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Effect of pre-oxide on Zircaloy-4 high temperature steam oxidation
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ABSTRACT:

An experimental study has been carried out on the high temperature oxidation behavior of pre-oxidized
Zircaloy-4. Prior to steam oxidation, cladding tubes have been pre-oxidized in moistened oxygen
environment at 425°C, up to pre-oxide layer thicknesses of 36 and 63 um. All samples have then been
subjected to isothermal high temperature steam oxidation, in the 900°C-1200°C temperature range, followed
by water-quenching. Metallographic examinations and mean hydrogen content measurements have then been
performed. For all tested temperatures, the weight gains measured for pre-oxidized samples are lower than
those obtained for bare cladding, indicating that the pre-oxide has a protective effect against oxidation at high
temperature. The results obtained on the O»tsteam pre-oxidized samples are in good agreement with
published data on autoclave-pre-oxidized samples.

Comparison with literature data obtained on irradiated cladding shows that, at 1000°C and 1200°C,
laboratory-grown unirradiated pre-oxidation layers have a stronger protective influence than a corrosion layer
formed under irradiation. This difference in protectiveness may be explained by a more heterogeneous oxide
microstructure and a higher intergranular porosity for in-reactor corrosion in comparison with laboratory pre-
oxidation conditions.
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1 INTRODUCTION

Under a loss-of-coolant-accident (LOCA), the fuel cladding is submitted to a rapid temperature increase
(possibly up to 1200°C) in steam environment, inducing a high temperature oxidation until quenching occurs
due to reflooding by the emergency core cooling system operation (ECCS). Acceptance criteria defined in
1973 by the US-AEC limit the cladding temperature to 2200°F (1204°C) and the oxidation amount to 17%
ECR (Equivalent Cladding Reacted)! in order to prevent excessive embrittlement of the fuel cladding and to
maintain a coolable geometry of the reactor core. These criteria were derived from mechanical testing of as-
received cladding tubes after oxidation in steam atmosphere. However, the influence of the oxide layer
formed on the outer cladding surface during the normal reactor operation (so called corrosion layer) has also
to be taken into account. The thickness of this corrosion layer can reach at high burnup several tens of microns
depending on the cladding alloy and the considered position along the fuel assembly.

Therefore, the influence of the pre-oxide layer on the high temperature steam oxidation of Zircaloy was
addressed by several authors [1-7] and a review of the data available in the literature was recently published
by Le Saux [8]. The main conclusions were that high temperature (HT) steam oxidation is generally delayed
in the presence of a pre-oxide layer. This protective influence seems to increase with the increase of the pre-
oxide scale thickness, and is observed to be less effective at 1200°C than at lower temperatures.

The basic principles of metal oxidation at elevated temperatures are described in [9]. The high temperature
oxidation process is observed to be a two-step mechanism, showing first a reduction of the pre-oxide layer
thickness, and later formation of high temperature oxide underneath the pre-oxide scale. This two-step
mechanism can be explained as follows: after low temperature pre-oxidation, 1) the pre-oxide layer is
stoichiometric for most of its thickness, and 2) the amount of oxygen dissolved in the metal is low, because
the oxygen-enriched aZr(O) layer is very thin (typically less than 1 um). When the cladding is heated at high
temperature, the metal has the ability to dissolve a much higher amount of oxygen, which is a strong driving
force for oxygen to migrate from the pre-oxide to the metal. A high oxygen flux crosses the metal/oxide
(M/0O) interface, the aZr(0) layer grows while the pre-oxide becomes sub-stoichiometric?, starting from the
M/O interface region. To put it another way, an oxygen vacancy gradient progressively establishes between
the M/Q interface and the oxide surface. As far as the gradient has not reached the surface, the oxygen flux
incorporated from the atmosphere remains low (and the weight gain as well), the oxide is protective.
Depending on the temperature and on the scale thickness, this situation is maintained during a sufficiently
long period to convert oxide into metal at the M/O interface, and the pre-oxide scale thickness decreases.
Once the sub-stoichiometry has reached the oxide scale surface (as revealed by the color change from the
originally bright zirconia into black zirconia) incorporation and transport of oxygen from the steam
environment is made possible and the vacancies concentration gradient reaches a steady state. As an
illustration, for this steady state distribution of oxygen across the zirconia layer, Cathcart and Pawel
considered a linear distribution with a close to stoichiometric concentration in the zirconia at the steam-oxide
interface [10]. Because increase of the aZr(O) layer thickness progressively lowers the driving force for
oxygen diffusion into the metal, the oxygen fluxes balance (flux at the M/O interface versus the flux at the
surface) reverses and new oxide can form at the M/O interface. Modelling this complex multilayered
configuration by solving the diffusion equations does predict this sequence of successive pre-oxide
dissolution and later high temperature oxide formation [11].

Note that for thick corrosion layers having radially oriented cracks, HT oxide formation is observed to initiate
first beneath these cracks, probably meaning that the vacancies gradient establishes faster there [2].

