N

N

Creep behavior at high temperature of the oxygen
stabilized zirconium alpha phase of fuel cladding tubes
oxidized in loca conditions
Raphaél Chosson, V. Vandenberghe, Anne-Francgoise Gourgues-Lorenzon,
Jérome Crépin, J.-C. Brachet, A. Cabrera, V. Garat

» To cite this version:

Raphaél Chosson, V. Vandenberghe, Anne-Francoise Gourgues-Lorenzon, Jérome Crépin, J.-C. Bra-
chet, et al.. Creep behavior at high temperature of the oxygen stabilized zirconium alpha phase of
fuel cladding tubes oxidized in loca conditions. LWR Fuel Performance Meeting / Top Fuel 2013, Sep
2013, Charlotte, United States. pp.520-527. hal-01427453

HAL Id: hal-01427453
https://minesparis-psl.hal.science/hal-01427453v1
Submitted on 5 Jan 2017

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://minesparis-psl.hal.science/hal-01427453v1
https://hal.archives-ouvertes.fr

CREEP BEHAVIOR AT HIGH TEMPERATURE OF THE OXYGEN STABILIZED ZIRCONIUM ALPHA PHASE
OF FUEL CLADDING TUBESOXIDIZED IN LOCA CONDITIONS

R. Chossof’, V. VandenbergHe A.-F. Gourgues-Lorenz8nJ. Crépifi J.-C. Brach8t A. Cabrer§ V. Garat

®MINES ParisTech, Centre des Matériaux, UMR CNR3,;788003 Evry Cedex, France
PCEA Saclay, DEN/DMN/SRMA, 91191 Gif-sur-Yvette €efimnce
°EDF, SEPTEN, 69628 Villeurbanne Cedex, France
JAREVA, AREVA NP SAS, 10 rue J. Récamier, 69456Cgdax 06, France
raphael.chosson@mines-paristech.fr

During hypothetical Loss-Of-Coolant-Accident
(LOCA) scenarii, zirconium alloy fuel cladding tshare
oxidized at high temperature (HT): zirconia and gey-
stabilized alpha, called alpha(O) are formed oa thuter
surface of the cladding. To model the behavior haf t
cladding during LOCA transients, the specific bebaof
each layer must be known. This study focuses on the
characterization of the viscoplastic behavior ofeth
alpha(O) phase at HT. Model alpha(O) phase specimen
enriched by 2 wt% in oxygen were produced from
zirconium alloys cladding specimens. Creep tertsifds
were performed in the tube axial direction under
secondary vacuum between 900 and 1100°C for sgesse
between 2 and 31 MPa. The creep resistance of the
alpha(O) phase is higher than that of the beta phhg
three to four decades. The HT creep behavior adiped
cladding was then modeled by finite element siruiat

[.INTRODUCTION

Understanding interactions between oxidation and
mechanical behavior is necessary to predict the
mechanical response of zirconium-based fuel clagdin
during a Loss-Of-Coolant-Accident (LOCA) hypothelic
situation in Pressurized Water Reactors (PWR)ubhsa
situation, fuel cladding tubes undergo a high terajpee
transient (potentially up to 1200°C) in an oxidin
environment and swell due to an internal pressure
loading. Current safety requirements focus on ctagld
tube burst and swelling, which must be avoidedroitéd
in order to guarantee fuel containment and coréirngo

Oxidation at high temperature induces the formation
of two layers in addition to the metallic beta pdiaan
outer layer of zirconia and a metallic sublayeorfgen
stabilized alpha phase, called alpha(O) (Figure 1),
containing 2 — 7 wt% of oxygén

The usual-phenomenological behavior laws used in
the modeling of fuel claddings behavior in LOCA

conditions are established for materials with low
oxidation levels. Experimental works on highly daxied
materials will allow us to understand and quarttify role
played by the oxidation. In the long term, a phgydiased
simulation tool modeling cladding’s behavior in LAC
conditions should be built.

