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a b s t r a c t

A new numerical tool has been developed by coupling the diffusion code ‘‘EKINOX” (Estimation Kinetics
Oxidation) and the thermodynamic database ‘‘ZIRCOBASE” using TQ (ThermoCalc program interface). The
aim of this tool is to calculate the oxygen diffusion during oxidation of Zr based alloys. The simulation
results of the oxide growth kinetics and the induced oxygen diffusion profiles in the [1100–1250 �C] tem-
perature range, at different times, are presented and compared to previous experimental results. An esti-
mation of the diffusion coefficient in the a phase is deduced from this comparison. The results are
discussed in comparison to previous models based on an analytical treatment and the influence of the
choice of the thermodynamic data set on the final oxygen diffusion profile is explored.

Finally, it is shown that the present modeling is able to predict quite accurately the ‘‘critical” oxidation
time corresponding to the overall ductile-to-brittle transition of the high temperature (HT) oxidized clad.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

During some hypothetical Pressurized Water Reactor (PWR)
accidental scenario such as Loss of Coolant Accident (LOCA), the
nuclear fuel cladding tubes made of Zr base alloys are subjected
to a high temperature (HT) oxidation (up to �1200 �C) caused by
the steam environment. This leads to the growth of a zirconia layer
(ZrO2), but also to the growth of aZr(O) phase from the parent (duc-
tile) bZr phase due to the oxygen diffusion within the sub-oxide
metallic layer (see Fig. 1). The zirconia and the aZr(O) phase layers
are brittle at low temperatures, then, the residual ductility of the
HT oxidized cladding tube depends mainly on the oxygen concen-
tration in the prior bZr phase inner layer. It has been recently dem-
onstrated by Brachet et al. [1], from room temperature (RT) impact
test data, that the post-quench (PQ) ductile-to-brittle transition
within the prior-b layer occurs locally for a critical oxygen concen-
tration value closed to 0.4 wt.% (Fig. 2). Kim et al. [2] have reached
similar conclusions by performing different experimental simula-
tions of LOCA tests. The failure behavior of the Zircaloy-4 cladding
was evaluated by 3-point absorbed energy tests. An oxygen con-
tent less than 0.5 wt.% in the b phase was corroborated to maintain
the cladding ductility after the LOCA test. Thus, knowing accurately
the kinetics growth of the aZr(O) phase and the oxygen concentra-
tion profiles in the bZr phase are a key issue to predict the amount
of ductile phase remaining in the cladding tube after a LOCA sce-
nario. Analytical oxygen diffusion models [3], used previously,
ll rights reserved.
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are limited to semi-infinite samples, consequently, the oxygen con-
centration prediction in the b phase and the simulation of the
b ? a phase transformation need to be improved. Thus, in order
to predict accurately the amount of oxygen in prior bZr phase, a
new tool is being developed. This tool results from the coupling be-
tween the ZIRCOBASE [4] (thermodynamic database) and an adap-
tation of the EKINOX numerical code [5], originally developed for
Ni alloy [6].

In a first part of this paper, the context of this work and the dif-
fusion–reaction model are presented. Then, a description of the
numerical tool is shown. In the second part, the oxygen profiles
are simulated at different times and compared to previous experi-
mental data [1], in the temperature range 1100–1250 �C.
2. Framework

The solid–solid phase transformations and the microstructural
changes due to basic diffusive processes occurring upon HT tran-
sients, such as LOCA accident, are of fundamental interest to eval-
uate the post-quench (PQ) mechanical properties of the HT
oxidized fuel cladding tubes.

The first oxygen embrittlement criteria in Zy-4 fuel cladding
were introduced by Sawatzky [7]. This author proposed a brittle
failure mode when half of the cladding tubes exceeded 0.7 wt.%
oxygen content.

Extensive studies were carried out to precisely evaluate the oxi-
dation rate of Zircaloy in a high temperature steam for a LOCA
safety analysis. Baker et al. [8] obtained a temperature dependence
for the oxidation parabolic rate above 1000 �C, that has been used
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Fig. 3. Zr–O phase diagram [3] illustrating the phase transformations by the oxygen
diffusion.

Fig. 1. Simplified LOCA transient (a) and scheme of the clad after HT oxidation and
quenching (b).