The above conclusions were derived from oxidation tests performed with various pre-oxidation conditions,
and for pre-oxidation layers generally thinner than about 50 um. We had observed in our laboratory, testing
samples pre-oxidized in dry oxygen, a partial loss of protectiveness above a 40 um pre-oxide thickness [12].
In the present study, the pre-oxidation conditions have been improved by adding a controlled steam amount
in the pre-oxidation furnace, to reproduce the Zircaloy-4 hydrogen charging effect observed during in-reactor

! This parameter is defined as the ratio between the weight gain versus its maximum possible value corresponding to
full oxidation of the sample. It may also be expressed as the ratio between the mass of reacted metal layer to the metal
mass before oxidation.

2 The Zr-O phase diagram allows significant deviation from stoichiometry for zirconia at high temperature, see Ma, X.,
et al., Journal of Nuclear Materials, 2008. 377(2): p. 359-369.



corrosion. For a better understanding of the pre-oxide layer thickness influence, 2 different thicknesses have
been considered, up to 63 pm to account for high burnup fuels.

The objectives of this paper is first to compare the HT oxidation behavior of samples pre-oxidized in
O»t+steam and in autoclave. As it is rarely presented in the literature, the second objective is to compare the
behavior at high temperature of out-of-pile and in-pile corroded material. The paper is organized as follows.
The microstructure and morphology of the pre-oxidation layers formed in O;+steam are first presented. Then,
they are compared to those formed in autoclave conditions. Next, high temperature oxidation results, obtained
at 900, 1000, 1100 and 1200°C on the O,+steam pre-oxidized samples are discussed in terms of weight gain,
oxide scale thickness and hydrogen pick-up as well. At last, comparison is made with data obtained in other
laboratories with autoclaved specimens, and with irradiated cladding when available.

2 MATERIALS AND METHODS

2.1 Materials

The specimens used in this study were cut from low tin Stress-Relieved Annealed (SRA) Zircaloy-4 PWR
17x17 industrial fuel cladding tubes, provided by AREVA-NP. Composition of the alloy is given in Table 1.
Outer diameter and wall thickness of the tubes are 9.5 mm and 570 um respectively. Open samples were
used, leading thus to two-side oxidations.

Sn (Wt%) Fe (wt%) Cr(wt%) O (wt%)  H (wtppm)
13 021 0.10 0.13 10

Table 1: Chemical composition of the Zry-4 batch used for pre-oxidation in moistened oxygen

For pre-oxidation, 100 mm long cladding samples were heated at 425°C in a tubular resistive furnace in a
flowing mixture of oxygen and steam (3 NL.h"! O, + 15% vol. steam), for respectively 212 and 385 days.
The steam partial pressure was adjusted to reach respectively about 300 and 400 wtppm hydrogen
incorporation at the end of the pre-oxidation periods. The pre-oxidation temperature is lower than the
temperature of the final fabrication heat treatment of the alloy, and no or only partial recrystallization is
expected during pre-oxidation. End’s part of the pre-oxidized samples are used for metallography and
hydrogen measurements. The central part is cut in 20 mm long samples for the HT steam oxidation.

2.2 Steam oxidation at high temperature

Oxidation in this study was performed at 900°C, 1000°C, 1100°C and 1200°C at atmospheric pressure in a
vertical resistive furnace in a steam + argon flow (with a heating rate of ~ 50°C.s™") on 20 mm long samples,
oxidized on both the outer and the inner surface (two-side oxidation). As the 20 mm long samples are cut
from the 100 mm pre-oxidized specimens, sample ends are bare before HT oxidation. This may lead to an
overestimation of the weight gain of pre-oxidized samples. However, end’s area represents only 2% of the
total exposed area and the contribution of this bare area to the weight gain is negligible. Holding time ranged
between 5 min and 100 min depending on the temperature. Samples were then water-quenched by dropping
into a water bath. The argon and steam flow rates were respectively 120 NLh! and 100 g.h™! between 900
and 1100°C, corresponding to a 50/50 Ar/steam vol. fraction (pH-0 = 510 hPa®). At 1200°C, the argon and
steam flow were increased to 600 N1Lh! and 500 g.h'! to avoid any occurrence of steam starvation. The steam
flow rate normalized to the cross-sectional area of the furnace alumina tube was thus respectively 3.9 mg.cm®
25T at 900°C-1100°C and 19.6 mg.cm™?.s' at 1200°C. Prior the tests on pre-oxidized cladding, a test
campaign was performed on as-received samples and hydrogen content was measured systematically after
HT steam oxidation in order to confirm that these experimental conditions prevent steam starvation. Indeed,

3 The partial pressure is calculated on the basis of a 1000 hPa total pressure.



Brachet [13] and Uetsuka [14, 15] showed that hydrogen uptake was observed for stagnant or flowing
hydrogen enriched steam conditions.