The creep behavior of zirconium and of its alloys
have been extensively studied in an inert envirartraad
are well understood, even though some interrogation
remain in the alpha + beta dom#ii Several studies
were conducted on the effect of oxygen on the machh
behavior of Zircaloy-2 at high temperature.
Rizkallaetal® and  Choubegtal’  performed
compressive tests between 750°C and 1400°C and
Choubeyet al” showed that the compressive yield stress
exponentially increases with increasing oxygen
concentration (up to 1.2 wt%) in alpha and betaspha
Similar exponential influence of oxygen was foundthe
creep resistance of the alpha phase by Bugbral®
between 700 and 800°C but they observed a negdigibl
effect on the creep behavior of the beta phase dmtw
1050 and 1250°C. Comparable results were obtairigd w
Zircaloy-4 by Chowet al® between 650 and 1400°C.
These studies were restricted to oxygen contentoup
1.5 wt%. Only the dislocation creep regime was olesk
in both alpha(O) and beta phases and it was reptim
this range of oxygen concentration does not sicguifily
affect the stress dependence of the creep ratestdg’
investigated oxygen concentrations up to 2wt% by
performing compressive tests. The creep behavidhef
alpha phase enriched in oxygen for higher contbats
not been reported yet.

This study aims at modeling with physic-based tools
the mechanical response at high temperature of the
oxidized cladding tube seen as a stratified mdtefiae
behavior of the alpha(O) phase at high temperatiag
studied first for the lower oxygen content, i.ew6, in
order to define a lower bound of the strengthemfigct



of the alpha(O) layer. Model alpha(O) specimenscéed

by 2 wt% in oxygen were produced from zirconiunogdl
cladding specimens. To characterize their cree@beh

at high temperature, tensile tests were performedga
the axial direction under secondary vacuum. Visasqit
flow rules have been identified. The creep behagfdhe

fuel cladding tube at high temperature and undierival
pressure was then simulated by using finite element
analysis (FEA) and the impact of the alpha(O) layer
several thicknesses, has been estimated.

Fig. 1. Optical rﬁicrograph of a Zy-4cadding afteeep
test in steam at 1100°C for 10 min. Outer surfacehe
left, tube axis perpendicular to the image.

[I. EXPERIMENTAL PROCEDURES

II.LA. Creep tests in vacuum on model alpha(O)
cladding specimens

Model alpha(O) phase specimens enriched by about 2
wt% of oxygen were produced from zirconium-based
alloy cladding specimens thanks to a two-step o
an oxidation followed by a homogenization heat
treatment. First, cladding specimens were oxidized
steam at 1100°C in order to get the required oxygen
content as a zirconia layer. By using optical acehging
electron microscopy, the thicknesses of the rewylti
layers of zirconia and alpha(O) were found to be
consistent with previous oxidation ddta

Then, oxidized specimens were put in an electrical-
mechanical machifie under load control and under
secondary vacuum (£0— 10* Pa). Two cement-pasted
alumina rings delimited the 20 — 25 mm gauge region
over which axial elongation was continuously meeadur
using a laser extensometer. Temperature was meditor
using S-type thermocouples spot-welded onto the
specimen surface at various locations. The temyerat
gradient along the gauge length was 10+5°C. Spetsme
underwent the homogenization heat treatment at 200
for 3 hours under a very low tensile load in order
prevent from buckling. During this treatment, zingo

diss?ZIved and oxygen diffused through the specimen
wall™,

Right after the homogenization heat treatment,
temperature was decreased down to that of tenslepc
tests and a constant load was applied (Figure 2). A
already done for unoxidized speciméndifferent load
jumps were applied and thus several axial streases
corresponding strain rates were identified fromhetast.
Loading history effects were quantified in one tbsgt
using increasing, then decreasing load levels.
difference in true strain rate versus true stregses was
lower than 30%. Investigated stresses and temperatu
respectively ranged from 2 to 31 MPa and from 9890 t
1100°C.
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Fig. 2. Scheme of the thermal-mechanical historyhef
oxygen-enriched creep specimens.

I1.B. Creep test in steam

One creep test in steam was performed on stress-
relieved Zircaloy-4 cladding in the EDGAR test fgi.
A sealed tubular specimen was heated by Jouleteffec
(~20°C.8") up to 1100°C and temperature was monitored
by using an optical pyrometer. Once the test teatpes
stabilized (~20 s), a constant internal pressuré® difar
was imposed. The values of temperature and applied
pressure were chosen to enhance oxidation and its
possible effects on the viscoplastic response & th
cladding. The increase in outer diameter was caotisly
measured by a laser extensometer at mid-length.

