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Previous experiments showed that the thickness of a thick prior-oxide layer formed on Zircaloy-4
fuel cladding can decrease during the first seconds at very high-temperature, before re-growing. We
confirmed these results with oxidations performed at 1200 °C on prior-oxidized Zircaloy-4. The initial
reduction of the prior-oxide was explained by the balance of the oxygen fluxes at the metal/oxide inter-
face and successfully reproduced by numerical simulations using a diffusion-reaction model. Different
hypotheses were considered for the diffusion coefficients of oxygen in the different layers. This allowed

discussing the effect of the prior-oxidation on the kinetics of oxygen embrittlement of the metallic

substrate.

1. Introduction

Zirconium alloys (such as Zircaloy-4) are widely used as fuel
cladding tubes in nuclear Pressurized-light-Water-Reactors. In ser-
vice conditions, fuel cladding tubes are in contact with the water
of the primary circuit of PWR at a temperature close to 320°C and
under an isostatic pressure of 1.55.107 Pa. This leads to the for-
mation of a layer of zirconia on the external surface of the fuel
cladding tubes. On Zircaloy-4 claddings, after the whole life of fuel
cladding tubes (four cycles of irradiation) in a PWR, the maximum

Abbreviations: « req, az:(O) phase formed by reduction of the low temperature
oxide layer; Exp, experimental, i.e. data link with experimental results; EKINOX-
Zr, Estimation KINetics OXidation numerical model for Zr alloys; HCP, hexagonal
close-packed; HT, high temperature; HTox/HT ZrO,, oxide layer formed at high
temperature (T>1000°C); LOCA, loss-of-coolant-accident; LT, Low temperature,
i.e. the in-service temperature of the PWR (T~320°C); LTox/LT ZrO,, oxide layer
formed at low temperature; Num., numerical, i.e. data link to numerical results;
PBR, Pilling-Bedworth ratio; Prior-fz, phase formed from the cooling of Bz phase
stable at high temperature; PWR, pressurized-light-water-reactor.
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thickness of this zirconia layer is about 100 wm. This oxide layer
has to be carefully considered in safety studies, especially in the
case of a hypothetical scenario of loss-of-coolant-accident. In this
scenario, fuel cladding tubes could undergo a high temperature oxi-
dation (T~ 1200°C) in water steam for a maximum duration of a
few minutes [1]. This high temperature oxidation would induce
the formation of a significant thickness of zirconia and the dif-
fusion of oxygen into the fuel cladding tube [1-6]. Chuto et al.
[4], Guilbert et al. [5] and Le Saux et al. [1] performed oxidation
treatments at high temperature on prior-oxidized zirconium alloy.
Prior-oxidized samples were chosen in order to simulate the layer
of zirconia formed in-service.! During the first seconds of the high
temperature treatment, the authors have noticed a reduction of
the thickness of the prior-oxide layer, in the case of a thick prior-
oxide, before the re-growth of a new additional layer of zirconia
at the metal/oxide interface. This initial reduction of the thickness
of prior-oxide can be explained by the oxygen flux balance at the
metal/oxide interface [6]. At the beginning of the high tempera-

1 Chuto used samples after irradiation in PWR, Guilbert et al. used samples prior-
oxidized in pure oxygen at 425°C and Le Saux et al. used samples prior-oxidized
in autoclave at 360°C and under 1.90.107 Pa in water with addition of B and Li to
simulate the PWR chemistry.
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Fig. 1. Schematic of the EKINOX-Zr model.

ture treatment, because of the very high solubility of oxygen in
az:(0) phase at these temperatures, the gradient of the activity of
oxygen in the ayz(0) layer is high, whereas the oxygen activity
gradient is rather low in the thick layer of prior-oxide. Conse-
quently, the inward flux of oxygen in the oxide is lower than the
inward flux in the az;(O) phase. Hence, the balance of the fluxes at
the metal/oxide interface leads to the reduction of the prior-oxide
despite the oxidizing atmosphere. This also leads to the growth
of an az(0) phase at the metal/oxide interface. The flux of oxy-
gen in the az;(0) layer decreases with its thickening, i.e. with time,
whereas the inward flux of oxygen in the oxide layer increases with
the decrease of its thickness. Hence, after a certain time, the bal-
ance of the fluxes of oxygen at the metal/oxide interface reverses
and the new oxide starts growing. In a previous work EKINOX-Zr
model calculations have been used to reproduce this particular dif-
fusion path [7]. These calculations were based on a 1D numerical
resolution of diffusion-reaction equations describing the diffusion
of oxygen in the ZrO,/az:(0)/Bz system. It was shown that the
experimental data cannot be exactly reproduced by simulations
done with the assumption of a unique and constant coefficient of
diffusion of oxygen in each of the three phases. The aim of this
paper is to understand the influence of a layer of prior-oxide? on
the diffusion of oxygen in the metallic matrix during oxidation
at high temperature. To do so, experiments at high temperatures
were performed on prior-oxidized Zircaloy-4 samples and several
hypotheses were tested using EKINOX-Zr to evaluate their validity
and consequences.

2. Numerical model EKINOX-Zr
2.1. General description

The numerical tool EKINOX-Zr [6-8] was designed to simulate
the oxidation at high temperature of zirconium alloys. The kinet-
ics of growth of both the oxide scale and the layer of az(0) phase
were calculated. A numerical resolution of Fick’s equations with
boundary conditions on moving interfaces allowed determining the
profiles of diffusion of oxygen. The interfaces were considered at the
local equilibrium and the thermodynamic database Zircobase [9]
was used to calculate the interfacial concentrations. In the model,
the fuel cladding tube was modeled as a one-dimensional planar
domain. Fig. 1 presents a schematic of EKINOX-Zr model, with the

2 In the rest of this article, the oxide layer formed during in-service condition will
be mentioned as « prior-oxide layer » or « LT oxide layer » (LT—low temperature, i.e.
in-service conditions of PWR).

assumption that one layer of each phase (ZrO;, az:(0) and Bz;)
coexist from the very beginning of the simulation.