2.3 Sample characterizations

Weight and length of the samples were measured with an accuracy of 0.1 mg and 0.01 mm respectively,
before and after pre-oxidation and HT oxidation. The weight gain was calculated from these measurements.
After each step of the preparation protocol, samples were cut and embedded in epoxy resin, ground and
polished. Polishing was performed with SiC papers, diamond paste and finally colloidal silica suspensions.
Metallographic cross sections were examined by optical microscopy (Keyence digital microscope). Each
oxide layer thickness and standard deviation was determined from a set of 12 measurements performed on
both outer and inner surfaces on 2 metallographic radial cuts (3 regularly-spaced measurements at 4 different
angular locations). Scanning Electron Microscopy (SEM) images were obtained with a ficld-emission SEM
(Zeiss SIGMA 500 VP) equipped with a backscattered electron detector.

Hydrogen contents were measured by the hot extraction technique (analyzer system JUWE ON/H-mat 286).
For each sample, measurements were repeated at least three times on small pieces of few tens of mg on two
different rings after sand-blasting the oxide layer. As mentioned later (see §3.1), the hydrides are
homogenously distributed, and thus the sand-blasting does not affect the measured hydrogen content.
However, sand-blasting might remove partly the aZr(O) layer. Because this aZr(O) layer is known to be
hydrogen-depleted, its removal may lead to a slight over-estimation of the mean hydrogen content in the
metal after HT oxidation. The hydrogen pickup during HT oxidation was calculated as the difference of
hydrogen content measured after steam oxidation and the one measured after pre-oxidation.

Microhardness measurements were performed using a BUEHLER apparatus equipped with a Vickers
diamond tip. A 100g load was used. On each metallographic cut, four profiles were measured across sample
radius in the metal with 100 um spacing between indentation marks.

Raman scattering measurements were performed using a RM1000 Renishaw spectrometer. It was equipped
with an air-cooled CCD detector and a microscope. The excitation wavelength was the 514 nm line of an
Ar+ ion laser. The power at the specimen was a few mW. The sample were examined with a point spacing
of I pm.

3 EXPERIMENTAL RESULTS

3.1 Pre-oxidation

Specimens were pre-oxidized up to an oxide layer mean thickness of 35.7 = 44 um and 63.2 £ 7.5 um.
Examples of micrographs and metallographs are presented on FIG 1 and FIG 2. Vickers micro-hardness
measurements indicated flat profiles in the metal part of the pre-oxidized samples (measurements not shown).
The mean values appears slightly lower than the one measured for the as-received alloy (222 =29 Hv0.1 and
216 + 28 HvO0.1 respectively for the 36 pm and 63 pum thick pre-oxide layers to compare to 232 + 30 Hv0.1
for as-received alloy). These lower values are the result of the long term treatment at 425°C, however, it
remains higher than in fully recrystallized Zircaloy (191 + 32 Hv0.1), indicating that recrystallization at
425°C is only partial.

After the pre-oxidation, the samples color is light brown (FIG 1). The brown color may come from the ferrite
oxide after oxidation of the SPPs (Second Phase Particles). A network of axial-radial cracks is observed at
the outer surface for both pre-oxide thickness (FIG 1). The metallographic cross sections (FIG 3 (a)) show the
presence of a zirconia layer with the typical stratified microstructure of zirconium alloys [16-18]. The strata
are defined by circumferential cracks parallel to the metal/oxide interface. Strata thickness is approximately
2-3um. Radially oriented veins, where the oxide is dense and free of cracks, are also observed. A network of
regularly spaced radial cracks is observed at the outer side. They correspond to the axially oriented cracks
observed at the sample surface. Such cracks are not observed on the inner side. The grains are columnar and
clongated in the growth direction. Their length and width were

estimated to be few hundred um and few tens of um respectively.

At high magnification, FEG-SEM images show that besides the circumferential cracks,



the oxide contains numerous nano and micro-cracks or pores (FIG 3 (b-¢c)). In the metal, the hydrides are
homogeneously distributed and rather circumferentially oriented (FIG 2). The mean hydrogen content is
272442 wtppm and 402+37 wtppm, respectively for the 36 pm and 63 pm thick pre-oxide layers.

axial cracks

FIG 1: Binocular images of the outer surface of Oxt+steam pre-oxidized samples after pre-oxidation at
425°C, (a) pre-oxide mean layer thickness 36 um, (b) pre-oxide mean layer thickness 63 pm

FIG 2: Metallographic cross section after hydride etching (optical microscopy) (a) pre-oxide mean layer

thickness 36 um, mean hydrogen content 272+42 wtppm (b) pre-oxide mean layer thickness 63 pum,
mean hydrogen content 402437 wtppm



200 nm

FIG 3: FEG-SEM/BSE images of O,tH,O pre-oxidized Zry-4 cladding cross section (pre-oxide
thickness 36 um): (a) low magnification, outer side; (b) and (c) high magnification

