N

N

Combined effects of temperature and of high hydrogen
and oxygen contents on the mechanical behavior of a
zirconium alloy upon cooling from the GZr phase
temperature range
Thai Le Hong, Jean-Christophe Brachet, Jéréme Crépin, Matthieu Le Saux

» To cite this version:

Thai Le Hong, Jean-Christophe Brachet, Jérome Crépin, Matthieu Le Saux. Combined effects of
temperature and of high hydrogen and oxygen contents on the mechanical behavior of a zirconium
alloy upon cooling from the SZr phase temperature range. Journal of Nuclear Materials, 2021, 554
(554), pp.153069. 10.1016/j.jnucmat.2021.153069 . hal-03327638

HAL Id: hal-03327638
https://ensta-bretagne.hal.science/hal-03327638

Submitted on 7 Sep 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://ensta-bretagne.hal.science/hal-03327638
https://hal.archives-ouvertes.fr

Combined effects of temperature and of high hydnaayed oxygen contents on the
mechanical behavior of a zirconium alloy upon coglirom thefz phase temperature
range

Thai Le Hong* ®, Jean-Christophe Brach#&t Jérdome Crépif, Matthieu Le Sau® ©

@ DES-Service de Recherches Métallurgiques Applgj(@8MA), CEA, Université Paris-
Saclay, F-91191 Gif-sur-Yvette, France

® MINES ParisTech, PSL Research University, CerggMatériaux, CNRS UMR 7633, BP 87,
91003 Evry, France

¢ Now at ENSTA Bretagne, UMR CNRS 6027, IRDL, F-Q®est, France

Abstract

During hypothetical loss-of-coolant accidents (LOC&Arconium-based nuclear fuel
claddings can be exposed to high temperaturesifrtpphase domain and absorb
substantial amounts of hydrogen (up to about 30€ight ppm) and oxygen (up to
about 1 weight %). This paper provides novel datuathe combined effects of high
hydrogen and oxygen contents on the mechanicavimetaf the (prior-Bz: phase, as a
function of temperature, upon cooling from fixe phase temperature range. A protocol
was developed to homogeneously charge Zircalowddohg tubes at different
hydrogen contents, up to 3200 weight ppm, and axygatents, between 0.13 and 0.9
weight %. Tensile tests were then performed abuartemperatures between 700 and
30°C upon cooling from thgz domain. The results show that the mechanical behav
strongly depends on the testing temperature antytthlegen and oxygen contents.
Relationships are proposed to describe the magpasdactile-to-brittle transition and
the mechanical behavior of the material as a fonatif temperature, hydrogen and
oxygen contents. The predictions based on theagaeships are compared to selected
data from the literature obtained on claddings i@ed at high temperature, including
results from semi-integral LOCA tests. Also, istsown that considering the combined
effects of hydrogen and oxygen is necessary togreethe material’s mechanical
behavior, particularly the embrittiement of cladgirsubjected to LOCA-relevant
secondary hydriding.

Keywords: Zircaloy-4, LOCA, secondary hydriding, hydrogenyg&n, mechanical
behavior, high temperature.

1 Introduction

During a hypothetical loss-of-coolant accident (LA@ light water reactors, the fuel
cladding made of zirconium alloys can be subjetbadternal pressure and exposed to
steam at high temperature (HT), between 700 an@°T26pically, before being cooled
at a rate of about 1-10°C/s down to 500-800°C, theter-quenched by the emergency
core cooling system [1]. Internal pressure can tedzhllooning and burst of the
cladding due to a decrease in the system presstsile the fuel rod and the
degradation of cladding strength [2,3]. During Imegtthe low-temperature hexagonal

* Corresponding author.
Email addressjean-christophe.brachet@cea.fr (J.C. Brachet)

Revised version submitted to JNM 1



close-packedz phase transforms into the HT body-centered cphiphase [4]. A
significant fraction of the oxygen resulting frohretoxidation reaction by steam at HT
diffuses into the metal. Once the oxygen solubllityit is reached in th@z phase, a
metallic layer of oxygen-stabilized: phase, calledz(O), forms between the oxide
and theBzr phase layers. During cooling, thg phase transforms back to the phase
and forms the so-called pri@er structure with the typical Widmanstatten structilmat
can be easily distinguished from the equiaxg@) structure [5,6]. Also, at the end of
the LOCA transient, the cladding is subjected tyrally-induced internal stresses
associated with additional axial tensile loadingjalka may cause failure [7-9]. In
accordance with the safety requirements, it isrggddhat the cladding retains some
mechanical resistance or ductility to ensure itsgnty and a coolable core geometry
during and after a LOCA transient. At the end &fQCA transient, the cladding’s
mechanical strength and ductility mainly resulnfrthe mechanical properties of the
residual priorBzr phase layer [6,10-12]. It was found that the meidad behavior of
this layer is strongly influenced by its oxygen drydirogen contents [6,11,13,14].