Fig. 2. Typical prior-b fractograph of an impact tested Zircaloy-4 sample at 20 �C
and associated oxygen diffusion profile after steam oxidation for 120 s at 1250 �C
and quenching (from [1]).
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as the safety criteria of the high temperature oxidation for the Zr
cladding materials. Urbanic et al. [9] studied the oxidation kinetics
of zirconium alloys in the temperature range 1050–1850 �C by the
hydrogen evolution and the weight gain methods. A parabolic ki-
netic (indicating a diffusion controlled reaction mechanism) was
corroborated but the parabolic rate constants were inferior to
those given by Baker et al. [8] in the Arrhenius plot over the tem-
perature range 1050–1580 �C. In a similar temperature range, 927–
1370 �C, Hobson et al. [10] measured the parabolic constant oxida-
tions by determining the zirconia thickness. These results are in
good agreement with the work of Urbanic et al. [9].

Ocken et al. [11,12] compared isothermal oxidation kinetics of
Zirconium alloys and different parabolic rate constants were found.
The discrepancy between these results is explained by the different
procedures used to heat the specimens (induction heating or resis-
tive heating).

Brachet et al. [13] have made an accurate quantification of the
a(O) and prior-b phases amount in Zr alloys during high tempera-
tures oxidation and the oxidation parabolic rate constants were
determined. As mentioned above, Brachet et al. [1] demonstrated
by fractographic examinations and evaluation of failure mode that
the cooling scenario has a significant impact on the post-quench
mechanical properties. The hydrogen and oxygen content were
determined by nuclear and electron microprobes measurements.
A critical oxygen concentration close to 0.4 wt.% was found for
the ductile-to-brittle transition.

Thus, it is a key issue to anticipate changes in the cladding wall
during thermal LOCA transient such as presented in the Fig. 1. In
the first stage, that is normal conditions, the fuel claddings operate
at around 360 �C, where aZr is the stable metallic phase. Also at this
‘‘low temperature” a thin layer of monoclinic zirconium oxide,
with a reduced growing rate, covers the aZr matrix. At this temper-
ature, the atomic movements are too slow to initiate meaningful
changes in the physico-chemical features, like a phase transforma-
tion in the substrate.

On the contrary, during the transitory stage of LOCA, when the
cladding reaches higher temperatures, the solubility and the diffu-
sive process of oxygen into the sub-oxide alloy becomes significant
and promotes oxygen diffusion inside the sub-oxide metallic part
of the cladding tube. For oxidizing temperatures above �900 �C,
the oxygen diffusion process generates a b ? a(O) phase transfor-
mation when the local oxygen concentration exceeds the oxygen
solubility limit within the b phase (see Zr–O phase diagram, Fig. 3).

For temperatures above �1000–1050 �C (which correspond
more or less to the zirconia phase transition temperature), the
oxide tetragonal phase is formed instead of the low temperature
(LT) monoclinic one. Thus, it is generally admitted that, above
1000–1050 �C and up to 1400–1500 �C, the tetragonal oxide
formed is adherent and protective, even for thick scale oxide. It is
admitted too that the overall cladding oxidation kinetics is para-
bolic, in accordance with the classical hypothesis of Wagner’s the-
ory [14]: oxide growth is controlled by thermally activated
diffusion inside the oxide scale. The anionic vacancies are the pre-
dominant defects which can be found in non stoichiometric mono-
clinic/tetragonal zirconia.

Finally, when the temperature decreases quickly (during the fi-
nal quenching stage), almost all the atomic movements stop, lead-
ing to a complex microstructure containing three phases: prior bZr

phase (enriched in Fe, Cr and, potentially, H), aZr (enriched in O)
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and oxide. The specific influence of b-stabilizing elements such as
Fe, Cr and H on the PQ properties is generally neglected, except for
the particular case of hydrogen [1]. Indeed the hydrogen concen-
tration has a high influence on the HT oxidation and consequently
on the residual cladding mechanical properties. Grobe et al. [15]
and Brachet et al. [16] investigated the hydrogen uptakes. Grobe
[15] proposed an hydrogen enrichment (close to metal/oxide inter-
face) by the existence of cracks inside the oxide layer. Brachet et al.
[16] considers this hydrogen enrichment as ‘‘unusual”.

In order to anticipate fuel cladding structural evolution during
the LOCA transient, several kinds of oxidation models have been
elaborated for more or less simplified systems.

Debuigne [17] solved the oxidation problem in the Zr–O system.
This author used an analytical resolution with the assumption of a
steady-state regime and semi-infinite conditions. More recently,
this analytical approach has been revisited and applied to steam
oxidation of Low-Tin Zircaloy-4 in the 1100–1250 �C oxidizing
temperature range [3]. However, the required steady-state hypoth-
esis for analytical treatment limits this model to semi-infinite sam-
ples. In fact, for longer oxidation times, there is a strong influence
of the finite size of the sample (due to the limited thickness of the
cladding, 585 lm). This induces a progressive oxygen saturation of
the inner residual b layer. Hence, such analytical models are gener-
ally limited to isothermal conditions and short times oxidation.

