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Abstract Previous studies have shown that the numerical model EKINOX-Zr was

able to simulate with accuracy oxide growth and oxygen diffusion into the matrix

during high-temperature oxidation of Zy-4. In this study, the aim of the develop-

ment was to evaluate if the observed effect of hydrogen cladding content on the

increase of oxygen solubility in the high-temperature bZr was only a thermodynamic

effect. Previous experimental studies have shown that hydrogen induces an evolu-

tion of equilibrium oxygen concentration at the aZr/bZr interface. The present work

showed that EKINOX-Zr linked with the thermodynamic database Zircobase

reproduced the evolution induced by hydrogen during the high-temperature steam

oxidation. However, the results showed also that additional studies are necessary to

better understand hydrogen behavior during high-temperature oxidation of Zr.
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Nomenclature
EPMA Electron probe micro analyse
dxi

dt
is the metal/oxide interface velocity

dxj

dt
is the aZr/bZr interface velocity

PBR ¼ 1; 56 is the Pilling–Bedworth ratio between Zr metal matrix and the

associated oxide

Dox is the oxygen coefficient diffusion in the oxide

Da is the oxygen coefficient diffusion in aZr(O)

Db is the oxygen coefficient diffusion in bZr

J is the oxygen flux

c is the oxygen concentration

t is the time

Jn
Vk

is the anionic vacancy flux from slab n to n ? 1

Dn
Vk

is the anionic vacancy diffusion vacancies in the slab n

Xnþ1
Vk

is the anionic vacancy concentration in the slab n

Xn is the molar volume of the slab n
en is the thickness of the slab n

Xn
VK
¼ dXn

VK

dt
is the rate of change of the anionic vacancies concentration

c is linked with the oxide type MOc
C ox

vap
is the oxygen boundary concentration in the oxide at the steam/oxide

interface

Cox
a

is the oxygen boundary concentration in the oxide at the metal/oxide

interface

C a
ox

is the oxygen boundary concentration in aZr(O) at the metal/oxide

interface

Ca
b

is the oxygen boundary concentration in aZr(O) at the aZr(O)/bZr

interface

Cb
a

is the oxygen boundary concentration in bZr at the aZr(O)/bZr

interface

Introduction

The loss-of-coolant-accident (LOCA) is a hypothetical accidental scenario which could

occur in pressurized light water reactor. This scenario is a temperature transient with a

maximum peak-temperature up to 1,200 �C. On the one hand, during this transient,

cladding tubes, which are made of Zr based alloys, are submitted to an important

oxidation coupled with oxygen diffusion into the bulk. On the other hand, under in-

service conditions, cladding tubes can pick up hydrogen. Thus, the post-quench

behavior of cladding tubes after LOCA is linked with the oxygen and hydrogen

diffusion profiles into the bulk. In a recent work performed at room temperature,

Brachet et al. [1] have confirmed the existence of a ductile-to-brittle transition in the bZr

phase due to an oxygen concentration superior to 0.4 wt%. This point has to be

carefully addressed since cladding tubes constitute the first confinement barrier of

nuclear combustible and fission products. During the transient stage of LOCA, these
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tubes need to keep external environment safe from nuclear products. Both ZrO2 and

aZr(O) formed during the transient are brittle oxygen-rich layers. Thus, after quenching,

the residual ductility of the cladding tube is maintained by the remaining prior-bZr

phase containing less than 0.4 wt%. Thus, knowing the growth kinetics of aZr(O) layer

and the oxygen diffusion profile into the bZr phase are some key elements in order to

predict the amount of ductile bZr layer remaining after a LOCA transient regime.

Several calculation tools have been developed in order to predict with precision the

cladding tube behavior during LOCA transient [2–5]. Estimation of KINetics

OXidation model for Zr based alloys (EKINOX-Zr) is one of them. In a first part, a

short presentation of the context is given, followed by a presentation of EKINOX-Zr

tool. Next, simulation results are compared with experimental data and discussed.