Raman imaging was used after pre-oxidation to examine the zirconia layers on metallographic cross-section.
This technique can give information on the oxide stoichiometry. Indeed, the scattered intensity is sensitive
to the crystallinity of the oxide and intensity variations can be interpreted in term of stoichiometry changes
[19]. So, by following a given peak of the monoclinic zirconia, it is possible to obtain a qualitative oxide
stoichiometry map. The intensity of the 475 cm™ Raman peak, one of the main bands of monoclinic zirconia,
was mapped after O,+steam pre-oxidation and plotted in a log scale on FIG 4 a. This figure shows that the
Raman signal is intense on almost all the thickness of the oxide layer, which is indicative of a high
crystallinity and likely of a stoichiometric oxide. Only the last strata close to the metal/oxide interface
exhibits a strong decrease of the 475 cm™! line, probably linked to a sub-stoichiometric layer. The thickness
of this last strata, about 2-3 pm, is significantly larger than the size of the Raman laser probe, estimated to
be 0.5 um. Therefore, the intensity decrease observed cannot be attributed to probe overlapping with the
nearby metallic substrate, and is rather a signature of sub-stoichiometry of this last strata.



(a) 425°C, O, + steam, 256 days (b) 360°C, autoclave, 1265 days
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FIG 4: SEM image and 475 cm! line integrated intensity map (log scale) in the oxide layer (a) after Ox+steam at
425°C pre-oxidation and (b) after autoclave pre-oxidation

3.2 Comparison with autoclave pre-oxidized cladding

Pre-oxidation is, most of the time, performed in static water at 340-360°C with a typical PWR primary water
chemistry [8, 17, 20-22]. This kind of experimental conditions is supposed to produce a pre-oxidized cladding
representative of the irradiated materials. This paragraph synthetizes the observations reported in the
literature on autoclave pre-oxidized cladding, in terms of microstructure and hydride distribution. The
characteristics of O»+steam pre-oxidized and autoclave pre-oxidized samples are then compared.
Examinations of radial cross-sections of Zry-4 after corrosion under static pressurized water at 360°C show
similar features as the Oststeam pre-oxidized samples: stratified microstructure with 2um-thick strata,
presence of radially-oriented veins, and radial cracks in the outer part of the layer for thick pre-oxide layers
(>30um) (FIG 5) [8]. High magnification FEG-SEM image also reveals that the autoclave-formed oxide
contains numerous nano and micro-cracks [12] (FIG 6). The oxide is formed mostly of columnar grains
oriented perpendicular to the metal/oxide interface and of equiaxed grains. The equiaxed grains have a more
random orientation according to EBSD measurements [20]; the length of the columnar grains is ~100 to
300 nm and the diameter of the equiaxed and the columnar grains is less than 50 nm [17, 20, 21]. As for
O,+steam pre-oxidized samples, Raman map of the 475 ¢m™ line intensity shows an intense Raman signal
on almost all the oxide thickness, except for the last strata (FIG 4 (b)).

Corrosion in autoclave leads also, as pre-oxidation in O»+steam, to circumferential homogeneous hydride
distribution in the metal, due to the absence of temperature gradient across the cladding wall.

Thus, Zry-4 cladding pre-oxidized under Oxtsteam at 425°C has a number of similarities with cladding
corroded in autoclave: stratified microstructure defined by circumferential cracks parallel to the metal/oxide
interface, nano and micro-cracks beneath the circumferential cracks, radially oriented veins, radial cracks for
high pre-oxide thickness, homogeneous distribution of circumferential hydrides, columnar grains of similar
size, stoichiometric oxide on almost all the oxide thickness. This may suggest a comparable oxide growth
mechanism for the two pre-oxidation conditions.
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(a) ] ®

FIG 5: (a) Metallographic cross-section image and (b) SEM image of radial cross-section of Zry-4
cladding after corrosion under static water at 360°C, outer side, pre-oxide thickness 59 um [8]

10 pm Veins free of cracks

FIG 6: (a) SEM image and (b) hih magniﬁcation FEG-SEM image of radial cross-section of Zry-4
cladding after corrosion under static water at 360°C for 1440 days. SEM images obtained on an
autoclaved sample provided by EDF [12]

3.3 High Temperature Steam Oxidation of Bare Cladding Samples

To qualify the furnace and the oxidation protocol in terms of oxidation kinetics, results obtained at 900°C,
1000°C, 1100°C and 1200°C on Zry-4 as-received samples were compared to published data (FIG 7). In this
figure, the Cathcart-Pawel correlation (CP) is reported for 1000°C, 1100°C and 1200°C. At 900°C, the
parabolic CP correlation is known to be no more valid [22] and a cubic correlation was used instead. The
results are in good agreement with the published data, and the parabolic or cubic correlations. Furthermore,
negligible hydrogen pick-up was measured on these samples (<30wppm); significant hydrogen pick-up
would have suggest steam starvation, as mentioned previously. At last, outer and inner oxide thickness were



measured after HT steam oxidation. A good agreement is observed between the two (see FIG 8 for instance
at 1000°C), indicating that the atmosphere inside and outside the sample is the same. Thus, the relevance of
the experimental protocol adopted for this study is demonstrated.