There are only few numerical codes developed for Zircaloy oxi-
dation and oxygen diffusion at high temperature. Particularly, Igle-
sias et al. [18] proposed the FROM (Full Range Oxidation Model)
code. This model was added in the nodal general simulation plat-
form for CANDU fuel design [19] in order to reproduce the LOCA
transient conditions. The FROM code solves the Fick’s equations
by finite difference method to simulate the oxidation of the Zy-4
alloys and the oxygen redistribution during an isothermal oxida-
tion or an arbitrary temperature transient. This code considers
non-equilibrium boundary concentrations relies on analytical
expressions for the interface concentrations and the transition
from two to three phases can be treated. However the results pre-
sented in [18] are focused on the thickness evolution of oxide and a
layers. The oxygen diffusion profiles are not shown in details for
the calculation of oxygen concentration in the b phase. So even if
the effect of finite size samples and the supersaturation in the b
phase seems to be solved by the FROM code, such results are not
presented.

For the analysis of mechanical properties, the possibility of an
embrittlement based on residual thickness of prior bZr layer with
low oxygen content needs an appropriate calculation tool. In this
frame a new tool has been developed. This tool is an adaptation
of the ‘‘EKINOX” [5] numerical code, coupled with the ‘‘ZIRCOBASE”
Thermodynamic database [4]. These calculations are focused on
the effect of the finite size samples and the effect of the equilib-
rium interface concentration (which varies with the alloying ele-
ment concentrations) on the calculation of PQ mechanical
properties of fuel claddings. The first calculations presented in this
paper are only for isothermal oxidation cases.
3. Calculation tools

3.1. ThermoCalc-ZIRCOBASE

ThermoCalc [20] is a powerful software which allows the calcu-
lations of different thermodynamic parameters in multi-alloyed
materials. During the past few years, CEA (Commissariat à l’Energie
Atomique) has been involved in the development of a thermody-
namic database named ‘‘ZIRCOBASE”[4], using ThermoCalc soft-
ware formalism. It performs thermodynamic calculations in
multi-component Zr base alloys.
3.2. EKINOX

‘‘EKINOX” (Estimation Kinetics Oxidation) [5] is a model origi-
nally developed to simulate the growth of an oxide layer during
high temperature oxidation of Ni alloys. The model is based on
an original numerical treatment taking into account both oxide
growth and the relative motion between the substrate lattice and
the oxide lattice due to the elimination of vacancies at the inter-
face, assuming a non uniform dislocation distribution in the metal.
In the present work, this model was adapted in order to simulate
high temperature oxidation in Zr alloys.

3.3. TQ

TQ is an interface program with a set of subroutines and/or
functions written in Fortran. It allows the linking of a thermody-
namic database (ThermoCalc formalism) with any program written
in FORTRAN. In the present study the connexion TQ-ZIRCOBASE
allows the determination of equilibrium concentrations at the
different interfaces, taking into account the nominal chemical
composition of the cladding materials.

3.4. Corresponding diffusion–reaction model

Modeling the kinetics of phase transformation and the oxygen
diffusion profile inside the cladding tube implies a simplification
of the system. Only one kind of zirconia is considered and the ini-
tial condition systematically assumes a layer of a phase in the b
substrate. So the model is adapted to predict oxygen diffusion pro-
files at high temperatures (�900–1800 �C). During the oxidation of
the bZr phase, the diffusion of oxygen and growth of a(O) phase (in
the outer part of the cladding at the metal/oxide interface) are the
main evolutions considered in the metallic substrate. The oxide
growth and the a phase growth can then be treated as a 1-Dimen-
sion (1-D)-planar geometry diffusion problem with fixed condi-
tions at mobile interfaces. The following hypotheses are required:

(1) The system considered is always constituted by three dis-
tinct phases forming three adjacent layers: oxide, a phase,
b phase.

(2) The only diffusing component considered is oxygen.
(3) Inside the oxide, oxygen diffuses across the oxide layer via

the anionic vacancies. Whereas in the metal, the diffusion
of oxygen takes place via an interstitial mechanism both in
the aZr and in the bZr structures.

(4) Only volume diffusion is considered (i.e., no significant con-
tribution of grain boundaries).

(5) Local thermodynamic equilibrium conditions are assumed at
all interfaces: the oxygen and zirconium chemical potentials
are equal on both sides of the interface.

(6) In a given phase, the oxygen diffusion coefficient is indepen-
dent of the local concentration of oxygen.