I1.C. Metallurgical analysis

Using in-house experimental proceddtesoptical
and SEM observations were performed on polished and
etched samples. For oxygen quantification, elegmate
microanalysis (EPMA) was systematically used oretks
enriched specimens with a +0.1 wt% typical accuracy
Texture was studied thanks to electron backscatter
diffraction (EBSD) analysis, on a specimen sectibne
perpendicular to the tube axis. In view of the
microstructure of Figure 1, the size of the sampégion
was about 2 mmz?, with a step size of 2 um, covering
about 500 grains.



[11. RESULTS AND DISCUSSION

[11.A. Creep tests in vacuum on model alpha(O)
cladding specimens

[lI.A.1. The oxygen-enriched cladding microstruetur

EPMA analysis confirmed that the oxygen
concentration was uniform through the wall, randirogm
2 to 2.5 wt%. Figure 3 shows the outer part of the
cladding, where there is no remaining zirconia. The
material microstructure is composed of large alpha(
grains, their size ranges from 30 to 200 um. Tphea(O)
phase predominates with a phase fraction of 85+5%.
However, a 15+5% residual fraction of prior-betaagpd
remains close to the inner surface after the amwgeal
treatment, whatever the subsequent creep test
temperature. This suggests that this amount of jbetae
was already present at the annealing temperature of
1200°C. This point is in agreement with previousdgs
on oxygen-enriched Zircaloy>4"'® (Figure 4). Based the
curves of Figures 4, one expects a 10 — 25% betgeph
fraction at 1200°C for a global 2 —2.5 wt% oxygen
concentration. On the other hand, diffusion miglot n
have been sufficiently rapid to dissolve this bptease
during the creep tests performed at lower tempezatu
(900 - 1100°C). The corresponding fraction of hghase
was thus assumed to be present at high temperature
during the entire creep test. It had to be takém account
in the interpretation of the mechanical results.

[lI.A.2. Creep ductility of the oxygen-enriched vl in
vacuum

From the creep tests, the 2 wt% oxygen-enriched
cladding can sustain significant strain levels whested
in axial creep between 900 and 1100°C. Moreovevag
not possible to obtain the ductility at fracture fach
specimen due to the limited elongation allowed bg t
extensometry device. A creep test at 900°C waspstbp
without failure after a 15% axial strain. Anothest was
performed at 1000°C up to failure. Laser profilomaedf
the broken specimen indicated a 22% diametralrsirai
the necking region while SEM observation revealed a
local reduction in thickness of almost 100% at tivee,
together with some dimples (Figure 5). On the ocaedh
such ductile behavior contrasts with the brittlddgor
reported for zirconium-based alloys with similardan
higher oxygen contents at lower temperatures, 25 an
135°C*2. On the other hand, Tserg al'® reported strain
values higher than 8% during compression tests
performed between 850 and 1100°C on 1.8 wt% oxygen-
enriched Zircaloy-4, so that high-temperature ditxctof
such specimens is in agreement with scarce availabl
literature data.

Fig. 3. Optical micrograph of an oxidized, then
homogenized sample containing 2 wt% of oxygen. Same
orientation as in Figure 1, outer surface on tlfte le
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llILA.3. Creep flow behavior of the oxygen-enriched
material in vacuum

For every considered load level, only steady-state
creep was observed. Creep results in the axiattabrein
vacuum are summarized in Figure 6. Two creep regime
are observed. For higher stresses (L0 MPa), the stress
exponent is close to 5 and, thus, suggests a “dislocation
creep” regim&. For lower stresses € 5 MPa), data are
consistent with a stress exponentlose to 1. These two
macroscopic creep regimes are similar to the ones
reported at lower temperatures in the alpha pHaaeis
non-enriched in oxygén However the grain size is rather
coarse in the oxygen-enriched material and thudiriear
regime observed here might result from another iphy/s
mechanism than a diffusional flofv a Harper-Dorn
mechanism for example In order to distinguish betwe
these two possible mechanisms, materials with uario
grain sizes should be tested, which is out of tups of
the present study. Based on values oéspectively equal
to 1 and 5, experimental results were found to ledl w
described by the following power-law equation:

&= éa” ex;{—&) 1)
T RT
The apparent values of activation enef@yare both in
agreement with those previously reported in nonebed
alpha phase in Zircaloy-4 and Zr-1%Nb

For comparison purposes, creep flow results fanalp
and beta single-phase of typical zirconium alloysi-n

enriched in oxygen, also tested along the axishef t
cladding tubes are also plotted in Figure 6. Thehal
phase behavior was extrapolated to higher tempesatu
from reported dafa Indeed, in this temperature range
alpha single phase does not exist without oxygelitiad.
The creep resistance of the 2 — 2.5 wt% oxygerckeed
material is much higher than that of zirconium wdlmon-
enriched in oxygen (i.e. containing 0.12 - 0.14 wo¥%
oxygen).

