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Progress in the treatment of air oxidation of zirconium in severe accident (SA) codes are required for a
reliable analysis of severe accidents involving air ingress. Air oxidation of zirconium can actually lead
to accelerated core degradation and increased fission product release, especially for the highly-radiotoxic
ruthenium. This paper presents a model to simulate air oxidation kinetics of Zircaloy-4 in the
600–1000 �C temperature range. It is based on available experimental data, including separate-effect
experiments performed at IRSN and at Forschungszentrum Karlsruhe. The kinetic transition, named
‘‘breakaway”, from a diffusion-controlled regime to an accelerated oxidation is taken into account in
the modeling via a critical mass gain parameter. The progressive propagation of the locally initiated
breakaway is modeled by a linear increase in oxidation rate with time. Finally, when breakaway propa-
gation is completed, the oxidation rate stabilizes and the kinetics is modeled by a linear law. This new
modeling is integrated in the severe accident code ASTEC, jointly developed by IRSN and GRS. Model
predictions and experimental data from thermogravimetric results show good agreement for different
air flow rates and for slow temperature transient conditions.

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

During a low probability severe reactor accident, which may
happen in a nuclear power plant in case of loss of fuel cooling along
with the failure of safety systems, the reactor core, inadequately
cooled, would be progressively damaged. Core dry-out is primarily
driven by decay heat, until Zircaloy oxidation comes into play
above 1500 K, increasing rod temperature significantly. Most
investigations of core degradation during severe accidents have
considered oxidation by steam but it was demonstrated that
metallic core components can be exposed to more complicated
gas mixtures, such as air. Core degradation in air might occur dur-
ing reactor operation, in case of a core meltdown accident with
subsequent reactor pressure vessel breaching, under shutdown
conditions with the upper head of the vessel removed [1], in spent
fuel storage pools after accidental loss of cooling [2] or in case of
storage and transportation cask accidents [3].

Concerning impacts on safety, the presence of air can lead to
accelerated oxidation of the Zircaloy cladding compared to that
in steam, owing to the faster kinetics, while the 85% higher heat
of reaction drives this process further. Air ingress is typically asso-
ciated with poor heat transfer; the combined effect of these factors
can give rise to an increased rate of assemblies degradation. Fur-
ll rights reserved.
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thermore, the exposure of UO2 to air at elevated temperatures
can lead to increased release of some fission products, notably
the highly-radiotoxic ruthenium [4,5] while the effect of air is
likely to further weaken the oxidized cladding as a barrier against
fission product release. These considerations have taken IRSN to
launch a research program consisting of experimental investiga-
tions and development of an accurate modeling of air oxidation
in the ASTEC safety code. The temperature domain of concern
starts at about 600 �C, where the oxidation rate becomes signifi-
cant enough to play a role on further temperature elevation of
the fuel assemblies in air ingress scenarios.

The complexity of air oxidation of Zircaloy arises out of the
simultaneous oxidation and nitriding processes. For a better
understanding of the oxidation-nitriding mechanism, one should
consider that it consists, at least, of the three following processes:
(a) an external interface reaction step between the atmosphere and
the zirconium cladding, (b) the diffusion of oxygen and/or nitrogen
through the already formed oxynitride layer to the underneath me-
tal–oxynitride interface, (c) an internal interface reaction step.

Before giving an overview of these mechanisms and their kinet-
ics in the next paragraph, it is worthwhile making a point about the
energetics of zirconium dioxide (ZrO2) and zirconium nitride (ZrN)
formation, which can be described by the following equations:

Zrþ O2 ! ZrO2 ð1Þ
Zrþ 0:5N2 ! ZrN ð2Þ
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Table 1
Gibbs energy (in kJ/mol) of formation of zirconia and zirconium nitride at 627, 827,
1027, 1227 �C.

Material Temperature

627 �C 827 �C 1027 �C 1227 �C

ZrO2 �929 �892 �855 �818
ZrN �280 �262 �243 �225

Fig. 1. Scaling rate for air oxidation of Zircaloy-4 between 600 and 1000 �C.
Samples are short open segments cut from Pressurized Water Reactor cladding
tubes of 20 mm length (600, 700, 800 and 850 �C) or 7 mm length (900, 950 and
1000 �C). The air flow rate is 500 mL min�1 except for the experiment at 1000 �C for
which 1000 mL min�1 is used (more details are given in [12]). Arrows indicate the
duration of oxidation reached for samples shown in Fig. 3.
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Considering the Gibbs energy of formation of ZrO2 and ZrN (gi-
ven in Table 1), it can be concluded that ZrO2 formation is energet-
ically more favorable than ZrN formation as long as oxygen
consumption is not nearly complete. Based on the Gibbs energy gi-
ven in Table 1, and without any consideration of reaction kinetics,
it can be computed that, for a total pressure of one bar, nitriding
theoretically takes place at the detriment of ZrO2 formation if oxy-
gen partial pressure is smaller than 2.1 � 10�38 bar at 627 �C or
smaller than 2.2 � 10�21 bar at 1227 �C. Actually, experimental
investigations show that nitriding of zirconia can be achieved di-
rectly in a nitrogen atmosphere only at temperature above
1400 �C [6,7] and in the presence of an oxygen getter. For lower
temperatures, Gilles’s experiments have demonstrated that it is
possible to nitridate zirconia by a reaction of ZrO2/ZrN mixtures
in NH3 [8,9].