The fuel cladding tube is divided into n slabs. In each slab of
metal, a concentration of oxygen Xg is defined. In the same way,
Xgo is the concentration of anionic vacancies defined in each slab of
the oxide layer. Following the Wagner’s theory of oxidation [10],
the transport of oxygen is calculated from slab to slab using an
explicit treatment of the fluxes of oxygen in the metal (Eq. (1)) and
of the fluxes of anionic vacancies in the oxide (Eq. (2)).

] pP xP+l _xP
vp € [1;i] JP = _ﬁg X W (metal)(1)
2
(1+2)0¢  xI'-xd
Vg e [i+1;n] J§ =- : - : ide) (2
q e li+1:n] Jy Yol T(e + er) (oxide) (2)

Thus, the balance of fluxes in each slab leads to a variation of the
concentration of oxygen (Eq. (3), in the metal) or of the concentra-
tion of vacancies (Eq. (4), in the oxide) in each slab.

dx? p _]p+1
1 9% _ op o JoTJo
Vp € [1;1] a& =2P x - (metal) (3)
dx? J- q+1
Vg e [i+1;n] T‘t’o =1 x Yo eq"o (oxide) (4)

The displacement of the metal/oxide interface is numerically
achieved by introducing equations describing the variations of the
thickness of the slab for the two slabs i and i + 1close to the inter-
face. These variations are governed by the difference in fluxes of
oxygen at either side of the interface (Eqgs. (5) and (6)). The dis-
placement of the az:(0)/Bz; interface is calculated with the same
procedure (Egs. (7) and (8)).

dei*l  PQ2 Ty =1

RIS (5)
t Y Cox/az(0) = Caz(0)/ox

dei dei+1

dar T Tdr (6)

dei*+1 _ jjc';l _]{)H -
dt Coz(0)/Bz — CBar/0tze(0)

del dei*1

dar — T de ®)

The boundary conditions are given in Eqs. (9) and (10). A mirror
condition is set in the slab 1 (Eq. (10)). Hence, in order to simulate
the oxidation on one side or on the two sides (inside and outside)
of the fuel cladding tube, the total number of slabs is attributed to



represent respectively the total thickness of the whole of the fuel
cladding tube or half of it.
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The concentrations of oxygen at the az:(0)/Bz: interface and at
the metal/oxide interface are considered at thermodynamic equi-
librium (Eqs. (11) and (12)). EKINOX-Zr has been coupled with the
thermodynamic database Zircobase [9]. In practice, the chemical
parameters of the system (temperature, composition and pressure)
describing the local concentration at each interface are calculated
by EKINOX-Zr from the step of integration of the diffusion and
sent as input parameters to ThermoCalc software thanks to TQ
interface.> ThermoCalc calculates the equilibrium concentrations
which are implemented backward as boundaries conditions at
oxide/metal (i.e. oxide/az;(0)) and az(0)/Bz interfaces [8].

X\l} t =[Volox/gass X\i/Jrlt = [Volox/az0 an

Cay(0)/ By {)(t) = Cpyy/az:(0) (12)
The coefficients of diffusion of oxygen are defined as constant

in each phase given by Egs. (13)-(15).

o(t)— ozZr(O)/oxv 0 (t)

Vp e [1;j] Dy =Dg (13)
Vp € [j+1;i] Db = Dyyr(o) (14)
vq e [i+1;n](1+2)D{, = Doxide (15)

The integration of Fick’s laws (Egs. (3) and (4)) is performed
using an algorithm of finite differences. Thus, knowing the variation
of concentration of oxygen (or vacancies) in each slab, it is possible
to calculate the change in concentration of oxygen (or vacancies)
between two time steps At, using the Eqs. (16) and (17):

pr
Vp € [1;i] XS(t+At)=XS(t)+AtW (metal) (16)
q
¥g e [i+1;n] X§ (t+A0)=X] (1) d‘t’o (oxide) (17)

This algorithm is based on a physical step time &t which satis-
fies the criteria of convergence of the scheme of the explicit finite
differences (Eq. (18)). The normalized time step At is linked to &t
by the Eq. (19):

St 2Dmax <1 (18)
(emm)
At = at(egr':jx (19)

The weight gain per surface can be simply obtained during EKINOX-
Zr calculation by integrating the oxygen diffusion profile such as
given in Eq. (20):
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q

3 The TQ interface is a set of subroutines and functions which can be used in a
program written in FORTRAN as EKINOX-Zr. Thus, the program can perform ther-
modynamic calculations using ThermoCalc software.
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Fig. 2. Top: SEM micrograph (this work) representing a cross section of a prior-
oxidized (30 wm) sample of Zircaloy-4 oxidized at 1200°C under oxygen during
200s. Bottom: Schematic of the profile of diffusion of oxygen into the fuel cladding
tube after oxidation at high temperature.