One can note large discrepancies in the experimental data at 1000°C for the longer durations. The incubation
period for breakaway oxidation is the shortest at this temperature [23]. The increase in the oxidation rate and
the hydrogen pickup associated to breakaway oxidation can enhance deterioration of the mechanical
propertics of the cladding and the discrepancies in weight gain might be explained by a partial spalling of the
oxide layer.
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FIG 7: Weight gain as a function of time for steam oxidation of as-received samples. Comparison with data by Hozer
[24], Kawasaki [22], Billone [25], Ozawa [26], Le Saux [8] and Brachet [27]
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FIG 8: Outer and inner oxide thicknesses after steam oxidation of as-received cladding at 1000°C

For initially bare samples, after HT stecam oxidation, metallographic cross sections show the presence of a
dense and uniform oxide on both the inner and the outer sides, for all temperature and duration investigated
(see for example the metallographs after oxidation at 1000°C on FIG 9). The morphology of the oxide is
typical of a pre-breakaway oxidation regime. At 1000°C and after 30 min, undulations of the oxidation front
are likely indicative of a close breakaway transition. Indeed, 1000°C appears to be a temperature with
maximized sensitivity to breakaway oxidation [28]. In any case, the hydrogen pickup during the stecam
oxidation remains low (~5-10 wtppm), which is also consistent with a pre-breakaway regime.

|

50 um

FIG 9: Metallographic cross section image of bare Zry-4 after steam oxidation at 1000°C for (a) 15 min and
(b) 30 min



3.4 High temperature steam oxidation of pre-oxidized cladding samples

Weight gain and oxide morphology - For the 36 um pre-oxide layer, sample color, which was light brown
after the pre-oxidation, has turned to a mix of black and beige areas (FIG 10). Proportions of black and beige
arcas depend on temperature and oxidation duration: the proportion of black areas decreases with duration
and increases with temperature, except at 1200°C, where on the contrary it increases with time. For the thicker
pre-oxide layers (63 pm), the beige color covers the entire sample surface, at 900°C-1000°C, whereas at
1100°C-1200°C, there is still a small proportion of black areas. The black color at the surface of the samples
indicates that the pre-oxide layer has become sub-stoichiometric up to its surface, while beige regions
correspond to area where the oxide is stoichiometric, at least at the surface.

The weight gained by Oxtsteam pre-oxidized Zircaloy-4 cladding during the HT oxidation at 900-1200°C is
plotted in FIG 11 as a function of the square root of oxidation time. The weight gains of as-received Zry-4
reported by Le Saux [5, 8], by Narukawa [29], by Ozawa [26] and Kawasaki [22] are shown as reference, as
well as the Cathcart-Pawel correlation [10]. The weight gain of autoclave pre-oxidized cladding is also
reported in FIG 11 [5, 22, 26]. As shown in this figure, the results obtained on O»+steam pre-oxidized cladding
are in good agreement with results obtained on autoclave-pre-oxidized samples. The general trend for pre-
oxidized samples, either in Oxtsteam flux or in autoclave, is a much lower weight gain compared to as-
received specimens, indication of the protective influence of these pre-oxide layers. However, the protective
effect is observed to decrease as the oxidation temperature increases, and at 1200°C, the weight gains of pre-
oxidized samples are nearly the same as the ones obtained on as-received specimens. Furthermore, for the
same oxidations conditions (900°C, 100 min), FIG 12 shows that the protective effect increases with the pre-
oxide thickness up to ~30um and then seems to remain constant.

Examples of metallographic images obtained on cross-sections after steam oxidation for all tested conditions
are displayed in FIG 9 and FIG 13.

They always show several layers after high temperature oxidation:

- aZrO;oxide layer, consisting of the remaining pre-oxide and the oxide formed at HT,

- abright metallic layer corresponding to the oxygen-stabilized aZr(O) layer,

- aprior-f layer or a two-phase o+prior-p layer depending on the temperature and on the oxygen and

hydrogen contents.