It must be underlined that, in addition to the dioxide (ZrO2) and
nitride (ZrN) phases mentioned above, zirconium with dissolved
oxygen (a-Zr(O)), zirconium with dissolved nitrogen (a-Zr(N)) as
well as oxynitride phases (ZrO2�2xN4x/3), brought to light by inves-
tigations in the Zr–O–N system [8,6], can be encountered.

Their formation can be described by the following equation:

ZrO2 þ
2x
3

N2 ! ZrO2�2xN4x=3 þ xO2 ð3Þ

Unfortunately, few thermodynamic data on the oxynitride
phases formation exist in the literature.

In spite that the oxidation reaction is thermodynamically much
more favorable than the nitriding one, nitride formation has been
observed when Zircaloy is oxidized in O2–N2 gas mixtures at high
temperature [10]. Moreover, it was experimented for a long time
that oxidation kinetics of Zircaloy in the 600–1000 �C temperature
range is significantly higher in O2–N2 gas mixtures than in O2 or
H2O [11,10]. This detrimental role of nitrogen is particularly
important under starvation conditions which can occur either
globally (i.e. if oxygen is absent or nearly absent from the atmo-
sphere) or locally (i.e. if oxygen is absent, for instance, in the cracks
formed in the oxide layer). As thermodynamic considerations have
demonstrated, the oxygen concentration has to be extremely re-
duced for the nitride to be the stable product. However, nitriding
can take place if the oxidation kinetics is lower than the nitriding
kinetics and this can occur for partial pressure of oxygen far greater
than the partial pressure at the thermodynamic equilibrium. Thus,
it is of great importance to consider the kinetics of the individual
reaction steps describing the oxidation mechanism to account for
nitride formation during air oxidation. When Zircaloy-4 is scaled
in air, two different kinetic regimes succeed, separated by a kinetic
transition named breakaway. The oxide microstructure as well as
the oxidation mechanism are radically different before and after
the kinetic transition. Also is the extent of nitriding which is much
more important in the post-transition regime.

A summary of kinetic data and postulated oxidation mecha-
nisms is proposed in Section 2 with an emphasize on the experi-
mental data obtained at IRSN in the framework of the MOZART
program [12] since these data are used to derive our model. Finally,
a comparison between the measured and the simulated weight
gain of Zircaloy-4 cladding samples oxidized in air is carried out
in Section 4.
2. Separate-effect tests analysis

A number of studies have been carried out to investigate the
oxidation behavior of zirconium and its alloys in air. The consider-
able influence of nitrogen when zirconium is scaled in air was
pointed out a long time ago [13,11] and a number of kinetics
measurements were carried out [14,15], some of them in
oxygen–nitrogen atmospheres of different compositions [16].
More recently, the results of experimental programs aiming at
obtaining new kinetic data and at improving our understanding
of the air oxidation process were reported [10,12,17].

It was shown in [12] that in the 600–1000 �C temperature
range, the oxidation kinetics obeys initially a parabolic or quasi-
parabolic relationship transforming to a faster relationship after
the advent of the kinetic transition, associated with the cracking
of the oxide and the transformation of the dense oxide layer into
a porous, cracked oxide scale. An illustration of the air oxidation
kinetics behavior of Zircaloy-4 at temperatures of 600–1000 �C is
given in Fig. 1. It must be emphasized that these thermogravimet-
ric data were obtained with a high air flow rate to avoid global oxy-
gen starvation. An analysis of these kinetic curves and the
associated oxidation mechanisms is done hereafter.
2.1. Pre-transition regime

During the pre-transition period, the oxidation rate can be de-
scribed by a parabolic or quasi-parabolic law. The parabolic behav-
ior can be explained by the growth of a dense oxide scale and
dissolution of oxygen in the underlying metal. It is the diffusion
of oxygen vacancies in the oxide scale which controls the oxidation
rate. During this period, the oxide scale is considered as protective
since an increase of its thickness, by increasing the diffusion
length, leads to a decrease of the oxidation rate. In this early stage,
the influence of nitrogen is likely to be relatively weak. It was
shown by Rosa and Smeltzer [16] that, at 850 �C, the parabolic rate
increases with increasing nitrogen content in O2/N2 gas mixture. It
was suggested that the oxide containing nitrogen has an increased
concentration of oxygen vacancies and thus leads to an higher par-
abolic rate constant. Such an influence of nitrogen was not put in
evidence in the experiments of Duriez et al. [12] where the para-
bolic rate constants derived from isothermal air oxidation tests
are close to those measured in steam oxidation experiments [18].