2.2. EKINOX-Zr modified

Experimental observations of prior-oxidized Zircaloy-4 samples
after a high temperature oxidation (Fig. 2) have shown that the
oxide layer is divided into two different layers [1]: an outer low
temperature oxide layer corresponding to the prior-oxide layer
and an inner oxide layer corresponding to the zirconia formed dur-
ing the high temperature oxidation. Previous simulation results [ 7]
showed that EKINOX-Zr was able to reproduce the phenomenon
of reduction/re-growth qualitatively but not quantitatively sug-
gesting that the layer of low temperature zirconia had different
diffusion proprieties at high temperature than the zirconia phase
formed at high temperature. Thus, two different hypotheses were
tested in the present work in order to obtain a quantitative agree-
ment between calculations and experimental data:

- Hypothesis 1: the two layers of oxide are dense during the whole
process but, the properties of diffusion of the az:(0) phase formed
by reduction of the layer of low temperature oxide are differ-
ent from those of the ayz(0) phase formed by transformation
of Bz phase at the az(O)/Bz interface. Moreover, considering
the difference between the columnar microstructure of the high
temperature oxide layer and the equiaxed microstructure of the
low temperature oxide, the oxygen diffusion coefficient of the
low temperature oxide layer is set to a lower value than the high
temperature oxide one.

Hypothesis 2: the layer of low temperature oxide is dense dur-
ing its reduction stage and porous during the inward growth of
the layer of high temperature oxide which causes an increase of
mechanical stress in the oxide scale because of the high PBR. Then,
the oxygen may have a direct access to the inner layer of high
temperature oxide.

3. Results
3.1. Numerical simulations

EKINOX-Zr model is able to simulate both oxide and az:(O)
phase growth kinetics [6-8]. It is also possible to calculate the
weight gain due to high temperature oxidation. Many researchers
have determined the diffusion coefficient of oxygen in zirconia
using different experimental techniques [11-22]. However, a scat-
tering of the diffusion data is observed. In this study, we decided to
use the diffusion coefficient of oxygen issued from [22]. As a first
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Fig. 3. Weight gain kinetics, oxide growth kinetic and az:(0) growth kinetic calcu-
lated with EKINOX-Zr for an as-received sample of Zircaloy-4 oxidized during 1500 s
at 1200°C.

Table 1

Input parameters for the simulation of the oxidation at 1200°C of an as-received
sample of Zircaloy-4: kinetic parameters from [20] in (cm?/s) and equilibrium con-
centrations of oxygen calculated thanks to ThermoCalc and the thermodynamic
database Zircobase [9] in (%at).

Doxide Dy DB [V0]0x/0< Ca/ox Cu(/B CB/(x
9.36.10°7 1.10.1077 1.55.10-6 6.92 30.5 10.5 2.76
Table 2

Input parameters for the hypothesis 1 (high temperature and low temperature dense
layer of oxide and two different layers of az(0)): kinetic data from [22] (except
Ditox and Dg req) in (cm?2/s), equilibrium concentrations of oxygen calculated with
ThermoCalc and the thermodynamic database Zircobase [9] in (%at).

Dr1ox Drrox Dared Dq Dg [Voloxja Cajox Cajp Cpja
5.29.107 9.36.107 3.87.10-8 1.10.10~7 1.55.10°% 6.92 30.5 10.5 2.76

example, Fig. 3 shows kinetics of growth and the weight gain cal-
culated for an as-received sample of Zircaloy-4 oxidized 1500s at
1200°C. The input parameters used for this simulation are reported
in Table 1.

As explained in Section 2.2, two different hypotheses have been
tested in EKINOX-Zr in order to take into account the presence of a
prior-oxide layer formed at low temperature.

3.1.1. Hypothesis 1: dense layer

For this first hypothesis, the layer of low temperature oxide
is simply distinguished from the layer of high temperature oxide,
considering two distinct coefficients of diffusion. Input parameters
used for this simulation are reported in Table 2.

Fig. 4a shows calculated diffusion profiles of oxygen at differ-
ent times. The evolution of the profile of oxygen with time clearly
shows the growth of the layer of az:(O) and the increase of the
content of oxygen in the [3z; phase. This calculation was performed
for a sample of Zircaloy-4 with a prior-oxide layer with a thick-
ness of 30 wm further oxidized 1500s at 1200 °C. Fig. 4b compares
the weight gains calculated for a sample with a prior-oxide and a
sample without prior-oxide (as-received) oxidized at high temper-
ature.

3.1.2. Hypothesis 2: porous layer

The hypothesis 2 which considers the oxide formed at low
temperature as a porous layer during the high temperature oxide
growth process is in accordance with Godlewski’s conclusions
[23] regarding the porosity of the low temperature oxide. Indeed,
Godlewski observed that, during the growth of the layer of zirconia
at 360°C, the Pilling-Bedworth ratio induces compression stresses
in the oxide at the metal/oxide interface. The compressive stresses
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Fig. 4. Hypothesis 1: (a) profiles of diffusion of oxygen calculated with EKINOX-Zr
in az(0) phase and 3z phase for a prior-oxidized (30 wm of prior-oxide) sample
of Zircaloy-4 oxidized during 520's at 1200°C. (b) Comparison of calculated weight
gain as a function of time during oxidation at 1200°C for an as-received Zircaloy-4
sample and a Zircaloy-4 sample with 30 pm of prior-oxide.