In order to investigate the behavior of fuel clamd during the LOCA scenarios, a
large number of so-called “semi-integral” LOCA tebkiave been performed not only
with single unirradiated or irradiated fuel rods7®,15,16] but also with a bundle of
rods [17,18]. Such tests reproduce the full effe€¢i LOCA transient on the cladding:
heating, ballooning and burst, HT oxidation in stdallowed by cooling and water-
quenching with or without an additional tensiledodhe results have shown a fast and
substantial secondary hydriding of the claddingradinly a-few-tens-of-seconds
exposure to steam at HT [2]. Secondary hydridingsis of massive hydrogen uptake,
up to thousands of weight ppm (wppm) locally, olsedrat a few centimeters away
from the burst opening. The results of these sateigral LOCA tests showed that,
depending in particular on the HT oxidation and hagical loading conditions,
cladding fracture during reflooding can occur fiine burst region where the oxidation
level is the highest, (ii) in the secondary hydddegion where the hydrogen content is
the largest, or (iii) between these two zones, wilee hydrogen content and the
oxidation level are high but not maximal. Then, ¢hedding’s failure during quenching
and its location (when it exists) are often relatethe residual thickness of tfg layer
and the “local” hydrogen content [7,9]. Besidesarafrom the structure effectise. Bz
layer thinning due to steam oxidation associatet wxygen diffusion at HT, the post-
secondary hydriding embrittlement of the claddim@ften exclusively related to the
high hydrogen contents in the secondary hydridgns [7,9]. However, the oxygen
content in thelz layer is also expected to play a role. Thus, diusth be taken into
account to interpret more accurately the resulth®fsemi-integral LOCA tests,
especially when investigating the hydrogen-induesidbrittiement mechanisms in the
secondary hydrided regions [19,20]. Indeed, recesults [19] have shown that the
larger the hydrogen concentration in faephase in the secondary hydrided regions,
the higher the oxygen content. Precisely, aftedaon at 1100 and 1200°C, high
oxygen contents, attaining up to 1-1.2 weight %@4ytequivalent to about 5 atomic %
(at%), were measured in tig phase in the presence of high hydrogen conteptsy u
about 3000-4000 wppm, or 20-25 at% [19]. It is imiant to note that the solubility
limit of oxygen in thezr phase at 1100-1200°C is lower than 0.5-0.6 wt%hén
absence of hydrogen [6,21,22]. This correlatiomieen hydrogen and oxygen contents
in thePz phase in the secondary hydrided regions can lensity related to
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hydrogen’s thermodynamic effect on oxygen solupdihd diffusivity in this phase at
HT [2,13,21,23-25].

So far, the majority of data about the mechanicaperties of the (priorfy: phase were
obtained on materials enriched either in hydrogen oxygen. Furthermore, they often
concern hydrogen and oxygen contents lower thahitifecontents of interest here. In
addition, these data were mostly obtained at lomperatures, 20 and 135°C, typically.
However, it is obvious that temperature signifitaaffects the mechanical behavior of
the (prior-Bz material and the respective effects of oxygentamttogen [6,10,11]. A
few data also suggested that oxygen and hydrogendwanbined effects on the
mechanical properties of the (prig¥z) phase [19].

The present work is devoted to thoroughly studyirgmechanical behavior of the
(prior-)Bzr phase containing both hydrogen and oxygen with bantents as a function
of temperature upon cooling from thg domain. The first section of the present paper
describes the material and experimental procedArpsotocol was developed to
produce, from Zircaloy-4 cladding tubes, “modeligoz: phase materials
homogeneously charged with hydrogen and oxygeiffateht contents: 1000-3000
wppm of hydrogen and 0.5-0.9 wt% of oxygen. Thesdents are in the same order of
magnitude as those likely to be encountered irf{gher-)Bz: layer of claddings