Fig. 2. Weight gains at transition measured under air in IRSN experiments (‘exp’),
under steam (‘Leistikow’, extracted from [18]) and predicted by Eq. (11) (‘correl’).
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It must be underlined that the air flow rate used in [12] to oxidize
samples was sufficiently high to prevent any oxygen starvation.
The conclusion of [12] indicating that the protective zirconia scales
grown in air and steam have similar properties regarding oxygen
diffusion can be considered as valid only if there is a sufficient
amount of oxygen in the gas mixture. Otherwise, it is likely that
nitrogen interacts with the oxide scale, changing its diffusion prop-
erties and consequently the oxidation kinetics. However, it seems
that below 1000 �C, the role of nitrogen in the pre-transition re-
gime is relatively weak.

2.2. Kinetic transition

In the 600–1000 �C temperature range, it was shown that it ex-
ists a kinetic transition whatever the oxidant is (oxygen, steam or
air). The position of the kinetic transition is determined by the
minimum of the weight gain rate. In the experiments carried out
by Duriez et al. [12] and reported in Fig. 1, the kinetic transition oc-
curs after 410 min at 600 �C and after 14 min at 1000 �C. The cor-
responding weight gains are higher with increasing temperatures
and are quite similar to those measured in steam oxidation [18]
(see Fig. 2). In air atmospheres and in the temperature range inves-
tigated, the transition is associated to the formation of radial cracks
penetrating close to the metal/oxide interface. The origin of crack
formation can be attributed to several possible mechanisms among
which the oxide transformation from the tetragonal to the mono-
clinic form [14,19] (more details are given afterwards). This mech-
anism results in the formation of cracks in the outer layer of the
oxide, transforming the dense oxide layer into a porous, cracked
oxide layer. This microstructural change damages the corrosion
resistance by decreasing the diffusion path of oxygen and nitrogen
in the zirconia layer. After the kinetic transition, the oxidation
curve is not parabolic indicating that the oxidation rate is no more
controlled by the diffusion of oxygen through the oxide layer.

2.3. Post-transition regime

After the transition, the kinetics behavior exhibits differences
between the low temperature range (600–700 �C) and the high
temperature range (800–1000 �C).

For the low temperature range, we can observe in Fig. 1 that
after having reached its minimum value, the oxidation rate in-
creases and then remains nearly constant. It was also observed
on the corresponding metallographies that the cracking responsi-
ble for the kinetic transition occurs approximately at the same
time on the whole sample. We can assume that the relatively short
increasing portion of the oxidation curve corresponds to the time
needed for cracking to propagate to the whole surface sample.
When the oxidation rate stabilizes, corresponding to a linear oxida-
tion kinetics, it is likely that the whole sample experiences the
same post-transition kinetics. This is supported by Fig. 3a and b
showing that the whole sample has the same aspect when the oxi-
dation has reached a constant value. The various articles dedicated
to the oxidation of Zircaloy-4 under steam or oxygen at the tem-
perature of 500 �C also reported that post-transition oxidation
curves are linear. Different explanations were proposed (a succes-
sion of quasi-parabolic periods, a rate-limiting step of diffusion in a
dense layer of constant thickness close to the metal/oxide inter-
face) but they were discarded by gravimetry experiments carried
out at 500 and 550 �C on Zircaloy-4 samples [20]. It seems that
no rate-limiting step can be assumed for steam oxidation in the
post-transition regime and the authors suggest that the diffusing
species in the porous outer layer (surface hydroxyl groups OH�O)
are different from those in the dense layer (oxygen ions Ox

O). The
conclusions are quite different with the ZrNbO alloy [21]. The
assumption of a rate-limiting step can be made in the post-transi-
tion stage with an interface step as the probable rate-controlling
step but neither the location (i.e. at the external interface, at the
porous/dense layer interface or at the metal/oxide interface) nor
the rate-limiting step was put in evidence. It must be underlined
that despite differences in the oxidant species (oxygen and hydro-
gen in steam, oxygen and nitrogen in air), the post-transition oxi-
dation rate under steam and under air are relatively close (see
Table 2). The role of nitrogen can consequently be considered as
weak in the 600–800 �C temperature range and as long as oxygen
starvation is prevented. However, to determine the influence of
partial pressures in oxygen and nitrogen on the oxidation rate,
the oxidation mechanism should be clarified and the rate-limiting
step identified.

In the high temperature range, the oxidation behavior is quite
different with the oxidation rate that does not stop increasing until
the experiment is stopped. Actually, the oxidation decreases when
the experiment lasts for a sufficiently long time for the equivalent
cladding reacted (ECR) to be very high. For these samples, cracking
does not occur everywhere simultaneously on the surface (see
Fig. 3c and d). At around 15% ECR, it appears that some parts of
the sample are still in the pre-transition state whereas the others
exhibit a microstructure typical of the post-transition regime. Met-
allographies of Zircaloy-4 samples oxidized in air at 850 �C and
above show that the post-transition oxide is cracked, porous and
nitrided. Zirconium nitride particles can be seen close to the me-
tal/oxide interface and it is thought that the high oxidation rates
in the post-transition regime are due to simultaneous oxidation
and nitriding reactions [11,12]. Contrary to the pre-transition
regime and to the post-transition regime at low temperature (i.e.
below 800 �C), nitrogen seems to play a critical role in the post-
transition regime at high temperature. Despite relatively high air
flow rates, it is likely that oxygen starvation occurs in the cracks
of the oxide. The oxygen partial pressure in the cracks is low en-
ough for the oxidation kinetics to be lower than the nitriding
one, enabling zirconium nitride or oxynitride formation. When
the oxygen partial pressure increases in the cracks of the oxide,
the oxidation kinetics becomes higher than the nitriding one and
the nitride particles are re-oxidized (since the oxide is thermody-
namically much more stable than the nitride). This reaction
releases nitrogen in the oxide or in the metal and results in a vol-
ume increase since the molar volume of the oxide is greater than
the molar volume of the nitride. This oxi-nitriding mechanism is
responsible for the ‘‘micro-porous” aspect of the oxide and of the
fast degradation of the cladding. It can consequently be thought
that the increase of the scaling rate in the post-transition regime