From hypothesis 5 the boundary conditions for the system
(Fig. 4) can be directly written as follows: the concentrations at
the interfaces – respectively noticed: vap/ox, ox/a, and a/b are
the fixed equilibrium concentrations which can be deduced from
the binary Zr–O system or from ThermoCalc-ZIRCOBASE for Zirca-
loy-4. At each time t, the following boundaries conditions are ful-
filled c(0,t) = ox/Cvap:

coxðn1; tÞ ¼ Cox=a ð1Þ
caðn1; tÞ ¼ Ca=ox ð2Þ
caðn2; tÞ ¼ Ca=b ð3Þ
cbðn2; tÞ ¼ Cb=a ð4Þ



Fig. 4. Schematic diagram of Zircaloy-4 oxidized at temperature above the a�b
transition temperature.

Fig. 5. Schematic representation of the concentration profile.
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where n1 and n2 are respectively the oxide ox/a interface position
and the a/b interface position.

Diffusion phenomena in each phase are described by the classi-
cal (1-D) Fick’s laws:

J ¼ �D
@c
@x

ð5Þ

@c
@t
¼ D

@2c
@x2 ð6Þ

The growth rate of the a phase is linked to the velocity of the a/
b interface, which can be deduced from the oxygen mass balance at
the a/b interface:

ðCa=b � Cb=aÞ
@n2

@t
¼ Da

@ca

@x

����
n2

� Db
@cb

@x

����
n2

ð7Þ

where cb and ca are the oxygen concentrations in b and a phase,
respectively; Db and Da are the oxygen diffusion coefficients in b
and a phase, respectively and n2 is the a/b interface position in
the system.

Considering the fact that the oxide growth is only due to anionic
diffusion inside the oxide, the oxide growth only results from the
ox/a interface motion which follows a similar equation but taking
into account the volume change due to the Pilling-Bedworth ratio,
PBR = XZrO2=XaðZrÞ:

In the reference frame chosen Fig. 4 – the interface position n1 is
equal to the metal recession due to the oxide growth

ðCox=a � Ca=oxÞ
@n1

@t
¼ Dox

@cox

@x

����
n1

� Da
@ca

@x

����
n1

ð8Þ

The oxide growth is then linked to the previous equation by:

@eox

@t
¼ PBR

@n1

@t
ð9Þ

where eox is the thickness of the oxide layer.
In the previous analytical model [3], the set of equation, from

Eqs. (1)–(6), was analytically solved adding a quasi-steady-state
hypothesis, and assuming parabolic rate constants for interfaces
motions.

In the EKINOX code, the set of differential equations, Eqs. (1)–
(8), is solved with a numerical time integration based on explicit
finite difference and with an adequate numerical algorithm to
tackle the moving interface boundaries issue.
4. The numerical model EKINOX-ZIRCOBASE applied to Zr alloys
oxidized at high temperatures

4.1. General description

The numerical code EKINOX is a one dimensional model that
simulates the growth of an oxide layer using a simple explicit finite
differences method for the time integration algorithm [5]. To tackle
the problem of oxygen diffusion inside the substrate in the case of
Zr base alloys, an adaptation of the EKINOX code has been per-
formed. First, a non-null oxygen equilibrium concentration in the
substrate has been added. Second, an additional interface has been
included into the substrate in order to simulate the b ? a phase
transformation.

The substrate is divided into ns layers of equal initial thick-
nesses (Fig. 5).

The substrate of metal (a(O)Zr and bZr) extends from 1 to ni1 + 1
slab and the oxide scale extends from the slab ni1 to the slab num-
ber ns. In the oxide, two sub-lattices are considered for the cations
and for the anions, whereas only one lattice is considered in the
metal. Each sub-lattice is filled either by the corresponding chem-
ical species k (metal, oxygen) or by the corresponding vacancies Vk.

4.2. Equations governing the evolution of the concentration profiles

Species transport is calculated from slab to slab with the expli-
cit treatment of vacancy fluxes, following Fick’s first law:

Jn
Vk
¼ �

Dn
Vk

Xn

Xnþ1
Vk
� Xn

Vk

enþenþ1

2

ð10Þ

Eq. (10) gives the flux Jn
Vk

of vacancies Vk from slab n to n + 1 in
the reference frame corresponding to the nature of the considered
slab n. en is the thickness of the slab n, Xn

Vk
is the concentration in

site fraction of the vacancies Vk in the slab n, Dn
Vk

is the diffusion
coefficient of the Vk vacancies in the slab n and Xn is the molar vol-
ume of slab n. Then, the rate of change of the concentration _Xn

Vk
of

vacancies Vk in the slab n is given by the Eq. (11). A mirror condi-
tion is considered in the slab 1 which means that the model calcu-
lates the oxidation of a finite size sample.

