), ( 59 )), are: 

 𝐶%& = 𝐸%&𝑒
6%3 −

𝐵%&
𝐴%&

𝑎
𝐷%&O

 ( 60 ) 

 𝐶5' = 𝐴5'𝑒
6%3 + 𝐵5'  ( 61 ) 

With: 

 𝐴%& = 1 +
𝐷%&O 𝑒

6W3

𝑘6?(𝐷%&O + 𝑘!𝑎)
−

𝑎𝑒6
W
3

𝐷%&O + 𝑘!𝑎
 

( 62 ) 

 𝐵%& =
𝑘?𝐷%&O 𝑒

6W3

𝑘6?(𝐷%&O + 𝑘!𝑎)
 

( 63 ) 

 𝐸%& =
𝑘?
𝑘6?

+
𝐵%&𝑎
𝐴%&𝐷%&O

−
𝐵%&

𝐴%&𝑘6?
 ( 64 ) 

 𝐴5' =
−1 + �1 + 4𝑎5'𝑘(

2𝑎5'
𝑒
W
3 �
1
𝑘#
+

𝑎
𝐷5'
O 	� ( 65 ) 

 𝐵5' =
1 − �1 + 4𝑎5'𝑘(

2𝑎5'

𝑎
𝐷5'
O  ( 66 ) 

𝑎5' =
𝑎(𝑘6(
𝐷5'
O ( −

2𝑘6(𝑎(𝑒
W
3

𝐷5'
O ( −

2𝑘6(𝑎𝑒
W
3

𝐷5'
O 𝑘#

+
𝑘6(𝑒

(W
3

𝑘#(
+
𝑘6(𝑎(𝑒

(W
3

𝐷5'
O ( +

2𝑘6(𝑎𝑒
(W
3

𝐷5'
O 𝑘#

 ( 67 ) 

Eqs.( 60 ) and ( 61 ) are the generalized defect concentrations equations. 
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