(a) (b) (c) (d)
Fig. 3. Photographs of partially oxidized samples (around 15% equivalent cladding reacted) at 600 �C (a), 700 �C (b), 850 �C (c) and 950 �C (d). Times needed to reach this
oxidation state are noted in Fig. 1.

Table 2
Post-transition oxidation rate (in g m�2 s�1) as a function of the temperature (T)
extracted from the literature and from the present study. The oxidant medium is
either steam or air at atmospheric pressure.

T (�C) Cox [22]
steam

Denis [23]
steam

Boase [15]
air

Present study air

600 4.89 � 10�4 3.59 � 10�4 3.38 � 10�4 3 � 10�4

700 3.53 � 10�3 2.84 � 10�3 2.14 � 10�3 2 � 10�3

Fig. 4. Weight gain for air oxidation of Zircaloy-4 between 600 and 1000 �C.
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observed in IRSN experiments results from, at least, the following
phenomena:

– A non-uniformity of the kinetic transition on the sample. As
long as the kinetic transition has not occurred on the whole
sample, the global kinetics results from the average between
the pre-transition kinetics and the post-transition kinetics. As
demonstrated in Section 3.4, the subsequent kinetics is
accelerated.

– An important creep of the sample resulting in an increased sur-
face exposed to the air atmosphere. Evans has early suggested
that strong sample deformation generally observed in air oxida-
tion experiments can be a consequence of the nitriding-oxida-
tion sequence [11]. Indeed, it was observed in IRSN
experiments that sample deformation is strong only where
nitriding has occurred. Such deformation is likely to be due to
creep of the metal upon the stresses applied by the oxide scale
when nitride particles convert into oxide. It induces a very sig-
nificant increase of the surface exposed to air, which undoubt-
edly contributes to the post-breakaway acceleration.

3. Code modeling

3.1. Oxidation modeling in the ASTEC code

ASTEC is a severe accident integral code jointly developed by
IRSN (in France) and GRS (in Germany) [24]. This is a system of cal-
culation codes that simulate the complete scenario of a hypothet-
ical severe accident in a nuclear light water reactor. It is used by
IRSN to perform safety analysis with a great number of scenarios
to be studied. In this context, the development of modeling for AS-
TEC code application is a compromise between modeling detail
and calculation time.

The ICARE module of ASTEC simulates the in-vessel core degra-
dation and deals with, in particular, the oxidation of Zircaloy clad-
ding. The amount of oxidation depends on one hand on the
reaction kinetics and on the other hand on air availability at the
cladding-fluid interface. The oxidation reaction kinetics is calcu-
lated first, indicating the oxygen mass flux requested by the oxida-
tion reaction. The mass flux really available by oxygen diffusion
within the fluid phase is then computed and the limiting step (oxi-
dation reaction or oxygen diffusion within the fluid phase) identi-
fied. If starvation occurs (i.e. oxygen diffusion within the fluid
phase is the limiting step) the weight gain depends on the oxygen
mass flux at the cladding-fluid interface and is a function of the
partial pressure of oxygen in the fluid. Otherwise, the weight gain
is computed following the oxidation reaction kinetics. The energy
released during the oxidation process results from ZrO2 and a-
Zr(O) formation.

Compared to steam oxidation, there is no steam molecules dis-
sociation (which is an endothermic reaction) under air oxidizing
conditions. The total energy involved in the air oxidation process
is consequently greater than that in steam for a same number of
moles of zirconium oxidized. The treatment of air oxidation kinet-
ics by the ICARE module is based on mass correlations to evaluate
the growth of zirconia and a-Zr(O) layers in non-starvation condi-
tions. The previous model of ICARE described the air oxidation
reaction kinetics by a parabolic law, with the parabolic rate con-
stant recommended by Powers et al. [1]. It was found that this
model fails in simulating the accelerated oxidation observed in
experiments. Taking into account experimental observations and
kinetic data obtained at IRSN and displayed in Fig. 4, a new model
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for air oxidation was designed. The role of nitrogen in the air oxi-
dation process is not explicitly accounted for but implicitly taken
into account in the oxidation kinetics, as described hereafter.