Context

Cladding Tube

The composition of Zircaloy-4 (Zy-4) alloys used for cladding tubes is given in

Table 1.

Phase Transformations of the Cladding Tube During LOCA

In regular-service conditions, the Zr-matrix is single phase aZr. A layer of

monoclinic zirconia is formed on the external surface of the cladding tube (Fig. 1a).

During LOCA transient, the increasing temperature induces a phase transformation

from aZr to bZr (Fig. 1b). At the same time, oxygen diffuses via anionic vacancies in

the non-stoichiometric zirconia and via interstitial sites in the metallic matrix. Once

the solubility limit of oxygen in bZr is reached, aZr(O) phase enriched in oxygen

grows from the bZr phase at the metal/oxide interface (Fig. 1c). At the end of the

transient regime, the whole cladding tube is quenched. The final microstructure is

divided into three different layers (Fig. 1d). A prior-bZr phase resulting from the

high temperature (HT) stable phase bZr, which contains the major part of the

alloying elements Fe, Cr and potentially H; a layer of aZr(O) phase enriched in

oxygen due to its inward massive diffusion and an external zirconia layer.

Framework

Effect of Hydrogen on the Solubility Limit of Oxygen

Experimental investigations performed by Brachet et al. [1] have shown that

hydrogen concentrates into bZr phase after HT oxidation. It was shown that the

Table 1 Composition of Zy-4 alloys [1]

Sn Fe Cr O Zr

Zy-4 (wt%) 1.3 0.20 0.11 0.13 Bal.
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hydrogen concentration increases the solubility limit of oxygen in bZr. Thermody-

namic calculations confirmed this tendency. In this study, calculations were

performed with ThermoCalc software and the thermodynamic database Zircobase

[6].

The Zircobase database is a thermodynamic database written with Calphad

formalism and dedicated to zirconium based systems. It has been developed for the

last decade at CEA. Calculations were done considering the Zy-4 chemical

composition given in Table 1 plus a hydrogen additional content. Figure 2 shows

that the increase of the solubility limit of oxygen is correctly reproduced by

thermodynamic calculations [7].

EKINOX-Zr Contribution

EKINOX-Zr tool is an adaptation of a former calculation tool developed to simulate

the oxidation of Ni based alloys [8]. EKINOX-Zr development aims to build a

numerical model able to predict with accuracy the cladding tubes behavior during

HT oxidation. This model has been already presented in details in [9]. This previous

work showed that EKINOX-Zr was able to simulate oxygen diffusion and oxide

growth during HT oxidation, when considering the Zr–O system. Experimental data

were well fitted with simulation results using independent data. In the present paper,

EKINOX-Zr calculations are used to evaluate the impact of hydrogen on the

cladding tubes oxidation. The objective is to understand if the hydrogen effect is

only a thermodynamic effect: that is an increase of the oxygen solubility limit in bZr.

Or if it could also influence the oxygen diffusion coefficient into the bZr phase.

Thus, EKINOX-Zr was improved to take into account the possible roles of

Fig. 1 Schematic of the phase transformations of the cladding tubes during LOCA transient (schematic
without scale)
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hydrogen. This has required exchange data between EKINOX-Zr and ThermoCalc

(coupled with the Zircobase database) throughout the simulation.

State of the Art

Analytical Solutions

Several analytical models have been developed to predict HT oxidation of metal

alloys. Debuigne has proposed an analytical model for zirconium oxidation [10]. In

his model, a steady-state hypothesis in a semi-infinite geometry was considered. In a

more recent work, Ma et al. [11] have applied Debuigne’s analytical model to low-

tin Zy-4 steam oxidation between 1,100 and 1,250 �C. Because these analyses made

the assumption of a semi-infinite sample, the finite size of cladding tubes could not

be simulated. This is a major drawback because of the thickness of nuclear fuel

cladding tube is quite limited (close to 600 lm); and because oxygen rapidly

reaches the internal surface of the cladding wall.