oxidized at HT under steam and having experienc@@A-relevant secondary
hydriding. Note that this step required many opttion works. To our knowledge,
this is the first time that pridszr phase materials containing such high content®tf b
hydrogen and oxygen were fabricated from claddutgs$ in a controlled manner. The
procedure used to characterize the mechanical mehafithese model materials upon
cooling from HT is then presented. The tests weréopmed between 700°C and room
temperature (RT). 700°C is the typical temperabgf®re final quenching upon semi-
integral IOCA transients. The experimental resolitained are presented in Section 3.
In Section 4, these data are used to determintaresaips describing the evolutions of
the macroscopic ductile-to-brittle transition ahd mechanical properties as a function
of hydrogen and oxygen contents and temperatunallii the results are discussed and
compared with selected data from the literatur8antion 5, including those from semi-
integral LOCA tests.

2 Materials and experimental procedures
2.1 Sample preparation

The samples were prepared from stress-relievedadathiow-tin Zircaloy-4 fuel
cladding tubes with a typical chemical compositdri.3 wt% Sn, 0.2 wt% Fe, 0.1
wt% Cr, 0.13 wt% O, less than 5 wppm H, Zr balafdeeir outer diameter and wall
thickness were 9.5 mm and 0.57 mm, respectivelpe®amples were homogeneously
charged at different hydrogen contents, from al@00 to 3000 wppm (about 10-20
at%), and different oxygen contents, between apprately 0.5 and 0.9 wt% (2-5 at%).
The preparation protocol consists of three maipssteydrogen charging, oxygen
charging, and homogenization, which are detailethénfollowing.
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2.1.1 Hydrogen charging

As-received Zircaloy-4 66 mm-long cladding tubersegts were first charged with
hydrogen at different contents, from about 100800 wppm. The hydrogen charging
was conducted at 800°C in a flowing argon/hydrog@s mixture using a protocol
based on that developed in [11] and [26]. The hyenopartial pressure was chosen as
approximatively 5.2-5.5xF0Pa with the exposure duration to argon/hydrogesw it
800°C depending on the desired hydrogen contet T26fully homogenize the
hydrogen concentration, the samples were thenthested at 800°C for about one hour
under nearly pure argon gas, then slowly cooledfatv °C/min down to RT.

The hydrogen contents were systematically measanedl the samples after hydrogen
charging using an inert gas fusion thermal conditgtiechnique (HORIBA EMGA-

821 analyzer). The hydrogen content measurementsasoaducted on three to seven 2
mm-long rings sectioned at different locations loe 66 mm-long tubes to check axial
homogeneity. Each ring was then divided into thpaes so that three measurements
were performed to verify the hydrogen concentrasi@zimuthal homogeneity.

2.1.2 Oxygen charging

After hydrogen charging, some samples were changgdoxygen at contents between
about 0.5 and 0.9 wt%, using a two-steps protoasét on the one used in [6,10,11] to
charge non-hydrided materials with oxygen. Fits¢, samples were cut into two 30
mm-long segments that were then oxidized (two-saedation) under flowing steam
at 1000°C in the facility called DEZIROX 2 [28]. @loxidation times were determined
on the basis of the target amount of oxygen usiegiailable oxidation kinetics
established in prior studies [29]. At the end eBsh oxidation, the samples were
directly dropped into RT water. The weight gain du@xidation was then calculated
from the sample mass measured before and afteatiog providing the average
amount of oxygen absorbed, hereafter referred tbeasxygen content deduced from
the weight gain.

Metallographic examinations have shown that thel@¥ayer thickness is homogeneous
along the samples as well as between inner and saneple surfaces. Hydrogen
content measurements carried out on some sampéeaidation have not revealed
significant hydrogen pick-up, a few tens of wppnmetst. This indicates that the
oxidation times applied were shorter than thosecnty significant hydrogen uptake at
1000°C,i.e. for post-breakaway oxidation [30].

2.1.3 HT homogenization

After hydrogen charging and steam oxidation at 20Q@he samples were heat-treated
at 1200-1300°C under inert gas to homogenize oxpgereducing the oxide layer’'s
thickness by oxygen diffusnacross the sample thickness. For this purposeytaqmi
based on a procedure successfully applied to hgdrfigge sheet samples [31] was
developed and optimized in our study. It can bersaneed as follows:
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— The samples were first encapsulated in quartz kolpsevent air oxidation at HT.
The free volume inside the bulb has been reduceduas as possible in order to
limit hydrogen desorption during the homogenizateat-treatment. Thus, 3-4 30
mm-long tube samples containing the same averagi®fgn and oxygen contents
were inserted into a quartz tube with 10 mm ofrimdédiameter and 12-15 cm of
length. A 7-8 mm-diameter full cylindrical quarzdrwas then placed inside the
remaining free volume.