promote the phase transformation monoclinic zirconia to tetrag-
onal zirconia. The oxide layer is a mixture of monoclinic phase
(~60%) and of tetragonal phase (~40%). Because of the inward
growth mechanism, the maximal stresses are experienced in the
inner part of the oxide scale where they stabilize the tetragonal
phase. But when this phase moves away from the metal/oxide
interface, the stresses are not sufficiently enough to stabilize the
tetragonal zirconia and there is a tetragonal to monoclinic phase
transformation of the oxide. This phase transformation goes along
with a decrease of the molar volume of the oxide and this leads to
the appearance of many cracks in the oxide scale. Because of the
competition between the displacement of the metal/oxide interface
and of the zirconia transformation front (tetragonal to monoclinic),
the thickness of the dense oxide layer is quite the same along the
oxidation. Following Godlewski’s conclusions, the low temperature
oxide layer can be more or less considered as porous and in some
extreme cases, the oxidizing environment can have a direct access
through the low temperature oxide layer. Thus, in a second set of
simulations, the hypothesis of a porous layer of low temperature
oxide during the growth of the layer of high temperature oxide
has been considered (hypothesis 2). This hypothesis is an extreme
case. As previous simulations have shown that the experimental
reduction stage can be well reproduced considering a dense low
temperature oxide layer with a diffusion coefficient of oxygen Dy 1ox
equal to 1.09.10-7 cm?2/s at 1200 °C, the low temperature oxide is
however considered to be dense during the reduction stage. Input
parameters used for this simulation are summarized in Table 3.
Fig. 5 shows the growth kinetics and the weight gain calculated
using EKINOX-Zr for a prior-oxidized (30 pm of prior-oxide) sample



Table 3

Input parameters for the simulations done with the hypothesis 2 (porous layer of low temperature oxide during growth of the layer of high temperature oxide): kinetic data
from [22] (except Dyitox ) in (cm?/s), equilibrium concentrations of oxygen calculated with ThermoCalc and the thermodynamic database Zircobase [9] in (%at).

Reduction stage Ditox DHrox Dy Dg [Volox/a Cafox Cup CBla
1.09.10°7 9.36.107 1.10.10°7 1.55.10°6 6.92 30.5 10.5 2.76
Oxidation stage Diox Ditox Do Dg [Volox/a Cafox Cup Cpla
+o00 9.36.107 1.10.10°7 1.55.10°6 6.92 305 10.5 2.76
a 180 18 Table 4
] . . Data of prior-oxidized samples of Zircaloy-4 used in [1].
160 | o R BT
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20 [ 2 temperature oxide is faster than the displacement of the az(O)/Bz:
0 L , , , 0 interface. This leads to a rapid decrease of the total thickness of the
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Time (s) oxide decreases with the thickening of this layer and then the dis-
b placement of the metal/oxide interface slows down. As soon as the
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Fig. 5. Kinetics of weight gain, kinetics of growth of the oxide layer and kinetics of
growth of az:(0) phase calculated for a prior-oxidized sample (30 um of prior-oxide)
of Zircaloy-4 oxidized during 15005 at 1200 °C. (a) Hypothesis 1. (b) Hypothesis 2.

of Zircaloy-4 oxidized during 1500 s at 1200 °C for the two hypothe-
ses tested, i.e. a dense (Fig. 5a) or a porous layer of prior-oxide
(Fig. 5b). The oxide dissolution stage can be clearly observed on the
oxide growth kinetics during the first 170 s (Fig. 5b).

After this stage, the growth of the oxide is rapid as for stan-
dard kinetics of an as-received sample (i.e. without prior-oxide).
This result is directly linked to the hypothesis of the porous low
temperature prior-oxide. The weight gain also exhibits a rapid
increase for the same reason. The overall kinetic of growth of the
oxide for 1500 is higher compared to hypothesis 1 (Fig. 5a). In the
case of a dense low temperature oxide (hypothesis 1), the stage
of reduction of the low temperature prior-oxide also exists but it
is very short due to the choice of a higher value for the param-
eter Ditox. Furthermore, no rapid increase on the weight gain is
expected with the first hypothesis. Notice also that the kinetics of
growth of the az(0) layer shows a particular behavior in the case
of hypothesis 2. A transitory stage of reduction of the whole az:(0)
thickness starts as soon as the growth of the layer of high tem-
perature oxide begins. This is due to the competition between the
displacements of the metal/oxide interface and of the az:(0)/Bz:
interface. When the growth of the layer of high temperature oxide
starts, the flux of oxygen in this layer becomes suddenly greater
than in the layer of az:(O) because of the assumption of a porous
layer of low temperature prior-oxide. Consequently, the displace-

with thicknesses of 25 and 35 pm had been previously produced
in autoclave* at 360°C under an isostatic pressure of 1.9.107 Pa.
The characteristics of these samples (thickness of prior-oxide, con-
tent of hydrogen, temperature and duration of the oxidation) are
reported in Table 4.

In the present study, samples of Zircaloy-4 were previously oxi-
dized in similar conditions than for the study of Le Saux et al. [1].
Samples were oxidized in an autoclave during 1328 days in order
to obtain 30 wm of prior-oxide. As for the samples studied in [1],
the samples used in this work contained 700 wt. ppm of hydrogen.
Then, the effect of hydrogen on the diffusion of oxygen during oxi-
dation at high temperature [1,8,23] was expected to be similar for
this work and for the study of Le Saux et al. In this work, the thermal
treatments consisted in oxidizing the samples at high temperature
in order to reproduce the phenomenon of reduction of the low tem-
perature oxide at four different temperatures, e.g. 1100, 1150, 1200
and 1250°C. The experimental device used to perform the oxida-
tion is composed by two different areas. The first area is a “cold
chamber” cooled by a ventilation system; the second area is the
furnace where oxidations are performed. The two areas communi-
cate thanks to an alumina tube. The sample is introduced in the cold
chamber, then a secondary vacuum is established before filling up
the device with a mix gas of 180,/160,. Then, the sample is intro-
duced in the furnace for the duration of the oxidation. Duration of
each oxidation were evaluated before experiments thanks to cal-

4 Some B and Li are added in the water of the autoclave to simulate the conditions
of the primary circuit of a PWR.
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Fig. 6. (a) Optical cross-section of a Zircaloy-4 sample oxidized in autoclave at 360 °C during 1328 days. (b) Optical cross-section of the sample T9 annealed under secondary
vacuum of argon at 1200 °C during 510s. (¢) Optical cross-section of the sample T3 oxidized in this work at 1200°C during 200s.