Other Calculation Tools

Only few numerical simulation tools were developed for Zy-4 oxidation including

oxide layer growth and oxygen diffusion at HT in the metallic matrix. Iglesias et al.

[2] proposed the FROM (Full Range Oxidation Model) code. FROM is a part of a

large platform created to reproduce LOCA conditions in CANada Deuterium

Uranium reactors. This code is based on a one dimension diffusion problem with

three moving interfaces (vapor/oxide, oxide/aZr, aZr/bZr).

Oxygen diffusion is governed by Fick’s law and interface displacements are

controlled by oxygen flux through interfaces. Diffusion equations are solved using a

Fig. 2 Zy-4-O diagram. Using
Zy-4 composition and Zy-4
composition plus hydrogen
content of 5.1 at.%
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finite-difference algorithm. The authors ascertain that FROM is able to simulate

oxygen diffusion, but published results are only focused on the oxide scale growth.

Oxygen saturation in bZr seems to be treated but it is not described in the article.

Berdyshev et al. [3] proposed another numerical model for cladding oxidation as a

part of the SVECHA calculation tool package. The numerical model is also based

on Fick’s law and oxygen flux for interface displacements. The model succeeded in

simulating accurately the growth kinetics of aZr(O) phase with special consideration

of oxygen boundary conditions. As for the FROM presentation, SVECHA is

focused on growth kinetics of oxide layer and aZr(O), and does not show any

oxygen diffusion profile in the whole cladding wall. Since 2006, the French Institut
de Radioprotection et de Sûreté Nucléaire (IRSN) has developed the DIFFOX

model in order to describe the cladding tube during LOCA transient [4]. DIFFOX is

able to simulate double face oxidation of cladding tubes with different conditions on

each face. DIFFOX considers a multi-phased oxide layer which is composed of

tetragonal and monoclinic zirconia. The authors claim that DIFFOX simulations

correctly fit experimental data. Even if the influence of hydrogen seems to be treated

by DIFFOX, only one oxygen profile is published while twenty-one experimen-

tations were performed over three temperatures. Furthermore, this oxygen profile

shows a significant difference between aZr(O) thickness measured and calculated by

DIFFOX. At last Xiaoqiang et al. [5] have recently presented a model for cladding

oxidation during LOCA. This model is based on diffusion equations and considers

two different sub-layers to describe zirconia oxide scale. Results show a little

discrepancy between zirconia thicknesses calculated and measured.

EKINOX-Zr

General Description

In order to simulate cladding tube behavior during HT oxidation, a set of hypotheses

and simplifications are assumed in EKINOX-Zr tool [9]. The problem is modeled in

a 1-dimension planar geometry with three moving interfaces: vapor/oxide, oxide/

aZr, aZr/bZr (Fig. 2). Hypotheses are given below:

1. The system is always constituted of three phases: oxide, aZr(O) phase and bZr

phase.

2. The only diffusing species is oxygen (hydrogen diffuses much faster than

oxygen so that no gradient of hydrogen concentration appears in the system).

3. In zirconia, either monoclinic or tetragonal, oxygen is diffusing via anionic

vacancies. In the metallic matrix, oxygen diffuses via interstitial sites.

4. Only volume diffusion is considered.

5. Oxygen concentrations at interfaces are always at the equilibrium.

6. In each phase, oxygen diffusion coefficient is only dependent of temperature.

In order to solve numerically the set of equations presented below, the cladding

tube is divided into n slabs (Fig. 3). A zero oxygen flux is set at the internal surface

of the cladding tube, thus a finite dimension of the cladding and a simple face

126 Oxid Met (2013) 79:121–133

123



oxidation can be considered (Fig. 3). Oxygen boundary concentrations, which are

shown in (Fig. 3), are deducted from hypothesis 5 and given as follow (all notations

are given at the end of the text):

Cox n; tð Þ ¼ Cox=vap; Cox i; tð Þ ¼ Cox=a;