_Xn
Vk
¼

dXn
Vk

dt
¼ �Xn Jn

Vk
� Jn�1

Vk

en
ð11Þ
4.3. Interface motion

For the slabs beside the interfaces (ni1, ni1 + 1, ni2, ni2 + 1 and ns),
the conservation equation (Eq. (11)) leads to a thickness variation
of the slabs. The corresponding variation with time of the slab
thickness _eniþ1

1 and _eniþ1
2 , is given by Eqs. (12) and (13). These vari-

ations are directly in function of the oxygen flux at the interfaces

(Jni�1
0 ; Jniþ1

0 , for i1 and i2) and the oxygen equilibrium concentration

at the different interfaces (Cox=a
0 ;Ca=ox

0 ;Ca=b
0 and Cb=a

0 ). The anionic



Table 2
Interface equilibrium oxygen concentrations (in atomic fraction) of Zr–O or Zircaloy-4
at 1100, 1200 and 1250 �C, calculated from Chung–Kassner (C–K) or ThermoCalc-
ZIRCOBASE (TC).

T �C Cb/a Ca/b Ca/ox

Zy-4 Zr–O Zy-4 Zr–O Zy-4 Zr–O

1100 TC 0.0174 0.0224 0.0859 0.0809 0.2953 0.3011
C–K 0.0213 0.1100

1200 TC 0.0279 0.0336 0.1086 0.1033 0.2998 0.3053
C–K 0.0316 0.1267

1250 TC 0.0322 0.0393 0.1175 0.1129 0.3021 0.3072
C–K 0.0376 0.1344

Table 3
Diffusion coefficients in aZr, bZr and ZrO2 at 1100, 1200 and 1250 �C.

T �C Da (cm2/s) Db (cm2/s) Dox (cm2/s)

1100 2.48 � 10�8 8.44 � 10�7 3.99 � 10�7

1200 8.50 � 10�8 1.55�10�6 9.21 � 10�7

1250 1.48 � 10�7 2.05 � 10�6 1.35 � 10�6
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oxide growth leads to a recession of the metal layer thickness in
the ratio of the molar volumes, that is to say the Pilling-Bedworth
Ratio of the oxide type MOc:

_eni1
þ1 ¼ Xni1

þ1

c
J

ni1
�1

o � J
ni1
þ1

o

Cox=a
o � Ca=ox

o

ð12Þ

_eni2
þ1 ¼ Xni2

þ1 J
ni2
�1

o � J
ni2
þ1

o

Ca=b
o � Cb=a

o

ð13Þ

The implementation of the algorithm for moving boundaries is
described in [21].

5. Results

5.1. Initial conditions

In order to perform an EKINOX simulation, the initial concentra-
tion profile of the system is needed as an input data. Since EKINOX
does not treat germination but only the growth of the oxide and
the a phase, thin layers of these two phases are already pre-exist-
ing at t = 0. Hence the chosen value for the initial condition:
eox = 1.93 lm and ea = 1.93 lm and the initial concentration profile
is as follows:

– In the oxide, a linear profile from Cvap/ox to Cox/a is assumed.
– In the a phase, the initial profile is uniform in the whole phase

and taken at the equilibrium value of the a/b interface, except at
the oxide/a phase interface where the equilibrium concentra-
tion Cox/a is respected.

– In the b phase, the initial profile is uniform in the whole phase
and taken at the nominal oxygen composition of Zy-4 alloy –
0.74 at.% except at the a/b phase interface where the equilib-
rium concentration Cb/a is respected.

5.2. Input data for the simulation

Two types of input data are needed for the EKINOX calculations:
the equilibrium concentration at each interface and the diffusion
coefficient in each phase. The first ones can be seen as purely ther-
modynamic data and the second ones as kinetics data.

5.3. Thermodynamic data set

Chung and Kassner [22] have investigated the zirconium-rich
portion of the pseudo-binary Zircaloy-4/oxygen phase diagram.
At T > 1280 K, these authors expressed empirically the equilibrium
concentrations between the b and a phases as follows:

ln Cb=a ¼ 5:02� 8220
T

ð14Þ

ln Ca=b ¼ �2:28þ 0:535 � lnðT � 1083Þ ð15Þ

where Cb/a and Ca/b are the equilibrium oxygen concentration in
wt.% at the b and a-phase boundaries respectively at a given tem-
perature T (in Kelvin).