— Before sealing the quartz bulbs, a primary vacuwas applied to remove the
residual air. A certain amount of argon (99.997uvoé¢ %) was then injected into
the bulbs with a gas pressure depending on theoggdrcontent: 100 mbar for
hydrogen contents below 1000 wppm, 50 mbar for 280 wppm of hydrogen,
and 20 mbar for hydrogen contents around 3000 w{jra.gas pressures were
chosen to prevent the bulbs from contraction, ballog, or even burst, but also to
limit hydrogen desorption during the heat-treatnarit200-1300°C (related to the
evolution of the hydrogen partial pressure accaydmSieverts’ law [32]).

— The quartz bulbs were then heat-treated at 1200°C3€r four hours in a furnace.
The annealing temperatures were limited to 130& @ avoid damage to the quartz
tubes used. The heat-treatment temperatures weseitltonsidering that
temperature had to be sufficiently high to fullgrisform the material into ttge,
phase, but not too high to limit hydrogen desorpadHT. The treatments were
finally performed at 1300°C for samples containiegs than 1000 wppm of
hydrogen and at 1200°C for those containing mod¥dgen. At the end of the heat-
treatments, the bulbs were rapidly taken out offtineace, then broken in RT water
to obtain a water-quenched microstructure. The gsmgontaining less than 1000
wppm of hydrogen were directly quenched in RT walle samples charged with
2000-3000 wppm hydrogen were cooled at 1-3°C/s dowlri 00°C before water
guenching with the aim to allow the samples to sed some of the hydrogen that
may have desorbed during the treatment at 12008Gasple failed during water-
guenching, allowing further mechanical characteioze.

2.1.4 Oxygen and hydrogen contents measurements

After HT homogenization, the samples’ microstruefuhe average oxygen and
hydrogen contents, and their homogeneity, wereesyatically characterized (in
addition to the analyses made after each stepeahtbdel material preparation
protocol).

Hydrogen content

The hydrogen content measurements performed ajteofenization using the
HORIBA EMGA-821 analyzer show nearly no hydrogesatetion during the heat-
treatments. There may have been some hydrogersiffss@xample during the one
hour annealing at 800°C under nearly pure argagrding to the Sieverts’ law [27])
but in amounts too smalle. smaller than the uncertainties resulting from bgen
charging and hydrogen content measurement (colvsidigrat the hydrogen contents
studied here are very high), to be clearly observed

Revised version submitted to JNM 5



In order to check the axial homogeneity of the logen concentration, hydrogen
content measurements were performed at three elifgrositions of some tube samples
(at the two ends and in the middle) using the HOREBMGA-821 analyzer. Besides, a
non-destructive analysis using neutron radiograpay carried out at the Léon
Brillouin laboratory (LLB, CEA, CNRS, Université Rs:Saclay, France) on a 35 mm-
long tube sample containing, on average, 2600-2utlm of hydrogen and 0.4 wt% of
oxygen (content deduced from the weight gain),-regted at 1200°C. Samples with
known hydrogen contents (previously measured by HBREMGA-821 analyzer) in
the range investigated were used as reference sargplhydrogen content calibration
[19,33]. Note that hydrogen plays a major rolee@utnon absorption and the
contribution of oxygen can be neglected. As shawfig. 1, the variation is only +10%
in hydrogen concentration along the sample’s whaglgth. The azimuthal variation in
the hydrogen content is only a few wppm to a fems tef wppm.

3500 T
3000 |

i o U ? o O
2500 1 @M 0§ o
2000 |

1500

Hydrogen content (wppm)

1000 §
r ONeutron radiography
500 1
& HORIBA EMGA-821 analyzer

O-----

Distance (mm)

Fig. 1.Hydrogen contents measured on a Zircaloy-4 tubg@kaoontaining 2600-2700 wppm of
hydrogen and 0.4 wt% of oxygen on average, heatadeat 1200°C, using the HORIBA EMGA-821
analyzer and neutron radiography.

Oxygen content

An example of the microstructure of a sample chdngigh hydrogen and oxygen after
homogenization heat-treatment is illustrated in Eidt is shown that the
microstructure exhibits a 100% prip#r structure with neither residual oxide layer nor
oxygen-enrichedyz(O) layer.