Ca i; tð Þ ¼ Ca=ox; Ca j; tð Þ ¼ Ca=b;

Cb j; tð Þ ¼ Cb=a

ð1Þ

Oxygen diffusion, in each phase, can be described by 1-dimension Fick’s first

and second laws:

J ¼ �D
oc

ox
and

oJ

ox
¼ � oc

ot
ð2Þ

The displacement of aZr/bZr interface is governed by the oxygen flux which

crosses through the interface. This flux determines the growth kinetics of aZr(O)

layer. Displacement of ox/aZr interface is governed by the oxygen dissolution in the

metal and the oxide growth which is linked to the metal recession.

Ca=b � Cb=a

� � oxj

ot
¼ Da

oCa

ox

����
j

�Db
oCb

ox

����
j

Cox=a � Ca=ox

� � oxi

ot
¼ Dox

oCox

ox

����
i

�Da
oCa

ox

����
i

ð3Þ

Then, the oxide growth is linked to the previous Eq. (3) by:

oe

ot
¼ PBR

oxi

ot
ð4Þ

In the oxide, oxygen diffusion from slab to slab is directly deduced from

vacancies flux between two slabs, which is calculated as follow:

Jp
VO
¼ �

Dp
VO

Xp �
Xpþ1

VO
� Xp

VO

ep�epþ1

2

ð5Þ

Fig. 3 Schematic of the oxygen diffusion profile into the cladding tube divided into slabs in EKINOX-Zr
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The evolution of the oxygen concentration in one slab is governed by the

difference of fluxes between two slabs:

X
� p

VO
¼

dXp
VO

dt
¼ �Xp �

Jp
VO
� Jpþ1

VO

ep
ð6Þ

Interface motion, Eq. (3), is numerically described trough variations of the slab

thickness around interfaces (j, j ? 1, for the aZr/bZr interface and i, i ? 1 for the

metal/oxide interface). Those variations are linked to oxygen mass balance at each

interface and to oxygen boundary concentrations. At the same time, oxide growth is

associated with a metal recession due to the Pilling–Bedworth ratio of the oxide MOc:

dejþ1

dt
¼ Xjþ1 �

Jj�1
VO
� Jjþ1

VO

Ca=b � Cb=a
and

deiþ1

dt
¼ Xiþ1

c
�

Ji�1
VO
� Jiþ1

VO

Cox=a � Ca=ox

ð7Þ

A special algorithm for changing increments j and i authorizes interface motion

over a large displacement [7].

EKINOX-Zr Improvement

EKINOX-Zr was improved in order to take into account the effect of hydrogen on

the solubility limit of oxygen into bZr phase. As EKINOX-Zr considered only

oxygen diffusion, and because the hydrogen diffusion is expected to be much faster

than oxygen diffusion, it was decided to consider that the whole hydrogen is

concentrated into the bZr phase as it was concluded in [1]. As a consequence, during

HT oxidation process, the internal prior-bZr layer is enriched progressively in

hydrogen. It was necessary to re-calculate oxygen equilibrium concentrations at the

aZr/bZr interface at each time step of the simulation. For this purpose, EKINOX-Zr

was linked to ThermoCalc (coupled with the Zircobase database) via TQ interface.

Thermodynamic Data Set

Oxygen concentrations Ca/b and Cb/a were calculated at each iteration at the metal/

oxide interface considering a {Zr–O} system and at the aZr/bZr interface considering

a {Zr–O–H} system. Table 2 summarizes the oxygen diffusion coefficients which

are used in EKINOX-Zr. They are obtained from [11]. For each simulation

concentrations of oxygen vacancies at both sides of the oxide layer are fixed to the

values given in Table 2.