The first two layers are found on both the inner and outer cladding surfaces for two-side oxidation.
Examination of the optical microscopy images shows that the presence of HT oxide depends on the
temperature and duration and also on the pre-oxide thickness: the higher the temperature, the sooner the HT
oxide appears. For a given temperature, the HT oxide appears later for the thicker pre-oxide layer. It seems
that HT oxide forms first as oxide nodules and later becomes a continuous layer if the oxidation duration is
long enough. This process was already observed by Nagase and in a previous study [12, 30].
It is also interesting to note in FIG 14-b the presence of circumferential cracks at the O/M interface in the
metal part. Similar cracks were already observed in a previous study [12] and were attributed to a conversion
of a thin layer of pre-oxide into metal, leading to a setback of the metal/oxide interface. As a consequence,
the circumferential cracks, which were initially in the pre-oxide layer are found in the metallic part. These
circumferential cracks in the metal part are not observed at 1200°C. SEM images reveal that the metal grains
in the region of oxide reduction are much smaller than away from the metal/oxide interface (FIG 14), likely
because they have formed from the small-grained zirconia. Reduction zones may co-exist with regions where
HT oxide has formed. It seems that oxide reduction happens preferentially in advances of the reaction front,
leading to a flattening of the metal/oxide interface undulations.
The thickness of the HT oxide layer is calculated as the difference between the mean oxide thickness after
steam oxidation and the mean pre-oxide thickness, both measured on optical cross section images, and plotted
in FIG 15 as a function of the oxidation time for the tests performed at 900 and 1200°C. As depicted in this
figure, the oxide thickness at the inner surface is always thinner than that of the outer surface, although it
follows the same trend. It is likely due to compressive stresses which develop in the internal oxide sub-layer
resulting in a slightly higher protective influence of the inner pre-oxide. Reduction of the pre-oxide layer is
observed at 900°C-1100°C (FIG 13), whereas at 1200°C, this figure (FIG 13) shows high temperature
oxidation. Due to the shorter protective period at 1200°C compared to lower temperature conditions, it was
not possible to observe the reduction phase on metallographs at this temperature.

11



Oxidation
duration

10 min

15 min

30 min

100 min

36
pum

900°C

63
pum

36
pm

1000°C

63um

36
pm

1100°C

63
pum

36
pum

1200°C

63
pum

FIG 10: Binocular images of the outer surface of O»+steam pre-oxidized samples after steam

oxidation at high temperature.

12




steam + O, autoclave  as-received © CEA
5 18um & ooa v == Cathcart-Pawel
i) ng 28um o IRSN
36um - .
B 63um & 36um O Ozawa
4 59um A JAEA
© 60um v Kawaski
5= 25
“1 900°C 1100°C
v f o
4 o 20 <o
o~ &
5 o o <
03 g O 15
g o®
7] <
= v &
3 24 10 4 o
< . o ?,O
s
Py
1 ! | o O .
v PR u
B 5 §
o
] |
0 T L T T T 1 0 T g T J T T T 1
0 20 40 60 80 100 0 10 20 30 40 50 60
o
204 o 30 &
1000°C 1200°C
254
<o
15 8
H oo 20 e
2
o A
E O oo [m] a
o 104 o & © 15 )
8 o § m
a B> @) ]
.68 10 S |
- 7
5 5 <§b £ 0
’
/éo e 54 ’ =
{ ">
e 8 ¢
R &
O T T T 1 0 T T T T T 1
0 20 40 60 80 100 0 10 20 30 40 50 60

Duration (s!?2)

Duration (s!2)

FIG 11: Weight gains of Zircaloy-4 after steam oxidation as a function of the square root of the oxidation
time. Results from this study are compared to results obtained on as-received cladding by Le Saux [5, 8],
Narukawa [29]. Ozawa [26], Kawasaki [22] and on autoclave samples by Le Saux [5, 8].
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FIG 12: Weight gain of Zircaloy-4 after steam oxidation at 900°C for 100 min as a function of the pre-oxide
thickness (similarly to Fig.8 - square symbols: IRSN tests - diamond symbols: CEA tests [5, 8]).
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FIG 13: Optical images of cross-section of Zry-4 samples after stcam oxidation at high temperature (same scale for all micrographs).
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FIG 15: Total outer and inner HT oxide thickness as a function of the oxidation duration at 900°C and
1200°C.

Hydrogen pickup during the high temperature oxidation has also been investigated, by systematically
measuring the samples hydrogen contents before and after the HT oxidation phase. This amount, presented
in FIG 16 (a), was calculated as the difference between the hydrogen content after the HT oxidation and after
the pre-oxidation. As shown in this figure, the hydrogen content remains low (< 200 wtppm) with an
increasing trend with time, even at 1200°C, temperature at which high temperature oxide was observed. The
hydrogen pickup fraction (HPUF), fi, which is defined as the ratio of the hydrogen absorbed by the material
over the total hydrogen generated during the oxidation was also calculated as follows [8]:

M, 10~6Cym;
fha = 2My (1 — 10~5Cyg)m, — my,

With:
Che: the hydrogen content of the sample
Mo: the molar mass of oxygen
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My the molar mass of hydrogen
my: the total mass of oxidized sample
my: the sample mass before HT oxidation

As shown in FIG 16 (b), the hydrogen pickup fraction obtained on O»+steam pre-oxidized samples is in
good agreement with the HPUF calculated for autoclave samples, and remains rather low except at 900°C.
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FIG 16: (a) Amounts of hydrogen absorbed by pre-oxidized Zry-4 cladding during steam oxidation, (b) hydrogen
pickup fraction — comparison with autoclave data [8]

4 DISCUSSION

It is also interesting to compare these results with results obtained on irradiated Zry-4 cladding. However,
data on the HT steam oxidation behavior of irradiated Zry-4 are rather scarce. Some tests were performed at
ANL [25], but the oxidation temperature was restricted to 1200°C. In the recent years, JAEA has explored
more systematically the influence of in-reactor corrosion on high temperature oxidation testing several
irradiated cladding alloys [29, 31]. These results, even if not obtained with the Zircaloy-4 alloy, can also be
considered in order to enrich the discussion.