Table 5
Temperature and duration of experimental oxidations performed in this study on
prior-oxidized (thickness of 30 wm) samples of Zircaloy-4.

Samples Oxidation temperature (°C) Oxidation duration (s)
T1 1100 450
T2 1150 280
T3 1200 200
T4 1250 131

culations with EKINOX-Zr model in order to allow the reduction of
the oxide layer. They are listed in Table 5.

Fig. 6 shows three optical cross-sections. The cross-section of the
sample issued from the autoclave (Fig. 6a) shows that the low tem-
perature oxide layer formed is 30 wm thick, dense and adherent and
the scale thickness appears quite homogeneous. The cross-section
of the sample T9, annealed under vacuum at 1200°C (Fig. 6b),
shows that the reduction of the low temperature oxide layer is also
homogeneous and the az:(0) phase formed by reduction is quite
uniform. The cross-section of the sample T3 oxidized at 1200°C
(Fig. 6¢) shows that the metallic layers are quite homogeneous. The
scratchy aspect of the two external oxide layers is due to polishing
operations.

Thicknesses have been measured thanks to the software Olym-
pus Stream Image Analysis. The average arc length of each sample
is around 3.70 cm and we performed forty measurements of each
layer along the sample. The measurement of each layer is carried
out perpendicularly to both interfaces. The measurement uncer-
tainties were found to be very small compared to the thickness
variations.

Fig.7aand b shows a comparison between experimental and cal-
culated results. First of all, one can see a good agreement between
the experimental results from [1] and the present experimental
work. Concerning the numerical calculations, the two hypotheses
already detailed in a previous section, were tested. In the hypothe-
sis 2, the case of a porous low temperature oxide during the growth
of the high temperature oxide layer is considered (Fig. 7 dashed
line). For hypothesis 1, dense low temperature and high tempera-
ture oxides are considered and a specific coefficient of diffusion of
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Fig. 7. Comparison between oxide growth kinetics calculated with EKINOX-Zr and
experimental data (from this work and [4]). (a) Oxide growth kinetics. (b) Initial
oxide growth kinetics between 0 and 250s. Diamonds: sample T3 oxidized in this
work at 1200°C during 200s. Squares: samples of Zircaloy-4 with 25 um thick
prior-oxide, oxidized at 1200°C during 1492s [1]. Circles: samples of Zirclaoy-4
with 35 wm prior-oxide, oxidized at 1200 °C during 187 s [1]. Solid curve: kinetics of
growth of oxide calculated with EKINOX-Zr considering hypothesis 1 and a 30 um
thick prior-oxide. Dashed curve: oxide growth kinetics calculated with EKINOX-Zr
considering hypothesis 2 and a 25 wm thick prior-oxide.



Table 6

Comparison between experimental weight gains measured after oxidation and
weight gains obtained with EKINOX-Zr simulation (hypothesis 1) of the experimen-
tal cases.

Samples Oxidation Oxidation Experimental Numerical
temperature  duration (s) weight gain weight gain
Q) (mg/cm?) (mg/cm?)

T1 1100 450 1.35 1.31

T2 1150 280 133 1.36

T3 1200 200 3.42 3.42

T4 1250 131 4.06 4.09

oxygen is attributed to the layer of az(O) formed by reduction of
the low temperature oxide (Fig. 7 solid line). The dense low temper-
ature oxide hypothesis reproduced well the experimental results
obtained in the present study, whereas it seems that some feature
on short time oxidation (50s) from Le Saux et al. work are better
reproduced by the hypothesis of a porous layer of low temperature
oxide. However, the exact duration of the dwell at high temper-
ature in case of short time oxidation can be overestimated. More
dataare needed in order to conclude whether, the first or the second
hypothesis is the best.

The weight gains have also been calculated; they are reported in
Table 6. A very good agreement is obtained between the calculated
and experimental weight gains. Regarding kinetics, it seems that
the data from Le Saux et al. for prior-oxidized samples (Fig. 1 in
[1]) exhibit a change in the weight gain kinetics after 200s. This
result is consistent with the hypothesis of a dense prior-oxide, i.e.
the hypothesis 1 of the present calculations.

Another output of the model is the calculation of thicknesses
of the different layers that compose the system: oxide, az-(0) and
Bz phases. Except for the oxidation at 1250 °C, one can see that a
quite good agreement is also obtained with hypothesis 1 (Table 7)
between experimental measurements and simulation results. The
lower agreement at 1250 °C can be explained by the faster kinetics
at this temperature. Simulations results show smaller amounts of
high temperature oxide and az:(O) phase in comparison with the
experimental data. At 1250°C, the annealing treatment is shorter
and the relative weight of the time needed to introduce the sample
in the furnace becomes a source of error.

The behavior of an internal oxide layer (i.e. the oxide layer
formed on the internal side of the fuel cladding tube) was also stud-
ied. To do so, a sample (T9) with an initial layer of prior-oxide of
30 wm thick was annealed at 1200 °C under secondary vacuum of
Ar.> Hence, in these conditions, the thickness of the low temper-
ature oxide layer is reduced at the metal/oxide interface without
reaction with the atmosphere and consequently a layer of az:(O)
phase enriched in oxygen grows. The experimental results con-
firmed that the thickness of the prior-oxide decreased during the
annealing treatment at high temperature without weight change
(Table 8). Numerical calculations have been performed with the
EKINOX-Zr model in order to reproduce this phenomenon con-
sidering a dense layer of low temperature oxide. The comparison
between numerical results (hypothesis 1) and experimental ones
from this work and from [ 1] are presented in Fig. 8. They show a very
good agreement. The numerical calculation results stand between
the experimental points issued from [1] for samples of Zircaloy-4
with a prior-oxide (respectively 25 and 35 pm of prior-oxide).