Results

Figure 4a presents the growth kinetics of the oxide layer obtained from

experimental data together with the one calculated by EKINOX-Zr for Zy-4 with

hydrogen concentration up to 5.1 at.%. Figure 4b presents the oxygen diffusion

profiles calculated by EKINOX-Zr at different times. On can clearly see on these
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profiles the growth of both oxide and the aZr(O) layers. The lower profile in black

(Fig. 4b) present the initial conditions of the simulation with the assumption of

hypothesis 1: two small layer of both oxide and aZr(O) and the rest of the metallic

matrix in bZr phase.

Portier et al. [12] have done oxidation at 1,200 �C on Zy-4 samples with a

hydrogen content close to 5.1 at.%. This study showed that hydrogen has no effect

on growth kinetics of the oxide layer. One can see that the calculated parabolic

growth of the zirconia layer fits correctly the experimental data. Thus, hydrogen

content has also no effect on oxide growth kinetics calculated by EKINOX-Zr.

Issued from [13], Fig. 5a presents oxygen diffusion profiles (rescaled on the bZr

phase) measured using electron probe micro analyse (EPMA) on three Zy-4

samples, one without hydrogen, one with a 1.3 at.% hydrogen content and last

one containing 5.1 at.% hydrogen content. Those samples have been oxidized

under steam at 1,200 �C during approximately 200s. One can observe the

increasing solubility limit of oxygen when increasing the nominal hydrogen

content. Oxygen diffusion profiles have been calculated by EKINOX-Zr for the

same nominal composition and are compared with those obtained from

experimental measurements (Fig. 5b–d) [8, 10]. Oxygen diffusion profiles are

only plotted in the metal matrix, the left part corresponds to aZr(O) phase and the

right one to bZr phase.

The calculated profile for 187s hydrogen-free material and experimental data are

in good agreement in bZr phase (Fig. 5b). The second calculated profile for medium

hydrogen content (1.3 at.%) and experimental data are also in good agreement in

bZr phase (Fig. 5c). The last graph shows a large difference between the thickness of

Table 2 Diffusion coefficients [11] and oxygen concentration in zirconia used in EKINOX-Zr

T (�C) Dox (cm2/s) Da (cm2/s) Db (cm2/s) [VO]ox/vap (at.%) [VO]ox/a (at.%) Ca/ox (at.%)

1,200 9.21 9 10-7 1.10 9 10-7 1.55 9 10-6 1.0 9 10-6 9.0 30.53
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the aZr(O) layer measured experimentally and the one calculated with EKINOX-Zr

(Fig. 5d). Moreover, oxygen boundary concentrations Cb/a measured and calculated

by EKINOX-Zr differ strongly. As a consequence, the experimental profile is not
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well reproduced by calculations. In fact, the discrepancy between measured and

calculated oxygen diffusion profiles increases with the hydrogen content.

Discussion

The increasing value of the oxygen solubility Cb/a when increasing the hydrogen

content, which was observed in experimental studies, is reproduced by EKINOX-Zr,

but is overestimated. Thermodynamic calculations for two different hydrogen

contents (Table 3) indicate a hydrogen partitioning between aZr(O) and bZr. It is

different from the hypothesis done on hydrogen concentration in the EKINOX-Zr

calculations considering that hydrogen is completely concentrated in bZr, based on

experimental data from [1].

Secondly, during calculations, aZr(O) grows at the expense of bZr, in the

meantime hydrogen concentrates uniformly into bZr. Brachet et al. [1] have

performed an hydrogen quantitative mapping of oxidized Zy-4 samples with

5.1 at.% hydrogen content (oxidation under steam at 1,200 �C during 615 s).

Mapping was done thanks to an electron recoil detection analyser. It revealed a local

increase in hydrogen content in the bZr phase close to the aZr(O)/bZr interface. This

local hydrogen enrichment is not considered in EKINOX-Zr, but it may have an

effect on the solubility limit of oxygen at this interface. In the same work, thanks to

an EPMA, measurements of iron and chromium concentration have been done on

same samples. They have shown that iron and chromium are also massively

concentrated in bZr phase during oxidation at 1,200 �C. Thus, one can also wonder

if iron and chromium could have an effect on thermodynamic calculations.