3.2. Oxidation kinetics in the pre-transition regime

In the pre-transition regime, the total weight gain is described
by a parabolic law:

dðDm=SÞ2

dt
¼ Kp ð4Þ

with Dm/S the weight gain per surface unit in kg m�2, t the expo-
sure time in seconds and Kp the parabolic rate constant in
kg2 m�4 s�1. Assuming that Kp is a temperature dependent Arrhe-
nius-type function, the following correlation, derived from the data
presented in Fig. 4 is used:

Kp ¼ Amaexp
�Bma

RT

� �
ð5Þ

with Ama = 96.48 kg2 m�4 s�1, Bma = �1.899 � 105 J mol�1, T the
temperature in K and R the perfect gas constant in J mol�1 K�1.

It is thus implicitly assumed that oxygen diffusion through the
zirconia layer is the limiting step.

3.3. Breakaway transition

The weight gain at which occurs the kinetic transition increases
with increasing temperature. To derive a suitable correlation be-
tween this critical weight gain, noted Dm

S

� �
break, and the tempera-

ture, we have assumed that the breakaway transition is linked
with the tetragonal to monoclinic zirconia transformation. This
hypothesis of stress relaxation, associated to the tetragonal to
monoclinic transformation, has been proposed for a long time
[14,25] and was used to evaluate the characteristic thickness
where the oxide breaks away in the temperature range 400–
800 �C [26]. Despite that this hypothesis was recently discarded
[27,28], it is used here as no satisfactory mechanism has been pro-
posed ever since to explain the origin of the kinetic transition.

The oxide formed between 600 �C and 1150 �C is expected to be
monoclinic zirconia (noted m-ZrO2). But tetragonal zirconia (noted
t-ZrO2) can also be found, being stabilized at subcritical tempera-
tures by fine grain size, hydrostatic pressure, or a very high defect
concentration [29]. The presence of tetragonal zirconia in the oxide
scale is generally attributed to high compressive stresses [30]. The
free energy change of t-ZrO2 to m-ZrO2, DG(t ? m), can be written
as:

DGðt!mÞ ¼ G0
mðTÞ � G0

t ðTÞ þ ðum � utÞ ð6Þ

with G0
mðTÞ (resp. G0

t ðTÞ) the standard free energy of m-ZrO2 (resp. t-
ZrO2) formation in J mol�1 and um (resp. ut) the compressive strain–
energy of m-ZrO2 (resp. t-ZrO2) in J mol�1.

The monoclinic zirconia is thermodynamically stable at temper-
atures below 1174 �C and the enthalpy of transformation of t-ZrO2

to m-ZrO2 is Htr = �5.94 � 103 J mol�1 [31]. Assuming that the heat
capacities of the two polymorphs are independent of temperature,
the free energy difference between m-ZrO2 and t-ZrO2 can be
approximated by:

G0
mðTÞ � G0

t ðTÞ ¼ Htr 1� T
Tb

� �
where Tb ¼ 1174 �C ð7Þ

The tetragonal phase can be found below Tb if DG(t ? m) is positive
i.e. if:

ðum � utÞ > � G0
mðTÞ � G0

t ðTÞ
h i

ð8Þ
It can be assumed that the compressive strain–energy is greater
for the monoclinic phase (having a greater Pilling–Bedworth ratio).
In addition, it was shown by Raman spectroscopy [32] that compres-
sive stresses in the oxide layer are larger at the metal–oxide interface
and reduce away from this interface. It can thus be conjectured that
the compressive strain–energy difference is maximum near the Zr/
ZrO2 interface (where compressive stresses are maximum) and de-
crease away from the interface (due to the decrease of compressive
stresses). As the oxide grows, the compressive strain–energy differ-
ence at the oxide–gas interface decreases. When the oxide reaches a
critical thickness, the compressive strain–energy difference is not
high enough to keep the tetragonal phase stable. The thermodynam-
ically stable m-ZrO2 tends to form upon the surface of t-ZrO2. Due to
its larger volume, the m-ZrO2 stresses the underlying t-ZrO2 causing
extensive crack formation and propagation. The breakaway can thus
be thought to be related to the tetragonal–monoclinic transforma-
tion of ZrO2 accompanied by crack formation.

It is assumed that the strain–energy difference can be written as:

um � ut ¼ f
1

ðDm=SÞ

� �
¼ A

ðDm=SÞB
ð9Þ

Thus, the critical mass gain (Dm/S)break corresponds to:

A

ðDm=SÞBbreak

¼ � G0
mðTÞ � G0

t ðTÞ
h i

¼ �Htr 1� T
Tb

� �
ð10Þ

Experimental weight gains at transition were used to determine
the A and B coefficients in Eq. (10) and the following correlation
was obtained:

Dm
S

� �
break
¼ 3:19105 Tb

HtrðT � TbÞ

� �2:27

ð11Þ

Fig. 2 shows that this correlation is well adapted. The correlation
predicts that the critical mass gain goes to infinite when the temper-
ature tends to Tb, indicating that breakaway becomes impossible
when temperature reaches Tb. Such a behavior has indeed been ver-
ified experimentally in air [11,12], and also in steam [18]. The
ðDm

S Þbreak criterion given by Eq. (11) is used in the ICARE module to
model the kinetic transition in the 600–1000 �C temperature range.