Equilibrium oxygen concentrations can also be calculated using
ThermoCalc and the ZIRCOBASE database [4]. These concentrations
Table 1
Typical chemical composition of the Low-Tin Zircaloy-4 alloy considered for the
calculation.

Alloying elements Sn Fe Cr O

Wt.% 1.30 0.20 0.09 0.138
have been calculated for both Zr–O system and the Zircaloy-4 alloy,
in the [1100–1250 �C] temperature range. The typical chemical
composition of Low-Tin Zircaloy-4 alloy used for ThermoCalc cal-
culations is given in Table 1.

Table 2 summarizes the equilibrium concentrations obtained
from Chung–Kassner (C–K) expressions and from ThermoCalc-ZIR-
COBASE (TC), considering either Zr–O or Zy-4 systems.
Fig. 6. (a) Comparison between experimental [1] and calculated O diffusion profiles
in Low-Tin Zircaloy-4 at 1100 �C. (b) Blow-up of (a).
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5.4. Kinetic data set

The set of diffusion coefficients used for the EKINOX simula-
tions are presented in Table 3.

For the ZrO2 and b phase, the diffusion coefficients have been
calculated from the diffusion parameters of the Ma et al. [3]. These
parameters were deduced from [23] (beta-phase) and from [24,25]
(ZrO2-phase).

For the a phase, a different strategy has been chosen: a para-
metric study of the model has revealed that diffusion coefficient
in the a phase is the kinetic parameter that has the more signifi-
cant influence on the a/b interface motion. The diffusion coefficient
for the a phase has been then chosen in order to obtain the best
agreement for the calculated a/b phase position with existing
experimental one.

Hence the Da values presented in Table 3 are the ones that give
the best agreement between experimental and calculated a(O)/b
phase locations.These coefficients were determined by performing
several simulations with different diffusion parameters.
5.5. Comparison between EKINOX simulations and experimental
oxygen diffusion profiles

The calculated oxygen diffusion profiles in the a and b phases of
Low-Tin Zircaloy-4 are presented in the temperature range [1100–
1250 �C] for different times. These profiles have been obtained via
EKINOX calculations using TC values from Table 2 and kinetic
parameters given in Table 3. Figs. 6–8 show a comparison of
experimental data [1] with EKINOX simulations at 1100 �C,
1200 �C and 1250 �C.

The different simulation profiles are within the experimental
quoted errors (around 1 � 10�2 atomic fraction) except for the lon-
gest oxidation time at 1200 �C, due to achievement of the b phase
Fig. 7. (a) Comparison between experimental [1] and calculated O diffusion profiles
in Low-Tin Zircaloy-4 at 1200 �C. (b) Blow-up of (a).

Fig. 8. (a) Comparison between experimental [1] and calculated O diffusion profiles
in Low-Tin Zircaloy-4 at 1250 �C. (b) Blow-up of (a).
saturation which induces a(O) incursions within the inner prior-b
layer. Additionally, the determination of the experimental equilib-
rium concentration at the a/ox interface is quite difficult. Consider-
ing these points, simulations appear to be in good agreement with
the experimental data.
6. Discussion

6.1. Kinetic parametrization

EKINOX simulations offer a new tool to determine accurately
diffusion coefficients in the metallic phases. Indeed, the a/b inter-
face displacement is directly linked to time integration of Eq. (7)
which can be rewritten as follows:

½Ca=b � Cb=a�dn2 ¼ ðJa � JbÞn2
dt ð16Þ

where Ca/b and Cb/a are the equilibrium oxygen concentrations at
the interface, in the a and b phases respectively, Ja and Jb are the
a and b phase fluxes and dn2 is the a-growth in dt time.

The Eq. (16) shows that the interface motion in the EKINOX sim-
ulations depends upon diffusion coefficient parameters of a and b
phases via Ja and Jb. On the contrary, in the previous analytical
models [3], the position of the interface is linked to a supplemen-
tary input data: Ka, the experimental parabolic rate constant for the
a(O) phase.

Furthermore some simulations have shown that, numerically,
the a phase kinetic parameters had a more significant influence
on the interface motion, due to Ja dependence upon both: b ? a



Table 4
Comparison of the oxygen diffusivities at 1200 �C.