Creep properties established by Chetv al® for
alpha phase of Zircaloy-4 containing 0.14 — 1.5 wd%
oxygen are also displayed in Figure 6. They aredam
experimental creep results ranging from 650 to 1G00
and for strain rates between 5%(and 7.1G s
Therefore, the transition to a nearly linear creegime
could not be expected from these existing results.
Nevertheless, the expected strengthening effecthef
oxygen weight concentratioa in the dislocation creep
regime, modeled by Chow with an exponential term. (E
2 and 3) overestimates the strain rate by a faiftabout
3 with respect to the present experimental vallxsioed
on a biphasic material (85% alpha(O)) containing 2
2.5 wt% of oxygen.

&(c) = &y.exp(-Bc) (2)

&, = 203x10° x g >4 ex;{— 322_?0(? :B=28 ©))




IlLA.4. Estimate of the creep behavior of the alffh)
phase layer alone

Our purpose is to describe the behavior of the
alpha(O) phase layer during a LOCA transient —rirae
pressure at high temperature — in order to modgettee-
layered oxidized cladding. This approach will reglibe
uncertainties of the modeling in high oxidation gas.
Performing tensile creep tests in vacuum allowedous
establish viscoplastic flow rules of the 2 wt% oagg
enriched material. These equations can be used to
describe the alpha(O) layer of an oxidized claddinty
after discussing the three following points:

* The mechanical influence of the small amount
(15+£5%) of beta phase present in the model material
but not in the alpha(O) layer of claddings oxidized
steam.

 The possible difference in texture (arising from
difference in phase transformation history) and in
mechanical loading (axial tension vs. internal
pressure).

e The investigated 2 wt% oxygen concentration lower
than the 4 wt% mean oxygen content in the alpha(O)
layef only gives a lower bound of the strengthening
effect of the alpha(O) layer on the three-layered
structure.

Mechanical influence of the 15+5% beta phase

A homogenization approach was used to evaluate the
impact of the 15+5% remaining fraction of beta ghas
the viscoplastic flow behavior of oxygen enriched
specimens. The fact that the experimental creeys rate
strongly lower than the ones for as-received betd a
alpha phases (up to 4 orders of magnitude) indicthtat
the major alpha(O) phase is stronger than the fietse
(which cannot dissolve high amount of oxygen, Fégdy
and probably controls the global mechanical respafs
oxygen-enriched specimens.

With such a contrast in viscoplastic behavior betwe
alpha(O) and beta phases, and by considering tjie hi
fraction of alpha(O) phase, an inverse approackdas
a two-phase mean field model with a Taylor assuwnpti
— homogeneous strain rate — can give a relevaimast
of the viscoplastic flow behavior of the alpha(G)ape
alone. The viscoplastic flow rule of the beta phase
Zircaloy-4 was taken from tensile creep results on
cladding tubes reported by Kaddatral® as in Figure 6.
As a starting point, flow rule coefficients of thgpha(O)
phase were taken from Table 1. Then, assumingtitieat
strain rate was homogeneous, i.e. equal in theplvases
(Eq. 4), stresses in the alpha and beta phases
(respectively,g, and gz and the macroscopic stregs,
were numerically calculated (from above flow rubesd
by using Eg. 5) using a least squares iterativénatkt

E=¢, =g

4

wheref ;is the fraction of beta phase.

By these means, the influence of the beta phase on
the viscoplastic flow rule was estimated to a fattm in
the higher stress regime, and was negligible inlakesr
stress regime. This factor two was thus appliedhia
higher stress range only by dividing by two creep
coefficient A of Eq. 1 — identified from the axial creep
tests — leading to the curves of Figure 7. Frora fint,
it appears that the model by Chetval. overestimates the
strain rate by a factor 6.