In order to indirectly check the homogeneity (a thacroscopic scale) of the oxygen
content, which is known to have a significant hardg effect on priof3zr [13],
microhardness measurements were carried out at®sample thickness using a
Vickers diamond indenter with a load of 100g. Therohardness profiles made an
angle of 45° from the tube radial direction, witdiatance of 5m between
indentation marks. As shown in Fig(a), the oxygen distribution in the samples is
macroscopically uniform after HT homogenizationgBt variations in the
microhardness values can be observed, relatedygeaxedistribution resulting from
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theBzr-to-az phase transformation during cooling, leading ®ftrmation of oxygen-
enriched and oxygen-depleted zones at the mickigteiscale [6,24]. In the case of
materials charged with both hydrogen and oxyges,fdund that hydrogen has no
significant effect on the Vickers microhardnessuesland that only the effect of
oxygen can be pointed out. This observation isisters with the result given in [19].
This confirms that for the water-quenched pfierstructure, the hardening effect of
oxygen is significantly more important than thahgtirogen.

Infrared absorption analyses (LECO TC500 analygerformed on samples only
charged with hydrogen showed slight oxygen uptakeit 0.1 wt%) during hydrogen
charging, so these samples contain approximat2h) 3. wt% of oxygen on average.

The hydrogen contents in the samples can be appatixiely divided into four
principal ranges: 20-30, ~1000, ~2000, and ~300pmompleted with three sets of
oxygen contents: ~0.2, ~0.5, and ~0.9 wt%. Thesé&ots cover most of the content
ranges encountered in the pri-layer within fuel claddings that have experienced
(semi-)integral LOCA transients with secondary hgihg.

Microhardness indentatibn" y
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Fig. 2.(a) Polarized optical micrograph of the transversss-section of a sample containing 3000 wppm
hydrogen and 0.83 wt% oxygen, (b) Vickers microhass values measured after homogenization heat-
treatments at 1200-1300°C across the thicknessmpkes charged with hydrogen and oxygen.

2.2 Mechanical testing
2.2.1 Specimen preparation

In order to characterize the macroscopic mechabavior of the model materials
upon cooling from th@z domain, uniaxial tensile tests were performedpmatsnens,
with 8 mm of gauge length and 2 mm of gauge witithricated from Zircaloy-4
cladding tube segments homogeneously charged witfogen, at a few wppm to 3200
wppm, and with oxygen, at 0.13-0.84 wt%. The specimgeometry, already used in
[11], is illustrated in Fig3. The tensile specimens were machined by electrsiaar
(tungsten wire). This technique helps minimizeftiree applied to the samples during
machining, which could lead to the failure of saegphighly enriched in hydrogen and
oxygen, likely to be very brittle at low temperaubespite the precautions taken
beforehand, many specimens were broken during @epa, especially those
containing both high hydrogen contents and highgerycontents, ~2000-3000 wppm
hydrogen and ~0.9 wt% oxygen typically.

8 mini

Offcuts 2 Q0

»
=22=
=Lu8-=

120°

a18 0™
/\:3\ L
+ '/ i >

-

- ~ thickness 0.6 mm
\J !

Fig. 3 Tensile specimen geometry.

In addition to the characterizations mentionedent®n 2.1.4, for each specimen,
average hydrogen and oxygen content measuremergssy&ematically performed on
130-150 mg offcuts resulting from the specimen nrang. The oxygen contents of the
specimens were estimated from:

- the weight gain measured after steam oxidatio®@0IC and prior to HT
homogenization;

- 100g Vickers microhardness measurements perforeregdsathe priofz: layer
thickness of some machining offcuts after HT honmigtion using the
correlations proposed by Bracletal [13] relating the oxygen content to the
microhardness value for the water-quenched griestructure (this relationship
may tend to slightly overestimate the oxygen conitethe presence of high
hydrogen contents);

- Electron Probe Microanalyses (EPMA) performed ameonachining offcuts
after HT homogenization, with oxygen profiles measiuacross the whole prior-
Bzr layer thickness, parallel to and near the microhess profiles.
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It has been found that the oxygen contents dedinoedthe weight gains are in good
agreement with those estimated from microhardnedEE®MA. As a result, it is
assumed that there was no significant oxygen uptakeg the HT homogenization
treatments. The oxygen contents mentioned herdaftelach specimen are deduced
from the weight gain measurements.