Finally, Fig. 9 presents the variation of the thickness of the oxide
layer as a function of time for the four different temperatures of
oxidation tested. The hypothesis of two dense layers of oxide (i.e.
hypothesis 1) allows reproducing correctly the experimental data.

5 i.e. the furnace was filled with Ar before to establish a secondary vacuum and a
small input flux of Ar was used to regulate the pressure.
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Fig. 8. Experimental results (diamonds) and numerical result obtained with
EKINOX-Zr (curve) for sample T9. Experimental results extracted from [1] for sam-
ples of Zircaloy-4 with 25 and 35 pm of prior-oxide. All those samples have been
annealed under secondary vacuum of argon at 1200°C during 510s (in case of
sample T9) and 187 s (sample from [4]).
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Fig. 9. Comparison between experimental results (dots) and those obtained with
EKINOX-Zr (curves). All the samples had a prior-oxide layer of 30 wm before the
oxidation at high temperature. T1: oxidized 450s at 1100°C. T2: oxidized 280 at
1150°C. T3: oxidized 2005 at 1200 °C. T4: oxidized 131s at 1250°C.

4. Discussion

Results show that experimental data can be reproduced by the
EKINOX-Zr model considering the hypothesis 1 (two dense layers of
oxide) or the hypothesis 2 (porous layer of low temperature oxide
during growth at high temperature) and with different properties
of diffusion in the aiz-(0) phase depending on the phase from which
it was formed. Hypothesis 2 of a porous layer of low temperature
oxide is quite extreme. It can be supposed that the changeover from
dissolution to regrowth of the oxide scale leads to a particular stress
state evolution of the remaining low temperature oxide. Indeed,
the dissolution/regrowth step induces a change for the interface
metal/oxide displacement from one direction to the other, which
isnot oftenreported in the literature. The huge change of molar vol-
ume associated with the dissolution of the oxide at the constrained
metal/oxide interface (with the circular shape of the cladding) and,
later, the transformation strain due to the re-oxidation of this area,
leads to a particular loading which could damage the low temper-
ature oxide scale when the high temperature oxide scale growth
began.

Thus the oxidizing gas can have adirect access to the LT oxide/HT
oxide interface. But, this porous character may change along the
sample as a function of the reductionrate of the layer of low temper-
ature oxide. Then, experiments and micro characterizations must
be performed to evaluate this porosity. On the contrary, hypothe-
sis 1 differentiates the layer of az(O) formed by reduction of the
layer of low temperature oxide from the layer formed by transfor-
mation of the Bz phase. This hypothesis shows a good agreement
between experimental data (from this work and from [1]) and
numerical simulations (Figs. 7 and 8) using the coefficients of dif-



Table 7

Experimental thicknesses of layers measured on the external half of each sample, compared with numerical thicknesses obtained with the hypothesis 1 (note that for samples
oxidized at 1100 and 1150°C, it is not possible to distinguish experimentally the layer of low temperature oxide from the layer of the high temperature oxide).

Samples OxidationT (°C) Oxidationtime (s) Types Oxide thickness (m) azr(0) thickness (pm) Bz thickness (m)

T1 1100 450 Exp. 2742 49+6 220+7
Num. 30 50 221

T2 1150 280 Exp. 26+3 36+11 219+2
Num. 31 45 226

LT HT

T3 1200 450 Exp. 2842 16+3 44+ 4 219+2
Num. 29 14 42 221

T4 1250 131 Exp. 2042 3242 47 +3 211+£5
Num. 29 20 40 220

Table 8

Comparison between experimental and numerical (hypothesis 1) weight gain of the T9 sample (dissolution of the prior-oxide layer into the alloy under Ar secondary vacuum
at 1200°C during 510s). Thicknesses of phases were measured on the external half of the T9 sample.

Sample Reduction time and temperature Types Weight gain (mg/cm?) Oxide thickness (um) oz:(0) thickness (um) Bz thickness (m)
T9 510s Exp. 0.00 + 0.02 1141 88+8 189+4
1200°C Num. 0.00 + 0.02 12 88 189
fusion of oxygen reported in Table 2. One can see that Dty iS 24 1
lower than Dyrox, the same observation can be done for Dy, eq ]
and D. High temperature and low temperature zirconia scales are 20 1
clearly identified on our samples by the difference of microstruc- ]
tures. According to SEM observations (Fig. 2) the microstructure ’5:16 1
of the layer of low temperature oxide is composed of equiaxed PO ) ]
. . ca . 812 4 3 pm prior-oxide

grains whereas the high temperature oxide is composed by colum- g 71 5tum pribroxide
nar grains. The high temperature zirconia is also reported as large § 8 ] —7 pm prior-oxide