The thicknesses of the HT oxide layers formed during the oxidation at 1000°C and 1200°C on irradiated
cladding are presented and compared to results on lab-pre-oxidized specimens respectively on FIG 17 and
FIG 18. As shown in these figures, the HT oxide thicknesses measured on irradiated cladding are lower than
the ones obtained on as-received cladding, reflecting the protectiveness of the corrosion layer formed during
normal operations. However, this protective effect is reduced at 1200°C. At this temperature, the influence
of'the alloy composition on the HT behavior of as-received cladding appears to be negligible, as the HT oxide
thicknesses are of the same order of magnitude. The same trend is also observed on irradiated cladding and
was already mentioned by Chuto [2, 29, 32]. Furthermore, the HT oxide thicknesses measured on irradiated
cladding are very close to the ones obtained on as-received samples, which might be indicative of a loss of
protectiveness of the corrosion layer at 1200°C.

By comparison, a laboratory-grown pre-oxidation layer, either in O+steam or in autoclave, has a more
protective effect at 1000°C and 1200°C than a corrosion layer formed under irradiation. Reduction of the
pre-oxide layer is even observed at 1000°C for short oxidation durations for the O:+steam pre-oxidized
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cladding. This reduction of the pre-oxide, in terms of thickness, is linked to the examination of the radial
cross-section presented in FIG 14 (b), showing a stratified structure in the metal part after steam oxidation at

1000°C.

As mentioned above, the hydrogen pickup for O,+steam pre-oxidized specimens during the high temperature

oxidation remains low, as for irradiated cladding [29].
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FIG 17: Thickness of the oxide layer formed during the steam oxidation at 1000°C as a function of the test
duration. OS and TS stand respectively for one-side oxidation and two-side oxidation. Average trends on as-
received Zirlo and M5 are established from literature data (Le Saux [5, 8], Narukawa [29]).
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received Zirlo and M35 are established from literature data by (Le Saux [5, 8], Narukawa [29], Billone [25]).

The conditions of pre-oxidation and the microstructure of the pre-oxide undoubtedly determine the high
temperature steam oxidation behavior of zirconium alloys.

Formed in laboratory or under irradiation, the oxide layer or corrosion layer shows a stratified microstructure,
defined by the circumferential cracks that formed cyclically at each kinetic transition. A ~2 pm crack spacing
in the radial direction is reported for Zry-4 and M3® irradiated cladding [18, 33], which is slightly lower
than the strata thickness observed on Zry-4 O»+steam pre-oxidized samples. The circumferential cracks close
to the metal/oxide interface scem more opened for O,+steam pre-oxidized samples, whereas longer and wider
cracks are observed close to the water-side for irradiated cladding. Apart from the strata uniformity, micro-
cracks and nano-porosities are observed under the circumferential cracks for autoclave and Ox+steam pre-
oxidized samples. Many authors have studied the microstructure of the corrosion layer formed on zirconium
alloys and its evolution during the growth phase, see for example ref. [20, 34-36]. As a summary of the main
findings obtained so far in this domain, we have chosen to extract the following FIG 19 from ref. [36], where
the formation of the successive oxide layers is shown schematically:

- in the early stages of corrosion, the oxide is characterized by small, equiaxed grains with a large
range of orientations. The small grain size and the presence of high compressive stress stabilize the
tetragonal phase of zirconia.

- As the oxide thickens, the corrosion rate progressively slows down, allowing time for the growth of
suitably oriented tetragonal grains. Once they reach a certain size, the favorably-oriented tetragonal
grains transform into monoclinic grains. Locally, differences in the crystallographic parameters and
the volumic expansion due to the tetragonal/monoclinic transformation induce stresses, in addition
to the stresses due to the Pilling-Bedworth ratio.

- Above a critical compressive stress level in the oxide, the metal/oxide interface partly delaminates
and interface cracks form inducing a strong degradation of the oxide layer, leading to the kinetic
transition with new surfaces of bare metal in the delaminated regions, and the formation of new small
tetragonal grains.
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These mechanisms, based on experimental examinations of autoclave-pre-oxidized cladding can probably
also be extended to the oxide formed in O,+steam at 425°C, considering the similarities between both oxide
in terms of stratified microstructure, porosities, shape and size of oxide grains.