2.2.2 Experimental procedures

The tensile tests were carried out on a MTS segdaulic tensile testing system
equipped with a 2.5 kN load cell, using the san@eearmental procedures presented in
[11,26]. During the tests, the specimen holdemrsgerature was directly monitored
using two Chromel-Alumel thermocouples spot-weldadts upper and lower regions,
and another welded next to the specimen, provittingo-called “furnace”
temperature. Because of the specimen’s small siddragility, it was not possible to
directly weld thermocouples on it. Consequentlyyals necessary to carry out
calibration tests to estimate the specimen’s teatpez from the furnace temperature
during a typical thermal cycle applied before andmy the tensile tests (the specimens
were heat-treated in tifier domain and mechanically tested upon cooling)llastiated
in Fig. 4.

Due to the potential fragility of the specimens #melHT reached during the tensile
tests, it was not possible to utilize an extensemet measure the displacement of the
specimen gauge region directly. Therefore, thelatgment fields in the specimen
gauge region were determined by two-dimensiona) (#@ital image correlation

(DIC). In order to obtain sufficient optical condtdor image correlation, the gauge
surface of each specimen was painted beforehamdawandom pattern consisting of
points made of a titanium dioxide-based white flugihg an airbrush. The white
titanium dioxide was chosen since it exhibits géfddresistance and good contrast with
the dark specimen surface. A rectangular windowmade on one side of the furnace,
through which images of the specimen surface waken using a fast Photron camera
(Fastcam SAL.1) at a rate of 250 images per seddredspecimen surface was
illuminated in white light using two LED lamps

2.2.3 Testing conditions

The tensile tests were conducted at various teriypresabetween 700 and 30°C upon
cooling from 1000-1200°C in tH&r domain: 700, 580, 500, 400, 350, 135, and 30°C.
The tests were performed in the air so that adkide layer of about 3-bm of

thickness was formed on the specimen surfaceaslbben believed that the thin
zirconia layer formedh situ may help avoid hydrogen desorption at HT. Alonthwi
this, a certain quantity of oxygen diffuses inte thetal, leading to the formation of a
thin az(O) layer of about 3-@m of thickness beneath the oxide layer, but noifogmt
oxygen enrichment in th& layer. Besides, no zirconium nitride was obseraiter
testing. The white titanium dioxide points used@Bd€ remained visible after the heat-
treatment at HT.
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As shown in Fig4, after being mounted on the testing machine, pleeimmen was
rapidly heated up to tH&r domain at 1000-1200°C, at about 8-10°C/s up t®3100
then 4°C/s between 1000-1200°C on average. Maxitenomperatures of 1000°C and
1150-1200°C were applied to the specimens onlyggthwith hydrogen and to those
charged with both hydrogen and oxygen, respecti@tythe one hand, the temperature
needs to be high enough to transform the matentdghepz phase. The choice was
made on the basis of thermodynamic predictiongjailibrium, obtained by the
Thermo-Calc software associated with the Zircoludabase [32,34]. However, under
the dynamic conditions of the tests performed téineperatures above which the
material is entirely in th@z phase are certainly higher than those predicted at
equilibrium. On the other hand, the temperaturesencshould not be too high to limit
air oxidation and oxygen diffusion from the extdrsgecimen surfaces into the
underlying metallic layer. Once the maximum temperawas attained, the furnace
was immediately turned off so that the specimen duatly cooled down to the target
temperature for the tensile test that was thenclaed without delay. The specimen
cooling rate was higher than 5-6°C/s between tiggnbéng of cooling and 700°C, then
~1-2°C/s from 700 to 500°C, and lower than 1°Craémperatures below. These
relatively rapid cooling rates are of the same oodenagnitude as those expected
during a LOCA transient before the final water-qelang from 500-800°C [1].

1200

[ Heating ~ 4-10°C/s

1000 4 Specimen temperature

o]
o
o

600 +

Expected eutectoid transition (~500-550°C)

Temperature (°C)

Tensile tests at different
temperatures (¢ = 10~1s1)

N
o
o

200 4 Cooling < 1°C/s

0 10 20 30 40 50
Time (min)

Fig. 4. Typical thermal cycle applied during the tensilgt$e evolution of the temperature measured on
the specimen holder (furnace temperature) andpbeimen surface (specimen temperature); the blue
stars denote the temperatures at which the tetesile were performed.