3.4. Oxidation kinetics in the post-transition regime

After the kinetic transition, it was shown in the previous section
that the oxidation rate increases. This accelerated oxidation behav-
ior can be attributed to the progressive propagation of the kinetic
transition to the whole sample. For the low temperature range,
the oxidation rate quickly stabilizes with a sample exhibiting a
uniform surface. For the high temperature range, such a steady
state is not achieved at the end of the experiment but it is likely
that a steady state could also be reached in other conditions (more
important cladding thickness for instance). Assuming that the
post-transition kinetics is linear, it can be shown that the oxidation
rate increases as long as the breakaway propagates. In [33], the
post-breakaway kinetic curves have been satisfactorily simulated
by modeling the frequency of appearance of sections in the post-
transition regime by a parabolic law:

c ¼ c0ðt � t0Þ2 ð12Þ
where c is the frequency of post-transition sections appearance (in
number m�2 s�1), t the time in seconds and t0 the time at break-
away initiation.

The fraction of the sample surface still in the pre-transition re-
gime consequently evolves as:

fpre�tr ¼ exp
�s0c0ðt � t0Þ3

3

 !
ð13Þ
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The oxidation rate variation with time, resulting from the pro-
gressive transition from parabolic to linear law, is:

Vox ¼ exp
�s0c0ðt � t0Þ3

3

 ! ffiffiffiffiffiffi
Kp

p
2
ffiffi
t
p

þ 1� exp
�s0c0ðt � t0Þ3

3

 ! !
Kl ð14Þ

A simpler modeling was adopted in ICARE and its validity, com-
pared to the above-mentioned approach, is performed afterwards.
During breakaway propagation, corresponding to an oxidation rate
increase, the kinetics is modeled in ICARE by an accelerated law:

dðDm=SÞ0:5

dt
¼ Ka ð15Þ

with Ka the accelerated rate constant in kg0.5 m�1 s�1. For Zircaloy-
4, a suitable correlation for Ka is Ka ¼ Ama expð�Bma

RT Þ with
Ama = 0.745 kg0.5 m�1 s�1, Bma = �9.5 � 104 J mol�1, T the tempera-
ture in K and R the perfect gas constant in J mol�1 K�1.

Up to 800 �C, it was shown that the oxidation rate, after increas-
ing, remains nearly constant. Moreover, oxidation rates derived
from the correlations found in the literature are relatively close
to each other (see Table 2). When oxidation rate predicted by Eq.
(15) exceeds the oxidation rate given by the correlation of Boase
et al. [15], the kinetics is modeled by the following linear law:

dðDm=SÞ
dt

¼ Vox ¼ Kl ð16Þ

with Kl the linear rate constant in kg m�2 s�1, evolving with the
temperature according to the correlation of Boase et al. [15].

Above 800 �C, and for the sample geometry examined here, the
oxidation rate does not stop increasing. It is consequently modeled
by the accelerated law up to the complete oxidation, implicitly
assuming that no steady state is achieved.

In the modeling adopted in ICARE for breakaway propagation,
the oxidation rate increases linearly with time (derived from Eq.
(15), Vox ¼ 2K2

at). This approach was compared to the modeling
of the frequency of appearance of post-breakaway sections by a
parabolic law. As illustrated in Fig. 5, the oxidation rate derived
from Eq. (15) compares well with the result of Eq. (14) at 700�C.
This justifies the modeling of the progressive transition from a par-
abolic to a linear law by an accelerated law in ICARE.
Fig. 5. Comparison of the oxidation rate at 700 �C using Eq. (14) (‘parabolic-linear
transition’) and Eq. (15) (‘ASTEC modeling’). The value for s0c0 is set to
5 � 10�13 s�3.
4. ICARE/CATHARE V2 calculations

To evaluate the modeling described above, isothermal and non-
isothermal oxidation thermogravimetric results obtained at IRSN
[12] and FZK [10] with different air flow conditions have been
simulated.

4.1. Nodalization and physical model options

The experimental set-ups have been modeled using the degra-
dation module of ASTEC named ICARE coupled with the thermal-
hydraulics system code CATHARE [34]. The modeling is mono-
dimensional, with 10 axial meshes and one fluid channel. Double
face oxidation is calculated for the cylindrical Zircaloy sample.
The heating phase of the experiment is not modeled. To simulate
the isothermal phase, the furnace external wall temperature is
set to the experimental temperature. Air is represented as a mix-
ture consisting of O2 (21% molar fraction) and N2 (79% molar frac-
tion). Temperature, mass flow rate, non-condensable mass
fractions, and void fraction are imposed as inlet boundary condi-
tions and a pressure outlet boundary condition is used. Heat ex-
changes by conduction, convection and radiation are modeled.
The convective heat transfer coefficient h between the gas and
the walls is computed from:

h ¼ Nu
kG

DH
ð17Þ

where Nu is the Nusselt number, kG is the gaseous conductivity, and
DH is the hydraulic diameter.