Influence of texture and mechanical loading mode

By considering the anisotropy in mechanical
properties of the hexagonal alpha phase, trandféheo
obtained viscoplastic flow rules to another mecbalni
loading mode and material texture has to be done
carefully. EBSD analysis revealed that the textuoés
both our oxygen-enriched specimens and the alpha(O)
layer of cladding pressurized in steam are coniparan
both, <c> axes were perpendicular to the claddixig. a
However axial tension differs from biaxial loading
resulting from prescribed internal pressure. Néwaesss,
stress and strain anisotropy of oxygen-enrichet&(p)
at 900 — 1100°C cannot be inferred from that of enor
conventional alpha phase, for which no data ardabla
at such high temperature. Consequently, this effeatd
not be numerically taken into account in the presamdy
and the alpha(O) layer was considered as isotropic.

Oxygen concentration effect

The oxygen concentration varies between 2 and 7
wt% within the alpha(O) layer of an oxidized claugfi
Therefore, the identified flow equations for 2 wifive a
lower bound of the strengthening effect of oxygen.
Further studies are under way to assess the exgetdn
creep behavior of model materials with higher oxyge
content. An evaluation of the upper bound strengtige
effect for 7 wt% oxygen content based on the exiepd
strengthening law of Choet al? is shown in part IV.

[11.B. Creep test in steam

In a steam environment, at the beginning of thegre
test, the observed strain rate is similar to the aloserved
under vacuum. After a short time (~40 s) the inseein
diameter is strongly slowed down (Figure 8) — digant
oxidation having already started during heating and
temperature stabilizing stage. The predicted weggtih
in oxygen according to the data from Bracketal is
plotted in the same figure. From the tests cardedin
vacuum, no “primary creep stage” is expected, nor
observed, in this range of stress level and test



temperature. This is a clear demonstration that the
combined formation of zirconia and alpha(O) reinfy
the oxidized cladding with respect to creep. Such
strengthening was also estimated by modeling in the
following part.
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Fig. 7. Creep test results (symbols) and viscojoldkiw

rules (lines), all determined in uniaxial tensidong the
tube axis at 900°C.
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IV. MODELING OF THE CREEP BEHAVIOR OF
THE OXIDIZED CLADDING SEEN AS A
STRATIFIED MATERIAL

IV.A Constitutive equations

The Zircaloy-4 one-side oxidized cladding can be
considered as a three-layer-stratified materialhigth
temperature (1100°C): the inner beta layer, an
intermediate alpha(O) layer and an outer zircomyed. In
the present study, the mechanical contributionirgobnia
could not be estimated, its mechanical strengtmgoei
unknown at the studied temperatures. This conidhut
can possibly be evaluated by inverse analysis dhee
creep strength of the alpha(O) layer with its geadiin
oxygen content will be fully elucidated. In the geat
calculations that aim at providing a lower bound to
environmentally-induced creep strengthening, ol t
layers were considered in the model, namely, arrinn
beta layer and an outer alpha(O) layer. Their crfemp
rules are respectively given by Kaddeurl? for the beta
phase of Zircaloy-4 and by corrected creep flowatigns
based on our experimental results for the 2 wt%aP)
or by the extrapolated Chow creep laws for the 2 —

7 wt% alpha(O) layer. Moreover the effect of oxygen
atoms having diffused into the beta phase on iger
behavior was neglected, in agreement with the tesl
Burtonetal® and Chow et al’. In absence of
experimental data about creep anisotropy of thjisrlaan
isotropic von Mises equivalent stress was usedhin t
viscoplastic potential. No work-hardening and thred
stress were introduced, as experimentally observéis
range of temperature and stress levels. The test
temperature of 1100°C was chosen for creep sinoulgti
according to experimental conditions.

IV.B Finite element model and numerical procedures

Using the finite element code Cast3M 2&]2he
mechanical behavior of the oxidized cladding was
modeled for creep tests under internal pressuasiimert
atmosphere. Therefore, no growth of the alpha(@érla
was considered during the whole simulation. A small
portion (1° sector) of the cladding was meshed with
quadratic brick elements. The number of elements wa
constant for the beta layer regardless of it thégen On
the other hand, the number of elements for thead(Ph
layer was adapted to its thickness. Boundary cmit
were chosen according to the cylindrical symmefrihe
problem (Figure 9). The mesh geometry was updated a
each time step. A 1l-second time step was useda#t w
checked that a smaller mesh size and a smallerdtere
did not affect the macroscopic response of thecsira.