The tests were performed under displacement comi@uding during the thermal
cycle (tests had been carried out with a forcerobduring the thermal cycle to
compensate for the thermal expansion effects,Haucontrol was not satisfactory). To
limit the stresses during the thermal cycle betbeetensile test, a gap was initially left
between the moving holder and the specimen, allgwie specimen to expand freely.
The specimens were subjected to a maximum compeessess of approximately 4-5
MPa during the thermal cyclee. in the elastic range of the material. The testewe
performed at a constant crosshead displacemenfrat8 mm-3, equivalent to an
approximate mean strain rate of 0'4iis the specimen gauge region. This relatively
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rapid strain rate, leading to testing duration&-@f s typically, made it possible to limit
both oxidation and metallurgical evolutions of thaterials during the tests, as well as
temperature variations. It was estimated that peeisnen temperature variation during
the test and the temperature gradient along th@rapa gauge length do not exceed
10°C. Besides, the strain rate applied is expaade faster than that commonly used
in semi-integral LOCA tests, based on the roughmedes made from the data reported
in [7,35]. The mechanical behavior of the matepralbably depends on the loading rate.
However, this effect is expected to be second-arderpared to the combined effects of
temperature, hydrogen, and oxygen.

2.2.4 Data analysis

The tensile load, crosshead displacement, anddartgmperature were routinely
recorded throughout the tests. The digital imageetattion (local approach) was
performed on a 1.5-1.8x8 ntrmone called the region of interest (ROI), using HC-
2D™ software. The Green-Lagrange strains werautzked from the displacement
fields. Axial and hoop strains were then averagest the whole analyzed surface. The
uncertainty on the mean strains determined has ésténated at approximately
+0.0004 at best.

The engineering axial stress was defined as th® oathe force measured by the load
cell to the specimen’s initial cross-section in gaeige region. The maximum axial
strain determined by DIC was limited to a few %dese of the pattern’s cracking
(embrittled after the HT treatment) for larger stri@vels. As a consequence, the
engineering axial strain was deduced from the @IGHe elastic domain and the
beginning of plasticity, up to 0.03 % of plasticagt. For higher axial strain levels, the
axial strain was estimated by dividing the crosdhdiaplacement by the specimen
gauge length. In this case, the plastic part (ssggpdo be fully related to the specimen)
of the strain determined from the crosshead digpt@nt was isolated by removing the
elastic part of the strain determined from the sihesd displacement using the initial
slope of the stress-strain curve (with the stréitamed from the crosshead
displacement). The total strain was then obtaineddaling this plastic strain to the
elastic strain calculated from the stress usingng®imodulus determined from the
stress-strain curve with the strain obtained by.DIC

The following mechanical parameters were determfr@d the engineering stress-
strain curves: Young's (elastic) modulus (E), yistcess at 0.2% offset (Y3)ltimate
tensile strength (UTS) consisting of the maximuras# that the material can withstand
during the tensile test, uniform elongation (UEagpic strain at the maximum stress,
corresponding to the plastic strain at the onsetegking in the case of existence), and
plastic strain at failure (PSF). Besides the ptestiain at failure, the reduction of cross-
section area at fracture (Z) was measured frontalgtnages taken perpendicularly to
the tensile direction on both sample’s fracturdames to characterize the ductility of
the material. It has been estimated that the atesahcertainty of these measurements
is about £0.08. UE, PSF and Z are null as the spatifails in the elastic domain
(brittle failure). Tabular data from the tensilsteeare given in Appendix.
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3 Experimental results
3.1 Stress-strain response

Fig. 5 gives examples of engineering stress-strain cwitsned for specimens
charged with hydrogen and oxygen at different autsteested at various temperatures
between 700 and 30°C upon cooling from ffhedomain. It is shown that the
mechanical response strongly depends on tempeia@tdreydrogen and oxygen
contents.
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Fig. 5.Engineering stress-strain curves for Zircaloy-4rghd at different hydrogen and oxygen contents,
tested in tension at various temperatures betw@@raiid 30°C upon cooling from the phase domain.

3.2 Elastic modulus

Fig. 6 shows the temperature dependence of E. As mentieaudier, thin ZrQ and
az(O) layers formed on the specimen surfaces dug tixalation during the tensile
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tests. These phases, which are likely not to bekedhat the beginning of the tensile
tests, have elastic moduli significantly highenthhat of the (priorfizr phase less
enriched in oxygen [6,12,36]. However, given thelatively small thickness compared
to the whole thickness of the specimen, it is reabte to assume that their contribution
to the elastic modulus value is included in measerd uncertainty.