However, regarding the irradiated cladding, the neutron irradiation may changes these mechanisms by
introducing vacancies homogeneously across the oxide scale and weakening the charge gradients [37]. These
excess vacancies enhance the mobility of oxygen and may also relax the compressive stresses in the oxide
[37]. These modifications in oxygen transport and in compressive stresses may influence the nucleation and
growth of grains that grow into the metal at the M/O interface. Indeed, TEM examinations of irradiated Zry-
2 show that the irradiated oxides have a more heterogeneous microstructure, with irregular grain morphology
and a higher fraction of equiaxed grains [20, 38]. Regarding porosity and cracks, significant intergranular
porosity is observed in irradiated cladding. The porosity increases with burnup and the pores even coalesce,
resulting in significant decohesion between grains throughout the oxide (FIG 20) [18, 39]. Garner [28]
suggests that reactor conditions modify significantly the oxide growth and nucleation processes, with
enhancement of the nucleation rate of new oxide grains at the expanse of growing of the existing ones. It
could be argued that these results were obtained in BWR, so in different conditions than PWR. Literature on
irradiated Zry-4 microstructure is less extensive than on Zry-2. However, formation of randomly oriented
nanocrystalline tetragonal oxide grains, leading to a highly porous oxide structure, or increase in intergranular
porosity and grain decohesion away from the metal-oxide interface was also reported for Zry-4 [33, 40].
More recently, experiments on Zry4 cladding using proton irradiation show a transition from columnar to
equiaxed grain shape, as the irradiation dose rate increases [37, 41].

These differences in oxide microstructure resulting from neutron irradiation in normal conditions may lead
to a faster transport of oxygen at high temperature and thus may explain the less protective character of the
corrosion layer formed under irradiation, when heated at high temperature in stcam. Irradiation also affects
the bare metal microstructure with phenomena such as dislocation loops formation, radiation-enhanced
precipitation or dissolution, redistribution and reprecipitation of intermetallic phases containing Zr and
clements such as Fe, Cr and Ni [42-44].
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FIG 20: Schematic illustration of the microstructure of the oxide formed in autoclave or in-reactor (Reprinted with
permission from A. Garner) [39]

Furthermore, in LOCA situations, one has to keep in mind the consequences of the ballooning process: due
to the high metal strain level, the corrosion oxide layer cracks and between the remaining adherent oxide
fragments, the bare metal is exposed to steam at regular intervals, and oxidizes like as-received material.
Oxygen can diffuse crosswise, enhancing the formation of HT oxide under the pre-oxide fragments. This
phenomena is illustrated in FIG 21, for irradiated Zirlo. The resulting weight gain in the balloon is thus
expected to reach an intermediate value between the weight gain of as-received and pre-oxidized cladding.
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FIG 21: Radial cross-section of irradiated Zirlo after steam oxidation at 1186°C for 153s (Courtesy of JAEA)
[45]

Thus, HT oxide thicknesses or weight gain obtained on as-received cladding can be considered as upper
bounds of expected values on irradiated cladding. However, results obtained on as-received samples would
not account for the complex influence of hydrogen picked up during the normal reactor operation. As
hydrogen is a j stabilizing element for zirconium, it might influence the zirconium phase diagram and the
distribution of oxygen in the cladding after a LOCA transient. So, it seems important to supplement tests on
as-received samples with tests on pre-hydrided or pre-oxidized cladding, which is known to have strong
consequences on the phases’ distribution and cladding post-quench mechanical properties [4].

S CONCLUSIONS

An extensive study has been carried out on the protective effect of corrosion layers with regards to the high
temperature oxidation in steam during a LOCA transient. Zircaloy-4 cladding samples pre-oxidized in
Ost+steam at 425°C have been oxidized in flowing steam at high temperature (900 - 1200°C) for different
durations. For all tested conditions, the weight gains measured for pre-oxidized samples are lower than those
obtained for bare cladding, indicating that the pre-oxide has a protective influence against extended oxidation
at high temperature. Metallographic examinations of the samples after the high temperature oxidation tests
confirm the protective effect of the pre-oxide layer, showing lower amounts of high temperature oxide formed
when a pre-oxide layer is present. The hydrogen pickup by cladding during HT oxidation remains low for
the tested conditions.

The results obtained on the O,tsteam pre-oxidized samples are in good agreement with published data on
autoclave-pre-oxidized samples.

Data available in the literature on irradiated cladding show also a protective effect of the corrosion layer on
oxidation. However, the pre-oxidized layer formed in laboratory, either in O,+steam or in autoclave, has a
more protective effect at 1000°C and 1200°C than a corrosion layer formed under irradiation. This difference
in protectiveness may be explained by a more heterogeneous and randomly oriented grain microstructure
with reduced columnar grain growth and a higher intergranular porosity under irradiation.

Further investigations are planned at IRSN to confirm these results in particular on M5® cladding, for which
more experimental data are available for irradiated specimens.

As a consequence, laboratory formed oxides can be used to identify and characterize some important
mechanisms affecting high temperature oxidation of irradiated and corroded claddings but do not provide
results that can be quantitatively transposed to irradiated claddings. Laboratory pre-oxidation rather
exacerbate the protective influence of the pre-oxide. HT oxide thicknesses or weight gain obtained on as-
received cladding can be considered as upper bounds of expected values on irradiated cladding. Nevertheless,
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tests on irradiated materials are considered as necessary to fully understand and describe the influence of
corrosion layers.
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