O diffusivities in aZr D0 (cm2/s) Q (kJ/mol) D1200 �C (cm2/s)

Ma et al. [3] 1.543 201.55 1.09 � 10�7

Pawel et al. [25] 3.920 213.18 1.07 � 10�7

This work 1.865 206.90 8.50 � 10�8

202 C. Corvalán-Moya et al. / Journal of Nuclear Materials 400 (2010) 196–204
and a ? oxide transformations. Consequently, the choice of ade-
quate kinetic variables in the a phase strongly influences the re-
sults of EKINOX calculations. To illustrate this point, three
simulations using different sets of a-kinetic data were performed.
The first and the second values of Da were extracted from [3,25]
and the third one was obtained using the set of kinetic data ad-
justed in the present study. The different sets of data are summa-
rized in Table 4. The results are shown in Fig. 9 where experimental
data from [1] have been also added. The EKINOX simulations using
this new set of kinetic data shows a better agreement with the
experimental data than the simulations using kinetic parameters
from [3] and [25] which overestimates the a growth rate.

Thanks to several experimental diffusion profiles for the Low-
Tin Zircaloy-4 at different times and temperatures [1], the a/b
interface position can be accurately measured and the diffusion
coefficient in the a-phase has been chosen in order to reproduce
Fig. 10. Arrhenius diagram of O diffusion in aZr.

Fig. 9. Simulations and experimental data of O diffusion profiles in aZr and bZr at
1200 �C.
the experimental a/b interface position in the [1100–1250 �C] tem-
perature range.

The Arrhenius plot (Fig. 10) determined from EKINOX diffusion
simulations can be expressed by the Eq. (17). The activation energy
value (207 kJ) is in good agreement with previous works [3,25].

DaðTÞ ¼ 1:8652 � exp
�207 kJ

R � T

� �
ðcm2=sÞ ð17Þ

Contrary to the oxygen profiles in the a phase and the b phase
which require accurate WDS procedure to be quantitative, the a/
b interface position can be easily experimentally located with a
good accuracy. Hence EKINOX calculations offer an interesting tool
to estimate the overall effective diffusion coefficient from oxida-
tion tests on Zr base alloys, by simply considering the respective
ZrO2, a(O) and b phase thicknesses, which can be easily and accu-
rately obtained experimentally.
6.2. Comparison between numerical and analytical solutions

In order to evaluate the improvement obtained by non-station-
ary calculations using EKINOX simulations, the simulated oxygen
diffusion profiles inside HT oxidized cladding tubes have been
compared to previous analytical models [3]. The data needed in
the analytical solution are the following ones:

– The experimental, parabolic growth rate constants Kp and Ka,
respectively for oxide and a phase.

– The equilibrium oxygen concentrations at the different
interfaces.

– Diffusion coefficients in the a and b phases.
– Moreover, the analytical solution is applied to semi-infinite sys-

tems (see [3] for more details).
Fig. 11. (a) Comparison between O diffusion profiles obtained using the analytical
model [3] and the EKINOX numerical simulations. (b). Blow-up of Fig. 11a.
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Ma et al. [3] applied the steady-state analytical solution for oxi-
dations at 1200 �C for various simulation times. Fig. 11 gives for the
same set of thermodynamic and kinetic data, a comparison of dif-
fusion profiles obtained by EKINOX simulation and with the ana-
lytical solution. The analytical calculations of the O profiles
presented in Fig. 11 use the parabolic rate constant for aZr phase
and oxide phase from [3].

For short simulation times, the analytical and numerical diffu-
sion profiles are in good agreement. For longer simulation times
(beyond 200 s), a discrepancy appears which is due to the effect
of the finite size sample: the increase in the oxygen concentration
profile at the right-hand side of Fig. 11 revealed an oxygen enrich-
ment in the inner part of wall thickness of the cladding, due to the
zero-flux limit conditions at the inner side of the clad (right side of
the Fig. 11a). Thus, beyond 200 s at 1200 �C, there is an effective
flattening of the profile up to achievement of full oxygen saturation
of the inner b layer. This decrease of the oxygen concentration gra-
dient lowers the a/b interface velocity. This effect is well repro-
duced by EKINOX calculation but not by the analytical model.

This phenomenon illustrates the importance of taking into ac-
count a finite size system, allowed by the EKINOX simulations
thanks to the non-steady-state hypothesis.
Fig. 12. (a) Simulation of O diffusion profiles in aZr and bZr at 1200 �C using
different sets of thermodynamic data (Chung and Kassner [22] and ZIRCOBASE [4]).
(b) Blow-up of the simulated O diffusion profiles in bZr at 1200 �C.

Table 5
Calculation of critical time oxidation for ductile-to-brittle transition at 1200 �C.