The Nusselt number is computed from specific correlations
according to the flow regime, the fluid properties, the wall temper-
ature, and the geometry. The computation of radiation heat trans-
fer between the cladding, the furnace, and the gas is based on the
net radiation enclosure model which consider surface to surface
radiation and the interaction between radiation and the gas filling
the enclosure. An anisotropic correction is made to take into ac-
count the convexity of surfaces such as fuel rods and shrouds.
The reflection anisotropic factor is set to 0.15 for the furnace and
to 0.5 for the cladding (for a totally isotropic surface, this factor
is set to 0). The gas is assumed to be a grey gas i.e. absorption
(and therefore emission) properties are wavelength independent.
The view factor between the cladding and the furnace is automat-
ically updated according to core degradation process.

4.2. Results

Simulations were performed at 600, 700, 800, 900, and 1000 �C.
The air flow rate is 500 mL min�1 in IRSN experiments (except for
the experiment at 1000 �C for which 1000 mL min�1 is used) and
167 mL min�1 in FZK experiments. Samples are short open seg-
ments cut from Pressurized Water Reactor cladding tubes of
20 mm length (IRSN experiments at 600, 700, 800 �C), 10 mm
length (FZK experiments at 800, 1000 �C) or 7 mm length (IRSN
experiments at 900, 1000 �C). In FZK experiments, samples were
oxidized till approximately 16 wt% (at 800 �C) or 25 wt% (at
1000 �C) was reached (a complete oxidation leads to a mass gain
of 35 wt%). All experiments take place at atmospheric pressure.
Comparisons between experimental and numerical results are
shown in Fig. 6. The simulations were performed with the model
described in this paper and with the previous model which did
not take into account the breakaway transition (the kinetics fol-
lows a parabolic law during the whole scaling experiment with
the correlation for the parabolic rate recommended by Powers
et al. [1]). The previous model largely overestimates the time for
complete oxidation and the results are in poor agreement with
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observations. By comparison, the actual model provides a much
better agreement.

At low temperatures (600–700 �C), there is a good agreement
between measured and computed mass gain. The breakaway tran-
sition at 600 �C (700 �C, respectively) is observed after about
414 min (90 min, respectively) in the experiments and 524 min
(77 min, respectively) in the modeling. This means that the corre-
lation taken for the parabolic rate constant (Eq. (5)) succeeds in
reproducing the time at which the critical weight gain is reached.
The slight difference observed between experimental and calcu-
lated time at transition can be due to:

– The modeling of the pre-breakaway kinetics by a parabolic law,
whereas experiments have shown that the parabolic law is not
strictly followed during the whole pre-breakaway regime.
Fig. 6. Comparison between experimental and calculated weight gain (in g m�2) versus t
obtained at IRSN [12] or FZK [10].
– The model error in cladding temperature prediction. As the par-
abolic coefficient is strongly temperature dependent, the clad-
ding temperature has to be as close as possible to
experimental cladding temperature. The computed weight gain
is not only sensitive to the air oxidation model but also to the
thermal-hydraulic model.

The post-breakaway oxidation behavior is well reproduced with
the correlation of Boase [15] for the linear rate constant.

At 800 �C, similar oxidation rates were measured in IRSN and
FZK experiments, despite differences in sample size and air flow
rate. This probably indicates that in both cases sufficiently high
air flow rates were used to prevent starvation. If starvation oc-
curred, the limiting-mechanism would be the oxygen flux to the
cladding-fluid interface. The oxygen flux depends on the O2 partial
ime (in min). Experimental data are isothermal oxidation thermogravimetric results



Fig. 7. Comparison between experimental and calculated weight gain (in g m�2) versus time (in min) for non-isothermal oxidation thermogramimetric tests.
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pressure in the fluid and is all the higher than the flow rate is
important. Indeed, due to the oxygen uptake by the oxidation reac-
tion, there is an axial profile of the oxygen partial pressure along
the sample. In the conditions of IRSN and FZK experiments, similar
oxidation rates were measured, independently from the air flow
rate. Under these non-starvation conditions, the numerical results
are in close agreement with experimental data. The model is able
to capture the pre-breakaway kinetics, the time needed to reach
the kinetic transition and the post-breakaway kinetics. Satisfactory
results are also obtained at 900 �C.