Eventually, consideration of iron and chromium in thermodynamic calculations

shows a very little diminution of the over-estimated value of the solubility limit of

oxygen in bZr phase. However, it is clear that the local enrichment in hydrogen and

chromium beneath the aZr(O)/bZr interface, plus the global enrichment of the bZr

phase in iron induce a very particular chemistry beneath the interface which is

difficult to evaluate without consideration of the diffusion of all the elements in the

system.

Thirdly, the graphics presented in Fig. 5 show that hydrogen concentration

increases the difference between calculated aZr(O) thicknesses and measured ones.

It is not excluded that hydrogen has also an effect on the oxygen diffusion

coefficients. Such effect has not been introduced in the present calculations.

Furthermore, in EKINOX-Zr, oxygen diffusion coefficients are independent from

Table 3 Hydrogen partitioning between aZr(O) and bZr phases calculated with ThermoCalc

T (�C) [H]Zy-4 (at.%) na/nb (mol) [H]a (at.%) [H]b (at.%)

1,200 1.3 0.51/0.49 1.21 1.47

1,200 5.1 0.51/0.49 4.32 6.00

Each equilibrium calculations were performed at 1,200 �C with 1 mol of alloy
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oxygen concentration. One can observe in Fig. 5a, b and c, that the experimental

oxygen diffusion profile in aZr(O) are convex whereas calculated profiles are concave.

That could be due to an effect of oxygen concentration on its diffusion coefficient by

increasing the oxygen diffusion when oxygen concentration increases. Hence, it

appears that it is not fully justified to neglect the variation of oxygen diffusion with

oxygen and hydrogen contents. Moreover, the diffusion of the other alloying elements

can also have an influence on the oxygen diffusion profile. In fact, recent work [14]

has shown that tin, iron and chromium have a particular behaviour during oxidation at

1,200 �C in a steam environment. Tin presents no significant partitioning between

aZr(O) and bZr, despite its well known aZr(O)-stabilizer behavior, whereas iron,

chromium and hydrogen are clearly bZr-stabilizer elements. Brachet et al. also

showed in [16] that iron and chromium also concentration in bZr at HT with local

enrichment of Cr close to the aZr(O)/bZr interface. Diffusion coefficients of tin, iron

and chromium have been determined in the bZr phase in [15]. At 1,200 �C in bZr

phase, tin, chromium and iron diffusion coefficient are respectively equal to

8.10 9 10-13 , 7.40 9 10-12 and 9.00 9 10-11 cm2/s. Then, they diffuse very

slowly in comparison to the oxygen diffusion, so they could be neglected in EKINOX-

Zr calculations when considering short time oxidation. Hydrogen diffusion coeffi-

cient has been determined in [15]: 3.04 9 10-4cm2/s. EKINOX-Zr being based on an

explicit finite difference algorithm, the time step for integration is based on the fastest

diffusing element. Considering hydrogen diffusion in the calculations could be done

but should lead to long duration calculations. Hence, in next works, considering

hydrogen partitioning in a more accurate manner than done for these first calculations

could be a more efficient way to improve calculations.

Conclusions

The first simulations coupling diffusion of oxygen and thermodynamic effect of

hydrogen, in the system {Zr–O–H} show that the experimental evolution tendencies

are well reproduced with EKINOX-Zr calculations, but are over-estimated. One can

conclude that the effect of hydrogen on oxygen diffusion may not only be a

thermodynamic one. Thus, the simplistic hypotheses that have been set in EKINOX-

Zr on the hydrogen behavior are not sufficient for an appropriate description of the

hydrogen effect. It is possible that the effects of hydrogen are mixed with the

possible effects of chromium and iron showing some local enrichment at the aZr(O)/

bZr interface. It would be interesting to consider chromium and iron in the

thermodynamic calculations for future developments of EKINOX-Zr.
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