Analytical EKINOX– EKINOX- EKINOX– Experimental
6.3. Influence of equilibrium concentrations at the different interfaces
on the oxygen diffusion profile

In order to evaluate the influence of thermodynamic data (i.e.,
oxygen solubilities) on the calculated oxygen diffusion profiles,
new calculations have been done using, respectively, Chung–Kass-
ner and ThermoCalc values for Zircaloy-4 and binary (pure) Zr–O as
given in Table 2.

Fig. 12 shows that the choice of the thermodynamic data set has
a strong influence on the diffusion profiles, mainly in the b phase.
This result points out the necessity to take into account the nomi-
nal composition of the industrial alloys (main alloying chemical
element and/or impurities) for the calculation of equilibrium oxy-
gen concentrations, in order to better evaluate the oxygen diffusion
profiles evolutions in HT oxidized cladding materials.
ZIRCOBASE
Zy-4

Chung and
Kassner

ZIRCOBASE
Zr-O

41 min 17.8 min 13.6 min 12.2 min 17 min

6.4. Evaluation of the overall ductile-to-brittle transition from EKINOX
simulations

As mentioned earlier, considering that both: ZrO2 and a(O)
phases, are fully brittle at room temperature (RT), previous LOCA
studies have shown that the overall PQ ductility/toughness of HT
oxidized Zr base claddings can be directly correlated to the oxygen
diffusion profile within the residual inner prior-b phase layer (as a
first step, without taking into account the additional effect of H –
hydrides content). To derive the ‘‘critical” oxidizing time at
1200 �C on as-received Low-Tin Zircaloy-4, Portier et al. [26] have
considered a critical impact energy value of 0.05 J/mm2 for the
(macroscopic) ductile-to-brittle transition. Tests show that this va-
lue is achieved for a typical weight gain of �18 mg/cm2, that is for
an oxidation time of �17 min at 1200 �C. Indeed, the previous PQ
mechanical tests have shown the existence of a ductile-to-brittle
failure mode transition at RT for a critical oxygen concentration
close to 0.4 wt.% (�2.2 at.%). It means that, beyond this critical oxy-
gen concentration value, the prior-b phase displays a ‘‘quasi-brit-
tle” failure mode, with no significant plastic strain before rupture.

Calculations have been performed in order to predict the critical
oxidizing time at 1200 �C considering the critical oxygen concen-
tration of 0.4 wt.%, corresponding to the moment where the b-prior
phase should become completely brittle (and consequently the
overall cladding tube). This corresponds to the time when the oxy-
gen concentration profile goes ahead 0.4 wt.% within the full resid-
ual prior-b phase layer. Table 5 presents the various calculated
values for the critical oxidizing time obtained using respectively
analytical model and with EKINOX calculations considering the dif-
ferent thermodynamic data sets presented in Table 2. These values
are compared to the experimental one taken from [26]. The value
calculated with the analytical model strongly overestimates the
critical time. This is not surprising considering the fact that the
model cannot take into account the finite size of the sample. In
contrast, the value calculated with EKINOX simulation and ther-
modynamic data sets taken from Zy-4 ZIRCOBASE database offers
a good estimation of the critical time.
7. Conclusions

In this work, a new tool has been developed. It is constituted by
the diffusion code EKINOX adapted for Zr base alloys and the ZIR-
COBASE thermodynamic database (ThermoCalc formalism) cou-
pled via the TQ Interface.

This tool is able to simulate oxygen diffusion profiles in a and b
phases of Zr base alloys due to HT oxidation in the temperature
range [1100–1250 �C].
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This numerical model simulates the a/b interface position dur-
ing the bZr ? aZr phase transformation. This is possible only with
the diffusion coefficient information in each phase and without
the addition of any other kinetic parameters.

The influences of thermodynamic and kinetic parameters on the
calculated profiles, specifically in the a phase, have been estimated.
Thus, a re-identification of a diffusion parameters has been per-
formed, showing good agreements with previous works.

Compared to an analytical model, EKINOX model shows a better
agreement with experimental data thanks to the consideration of a
finite size sample and to the non steady-state hypothesis.

At last, for Low-Tin Zircaloy-4 steam oxidation at 1200 �C, the
diffusion time for the ductile-to-brittle transition was predicted
showing a good agreement with the experimental determination.

Further work in Low-Tin Zircaloy-4 industrial alloys:

– The simulations will be performed in order to evaluate the
hydrogen effects on oxygen diffusion profiles.

– New improvements in the EKINOX code will be performed in
order to allow the simulations of anisothermal oxygen diffusion
in LOCA temperature–times range for Zr base alloys.

– EKINOX will be adapted in order to solve the case of oxide dis-
solution in the substrate which cannot be treated by an analyt-
ical solution that assumes a parabolic growth kinetic for the a
phase.
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