At 1000 �C, the results of experiments carried out at IRSN and
FZK significantly differ. Under high air flow conditions (IRSN exper-
iments), the oxidation rate is at first very high, then remains nearly
constant and finally increases again. By comparison, low air flow
rates (FZK experiments) lead to less important mass gain at the
very beginning. For this rather high temperature, the oxidation is
very fast. If the air flow rate is not sufficiently high, this can lead
to the complete O2 consumption, at least for a short time at the
transient beginning. Under these conditions, the availability of
oxygen is the limiting step. This explains why oxidation rates are
weaker in FZK experiments, carried out with lower air flow rates.
The model is able to capture the differences in kinetics at the
beginning of the oxidation process induced by different air flow
conditions. The prediction of the kinetic transition is less accurate
for high air flow conditions (one should also note that experiment
results seem to be not well reproducible with noticeable differ-
ences between the two IRSN experimental curves). Under high
air flow conditions, the oxidation kinetics is very fast at the tran-
sient beginning and the oxide layer rapidly reaches an important
thickness. This leads to a sharp decrease of the oxidation rate
(about 10 min after the beginning) since diffusion of the oxygen
through the dense oxide layer is the limiting step in the pre-tran-
sition regime. In IRSN experiments, it takes about 30 min for the
mass gain to reach the critical breakaway mass gain. In the calcu-
lation, the critical mass gain is reached very quickly. The underes-
timation of time needed to reach the kinetic transition could be
due to the underestimation of the critical weight gain at this tem-
perature, with respect to the experimental value (see Fig. 2). But
part of the difficulty arises from the sharp increase in temperature
at the air injection. The growth of the oxide layer is very quick and
the kinetic transition, based on a critical weight gain, difficult to
estimate. Indeed, a slight error made on the prediction on the
weight gain can lead to an important error on the prediction of
time needed to reach the kinetic transition. Under low air flow con-
ditions, a better agreement is obtained. For the same reason as gi-
ven previously, the predicted critical weight gain is
underestimated, but this has a minor impact. In the pre-transition
regime, the oxidation rate does not decrease as much as under high
air flow conditions, being the oxide layer thinner. A slight error on
critical weight gain prediction leads to a slight error on predicted
time needed to reach the kinetic transition and the overall agree-
ment is much better.

The validity of the model has also been evaluated by comparing
measured and computed mass gain of Zircaloy-4 samples oxidized
in non-isothermal conditions. Experimental data were acquired at
IRSN by thermogravimetric analysis, in non-isothermal conditions
with an heating rate ranging from 0.5 to 4 K min�1. The air flow
rate is 500 mL min�1 with 20 mm length samples. Under slow
transient-heating conditions (up to 2 K min�1), there is a rather
good agreement between model predictions and experimental data
(see Fig. 7). Compared to the predictions of the previous model,
which did not take into account breakaway transition and acceler-
ated kinetics, results are significantly improved. However, if the
heating rate exceeds 4 K min�1, the present model fails in captur-
ing the acceleration of the oxidation kinetics. The detection of
the kinetic transition is based on a critical weight gain which in-
creases with increasing temperature. Under fast transient-heating
conditions, the critical mass gain predicted by Eq. (11) quickly in-
creases. At the same time, the weight gain of the sample, that fol-
lows a parabolic law in the pre-transition regime, does not increase
as much. The mass gain consequently does not reach the critical
mass gain necessary for the kinetic transition to occur. The simu-
lated kinetics remains parabolic and the accelerated oxidation is
only due to the increase of the parabolic rate constant as temper-
ature rises.

5. Conclusions

The treatment of air oxidation in the ASTEC code is based on oxy-
gen availability at the cladding-fluid interface. Under starvation
conditions, oxygen diffusion within the fluid phase is the limiting
step and the amount of oxidation depends on the oxygen partial
pressure in the fluid. Under non-starvation conditions, a simple
and semi-empirical model has been developed to simulate the Zir-
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caloy-4 oxidation reaction kinetics. The model considers that the
interaction between Zr and O2 occurs, in a first stage, following a
parabolic kinetics. Transition to post-breakaway oxidation is based
on a critical value of the O2 mass gain, function of the temperature.
The correlation between the critical weight gain and the tempera-
ture is based on the assumption that breakaway transition is linked
with the tetragonal to monoclinic zirconia transformation. At low
temperature (6800 �C), the post-breakaway kinetics is modeled
by an accelerated law (oxidation rate increases linearly with time)
and then by a linear law. The accelerated law accounts for the pro-
gressive propagation of the kinetic transition, being the post-transi-
tion growth law linear. At high temperature (>800 �C), the air
oxidation kinetics of the cladding sample material is modeled by
an accelerated law. Actually, substantial degradation occurs before
the progressive transition from parabolic to linear law is completed.

The air-oxidation model in the ASTEC code has first been as-
sessed on isothermal oxidation thermogravimetric results coming
from IRSN and FZK, for the temperature range between 600 and
1000 �C. Predictions of time needed to reach complete oxidation
by using the parabolic rate law (previous model) are substantially
higher than the experimental values. By comparison, the model de-
scribed in this paper shows a much better agreement. The model
improves the oxidation rate predictions in the temperature range
investigated (600–1000 �C) and for different air flow conditions.
Under non-isothermal conditions, the comparison of numerical
simulations with experimental data have shown that the model
is still valid if the heating rate does not exceed 2 K min�1.

To build a more accurate model which directly simulates the
oxi-nitriding mechanism responsible for the formation of porous
oxide and fast clad degradation, a further theoretical and experi-
mental work is required. Especially, the limiting-mechanism of
reaction kinetics must be identified to quantify the effect of O2

and N2 partial pressure on oxidation and nitriding. Such a model
will also improve the prediction of the reaction heat that at present
is only due to the formation of ZrO2 and then, for a given total mass
gain, is probably overestimated. The assessment of the model
against more integral tests will be also a key point to demonstrate
that ASTEC code can be used, with sufficient assurance, for the sim-
ulation of reactor and spent fuel pool accidents scenarios, where
Zircaloy cladding could be exposed to air or air–steam atmosphere.
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