columnar grain microstructure in literature. The columnar mor-
phology of the high temperature oxide with columns perpendicular
to the sample surface may promote the diffusion of the oxygen
through this oxide scale compared to the low temperature oxide
microstructure made of equiaxed grains. At low temperature oxide
scale formed on Zircaloy-4 is reported to be composed of a mix-
ture of columnar and equiaxed grains [24]. The columnar grains
have monoclinic structure and are usually referred as the protec-
tive part of the oxide scale at low temperature. However during
the high temperature treatment the phase transformation occurs
in monoclinic zirconia to tetragonal and only equiaxed grains are
maintained for the low temperature zirconia microstructure. There
is no data on the diffusion coefficient of oxygen in the low temper-
ature oxide layer formed at 360°C and then heated up to 1200°C
to compare it to value estimated in our study. In the case of the
layer of az:(0), the reduction of the low temperature oxide could
form an az:(0) phase over-saturated in oxygen which induces a
deformation of the crystallographic structure and a saturation of
the interstitial sites. The properties of diffusion of this HCP oy,
phase over-saturated in oxygen are not known. The good agree-
ment obtained between numerical simulations and experimental
data shows that taking into account two dense layers of oxide and
the change of the properties of diffusion in the az(O) phase with
saturation in oxygen allows a good simulation of the phenomenon
of reduction/re-growth.

The reduction/re-growth occurrence depends on the thickness
of the prior-oxide on the sample just before the high tempera-
ture annealing. Fig. 10 shows the kinetics of growth of the oxide
layer calculated at 1200°C by EKINOX-Zr considering different
thicknesses of prior-oxide. These simulations show that the phe-
nomenon of reduction/re-growth is only observed for a thickness
of prior-oxide higher than 10 pm. Indeed, when the thickness of
prior-oxide is smaller than 10 wm, the flux of oxygen in the low
temperature oxide layer remains always higher than the flux of
oxygen in the az;(O) phase. Thus, there should be no decrease of the
low temperature oxide layer thickness in this latter case, according
to modeling of the phenomenon.
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Fig. 10. Calculated growth kinetics of oxide at 1200°C for samples of Zircaloy-4
with different thicknesses of prior-oxide.

The model developed in the present work allows calculating
the kinetics of oxygen ingress in the system. Oxygen is a source
of embrittlement for the HCP oz phase [6,25-28], as it is the case
for titanium-base alloys with the o phase [29]. In the present case,
when the sample is cooled down from the high temperature, it is
composed of an external az; layer which was enriched in oxygen at
high temperature, and an inner az; layer which was formed during
cooling by transformation of the prior-3z; phase. At high temper-
ature, the 3z phase dissolved much less oxygen than the outer
oz layer. If we take—for illustration—the value of 0.4(40.1) %wt,
determined by Brachet et al. [30], as the maximum oxygen content
for the prior-3z; phase to be ductile at room temperature, we can
performed simulations to evaluate the variation of the remaining
thickness of the prior-fz phase containing less than 0.4 %wt after
high temperature oxidation. This was done as a function of tem-
perature and for several thicknesses of prior-oxide. The remaining
thickness of ductile prior-z phase was evaluated as the thick-
ness of the prior-fz where the oxygen concentration is lower than
the value determined by Brachet et al. [30] at room temperature.
This critical concentration of oxygen was taken as an example and
should not be considered as an absolute value. Indeed, this value
was determined at room temperature but it is important to notice
that after cooling of the vessel in the LOCA scenario, the temper-
ature of the reactor core is close to 100°C and not 20°C. Garde
and Kassner [31] performed analysis a 100°C and they found that
concentration of oxygen of the ductile-to-brittle transition of the
Bz: is between 0.6 %wt and 0.7 %wt. This range is consistent with
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Fig. 11. Variation of the remaining prior-fz, layer thickness containing less than
0.4 %wt of oxygen(and [0]<0.5%wt for 1200°C) as a function of time for differ-
ent temperatures of the high temperature dwell in LOCA conditions. Calculations
are made for samples of Zircaloy-4 oxidized on a single face, with and without
prior-oxide formed at low temperature during in service conditions. The remain-
ing thickness of the prior-Bz; phase is normalized to the initial thickness (before the
high temperature dwell) of Bzr phase.

the results of Sawatzky's study [32]. A higher oxygen content limit
when increasing the testing temperature after oxidation, leads to
a thicker remaining ductile Bz;.. The main objective of these last
simulations was to qualitatively evaluate the effect of the prior-
oxidation on the ingress of oxygen and possibly on the residual
ductility of the fuel cladding after LOCA. Calculations have been
made considering Zircaloy-4 fuel cladding tube with an initial wall-
thickness of 570 wm. Since the initial thickness of the Bzr phase
differs between samples with or without a prior-oxide layer, Fig. 11
shows the evolution of the thickness of the ductile layer of prior-
Bzr phase (which contained less than 0.4 %wt of oxygen and is then
expected to be ductile at room temperature after high temperature
oxidation) normalized to the initial (i.e. before oxidation at high
temperature) thickness of the layer of Bz, for each case. Compar-
isons are shown for oxidations performed at 1100, 1150, 1200 and
1250°C for as-received and prior-oxidized (30 m of prior-oxide)
samples of Zircaloy-4. Fig. 11 clearly shows that the evolution with
time of this prior-Bz; layer poor in oxygen is strongly influenced
by the temperature of oxidation. These calculations confirm the
conclusions of Le Saux et al. [1] from their experimental works.
They enable to visualize the consequences of a prior-oxidation for
any oxidation temperatures and any prior-oxidized thicknesses.
Hence, for short oxidation times, post-quench ductility of prior-
oxidized samples oxidized between 1250 and 1100°C is close to
that of as-received samples (prior-hydrided at an equivalent con-
tent of hydrogen) oxidized under similar conditions. EKINOX-Zr
calculations confirm that the non-protective effect of prior-oxide
layers regarding post-quench mechanical properties is due to the
fact that the overall quantity of oxygen atoms diffusing into the
sub-oxide metallic layers at high temperature does not depend on
the source of oxygen (reduction of the prior-oxide or formation
of a “fresh” oxide). From these first calculations, the impact of the
prior-oxide on the evolution of the thickness of Bzr ductile phase
is low at all temperatures between 1250 and 1100°C. This can be
evaluated by comparing the two curves obtained at 1200°C with a
critical concentration in oxygen of 0.4 %wt and 0.5 %wt, these values
being typical of the experimental uncertainty on the ductile-brittle
transition limit at room temperature. It can be seen on Fig. 11, that
the difference between these two curves is much larger than the
difference between the curves for the sample with or without a
prior-oxide.