IV.C Simulation results

The simulated diametral strain as a function ofetim
for a creep test simulation under 5 bar internaspure
and at 1100°C in inert atmosphere is shown in EdL0
for various alpha(O) phase layer thicknesses. A01C,
replacing an outer layer of 5, 10 and 50 um of Ipbtase
by alpha(O) phase divide the initial strain rate tie
cladding by a factor 1.7, 2.9 and 11 respectivEhe thin
layer of strong alpha(O) phase thus strongly enésitice
resistance to viscoplastic hoop deformation undtrinal
pressure. For the range of alpha(O) layer thiclewss
expected from oxidation in steam at 1100°C during t
creep test, the experimental strain rate of thdditey is
still significantly lower than the ones predicted these
simulations. As expected, the predicted strengtieni
effect due to a 2 wt% alpha(O) layer is a lower rimbof
the strengthening due to oxidation in steam.
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Fig. 10. Creep test in steam (red line) and creep
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Extrapolating the law established by Chetal? for
the highest oxygen content, i.e. 7 wt%, gives aotleer
estimate closer to an upper bound of the effecthef
alpha(O) layer (Figure 11). However extrapolatitg t
same law for 4 wt%, which is the mean oxygen content
in the alpha(O) layer, leads to an insufficientdicgon of
reinforcement of the cladding. To improve this tedwo
assumptions can be made:

* On the one hand the increase in creep resistance of
the alpha(O) phase for 4 wt% of oxygen can be
underestimated by extrapolating the strengthening
equation proposed by Chovet al’ based on
experimental results until 1.5 wt%. The difference
between our creep results on 2 wt% oxygen-enriched
material and the prediction based on Eq. 2 supports
this solution (Figure 6).

e On the other hand, if the behavior of the alpha(O)
layer is correctly described, the mechanical
contribution of zirconia has also to be taken into
account in order to predict the total reinforcemeit
the cladding.

Creep tests on 4 wt% oxygen-enriched materials will
help answering this question in a near future. Redfs
limitations, the model presented here is thus at,fir
promising step toward improvement of predictiontiod
high temperature mechanical behavior of claddifgsu

V. CONCLUSIONS

This study aimed at modeling the high temperature
behavior of zirconium-based cladding in LOCA
conditions. In order to model the oxidized claddamya
layered material, the constitutive behavior of theta
layer was taken from literature, so that the expental
part of the study focused on characterizing théa(p)
layer, in particular under low stress levels.

Zirconium-based specimens enriched in oxygen by
up to about 2 wt% were obtained and microstrudiral
characterized. Then, tensile axial creep tests were
performed in a vacuum atmosphere. It was obsetvat t
this material exhibits high ductility in the tempaure
range from 900 to 1100°C, a 15% axial strain being
reached under tension without fracture. In addjtion
oxygen-enriched specimens showed a high creep
resistance, in agreement with the known mechanical
strengthening effect of the oxygen. For the fiistet to
the authors’ knowledge, two creep regimes (creep
exponents of ~1 and ~5, respectively, for lower higgr
stresses) were observed, similarly to the two creep
regimes already reported in the alpha phase céeeved
zirconium alloys.

Homogenization calculations showed the remaining
15+5% fraction of beta phase in the oxygen enriched
sample has a limited, but non-negligible impacfagtor
two) on the viscoplastic strain rate.



As a consequence, the 2 wt% oxygen enriched power
laws were used to model the alpha(O) behavior in FE

computations of a two-layered tube.

These calculations with a 2 wt% oxygen enriched
alpha(O) phase highlight a significant strengthgnin

effect, up to a decade in hoop strain rate undernal

pressure, which is a lower bound. On the other hand

calculations based on extrapolated strengtheniiegteor
7 wt% of oxygen overestimate strengthening as drpec

Additional experimental tests are planned on 4 wt%
and 7 wt% oxygen enriched samples — if technically

feasible— to estimate the impact of the alpha(@@raand
thus, of the oxide layer on the behavior of theetayd
cladding in LOCA conditions more precisely.
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