5. Conclusion

The aim of this work was to understand and simulate the
phenomenon of reduction/re-growth of the oxide layer that was
experimentally observed during the oxidation at high tempera-
ture of samples of Zircaloy-4 with a thick prior-oxide. This work
was based on simulations and experimental results on the oxi-
dation at high temperature of samples of Zircaloy-4 with a thick
prior-oxide. Simulations consisted in calculations performed with
EKINOX-Zr model which is based on 1D numerical resolution of
diffusion-reaction equations describing the diffusion of oxygen in
the ZrO; /azr(0)/Bzr system. In a previous work [5], it was shown
that the experimental data cannot be reproduced by simulations
done with an assumption of a unique and constant coefficient of
diffusion of oxygen in each of the three phases. This previous result
suggested that the layer of low temperature oxide may have differ-
ent properties of diffusion than the layer of high temperature oxide.
Then, in the present study, a set of new simulations considering two
different layers of zirconia (low temperature and high tempera-
ture oxide layers) was performed and new experimental data were
obtained on samples of Zircaloy-4 with a prior-oxide thickness of
30 wm. These later experimental data are in quite good agreement
with Le Saux et al. study [ 1] on samples of Zircaloy-4 with a thick-
ness of prior-oxide respectively equal to 25 pm and 35 pum thick
for a larger time range of oxidation. The new experimental results
were compared with EKINOX-Zr calculations performed with two
different hypotheses, a porous or dense layer of low temperature
oxide as well as new assumption for the a4 phase. Simulations
well reproduced the experimental evolutions of the thickness of
the different phases. First, this result confirms that the properties of
diffusion of the low temperature oxide are strongly different from
the high temperature oxide ones. However, considering the exper-
imental uncertainty, none of the two hypotheses (porous or dense
low temperature zirconia) can be definitively excluded. Forthcom-
ing 180 tracers experiment should bring some helpful information
on the properties of diffusion at high temperature of the layer of
zirconia prior-oxide grown at low temperature.

Second, a specific coefficient of diffusion was attributed to the
az:(0) phase growing at the oxide/metal interface from the reduc-
tion of low temperature oxide. It was considered that this phase
should have different properties of diffusion with respect to the
az;(0) phase that grows at the aphase that grows at the(O)/Bzr
interface from a metallic parent phase. Calculations show that
the part of az;(O) phase that grows from low temperature oxide
reduction disappears after a short time because the fast kinetics of
regrowth of the high temperature oxide at the metal/oxide inter-
face. However experiments should be done in order to evaluate the
evolution of the coefficient of diffusion of oxygen with its own con-
centration in az(0) phase in order to improve the accuracy of the
simulations.

Last, it was shown that the model can be used to anticipate post-
quenched mechanical properties of the material oxidized at high
temperature, after prior-oxidation or not, if the concentration in
oxygen under which the Bz phase remains ductile is known. Nev-
ertheless a quantitative prediction of the thickness of the remaining
ductile layer is difficult due to its high sensitivity to the critical
content in oxygen taken for the ductile to brittle transition. Further-
more, the effect of prior-oxide is within experimental uncertainty.
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Glossary of symbols

Jb: is the oxygen flux from the slab p + 1 to the slab p

]“ﬂo: is the vacancies flux from the slab q + 1 to the slab q

D?: is the oxygen diffusion coefficient in the slab p

D“J,o: is the vacancies diffusion coefficient in the slab q

X?P: is the oxygen concentration in the slab p

X“}O: is the vacancies concentration in the slab q

eP: is the thickness of the slab p

£2P: is the molar volume of the slabp

z: is the electrical charge of anionic vacancies

Xg: is the variation velocity of the oxygen concentration in the slab p

X“}O: is the variation velocity of the anionic vacancy concentration in the slab g

P: is the Pilling-Bedworth ratio which is equal to 1.56 in the case of the zirco-
nium/zirconia system

y: is the stoichiometric subscript of the oxide MO,,, y is equal to 2 for the zirconia

[Volox/gas: is the equilibrium anionic vacancy concentration at the oxide/gas interface
in the oxide

[Volox/ay 0y 1s the equilibrium anionic vacancy concentration at the oxide/metal

interface in the oxide

(0)/ox: is the equilibrium oxygen concentration at the oxide/metal interface in

the metal

(0)/B - is the equilibrium oxygen concentration at the az (0) /B, interface in

the oz (O) phase

Cyr/az(0): 1S the equilibrium oxygen concentration at the az (0) /B, interface in
the B,, phase

Dg,,: is the oxygen diffusion coefficient in B, phase

Dy, (0): is the oxygen diffusion coefficient in az: (O) phase

Doxide: 1S the oxygen diffusion coefficient in zirconia

dt: is the physical time step

At: is the numerical time step

Dpax: is the maximum oxygen diffusion coefficient in the model

emin- is the minimal thickness of a slab

Am: is the weight gain per surface unit

Mo: is the molar mass of oxygen

$§27:: is the molar volume of zirconium

CO(

‘Zr

C
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