As can be observed in Fig,. the elastic moduli of the materials increase iooiously
as temperature decreases between 700 and 30°@]lesgeof hydrogen and oxygen
contents. However, given scattered data, neithérdgen nor oxygen in the content
ranges studied,e. up to 3200 wppm of hydrogen and 0.84 wt% of oxyders
significant effects on the elastic modulus. Thisassistent with results from the
literature for priorBzr only charged with hydrogen, up to 3000 wppm, dhwixygen,
up to about 1 wt% [6,11,36].

120
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E [ ;1 i
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Fig. 6 Temperature dependencetobdf the (prior-pz material charged at different hydrogen (in wppm)
and oxygen (in wt%) contents; data for materialy charged with 1700-3200 wppm hydrogen are from
[11].

3.3 Fracture and ductile-to-brittle transition

Fig. 7 clearly shows a significant decrease in PFS upatirgy between 700 and 30°C,
whatever the hydrogen and oxygen contents. Itticewm that all the specimens with the
hydrogen and oxygen contents in the ranges stadleeductile at 700°C, with PFS
values greater than 0.08. Contrary to the mateoiallg charged with hydrogen, for
which the hydrogen-related effect on material diigtis negligible at temperatures
above 500°C [11], it is found that in the preseotexygen, hydrogen reduces the
ductility of the material considerably, as illusad in Fig.7(a). It can be seen that there
exists a so-called “critical” temperature below @fhthe materials become
macroscopically brittle for a given couple of hygem and oxygen contents. This
temperature is considered as the macroscopic dtotibrittle transition (DBT)
temperature of the material. This temperature as@e with the hydrogen and oxygen
contents. The results indicate that the hydrogeigéad embrittlement is intensified
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when the material is also charged with oxygen,\aoel versaThese observations are
in good agreement with those based on Z presente)i8. Note that a slightly
negative Z is obtained for some brittle specimares td the measurement uncertainty.
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Fig. 7. Temperature dependence of the global PFS of ther{{fiz- material containing: (a) ~0.2 wt%
oxygen and different hydrogen contents (in wppin),~0.5 wt% oxygen and different hydrogen contents
(in wppm), (c) ~2000 wppm hydrogen and differengygen contents (in wt%); data on materials only
charged with 1700-3200 wppm hydrogen are from [11].
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Fig. 8. Temperature dependence of Z of the (pferfpaterial containing: (a) ~0.2 wt% oxygen and
different hydrogen contents (in wppm), (b) ~0.5 wa%ygen and different hydrogen contents (in wppm),
(c) ~2000 wppm hydrogen and different oxygen caistéin wt%); data on materials only charged with
1700-3200 wppm hydrogen are from [11].

The macroscopic failure mode transition is delichiges follows: the materials are
classified as ductile, nearly brittle, and briifléhe plastic strain at failure is higher than
0.01, between 0.01 and 0.005, and below 0.005ectisply. The plastic strain at
failure is used rather than the reduction of ciss®ion area at fracture to establish the
macroscopic DBT since the latter's measurementixhconsiderably higher
uncertainty. However, this would not change thadseand conclusions based on the
plastic strain at failure.

The macroscopic failure modes determined from eswlts and data available from the
literature [6,12,13,37—40] for materials either e with hydrogen or oxygen are
shown in Fig9 and Fig.10.

In the case of materials only charged with hydrogeran be seen from Fi§.that our
results are, on the whole, in good agreement \ibtse reported by Bai [38] for
Zircaloy-4 flat specimens containing up to 3200 wppf hydrogen, tested in tension at
different temperatures between 20 and 350°C ajtérdgen charging at 700°C and
cooling at a rate lower than 0.02°C/s. Pshenichnétal.[37] observed, after cooling
at 5°C/s from 727-927°C, macroscopically ductiléufe at RT for very high hydrogen
contents up to 3400 wppm and a DBT at RT for theensd charged with 4850 wppm
hydrogen at 927°C. This result appears to be @iffefrom ours, which indicate a DBT
at RT for about 1000 wppm hydrogen, and from theeolmations reported by Brachedt
al. [13], who showed nearly-brittle failure at RT thre material charged with 600-700
wppm hydrogen and directly quenched into water fid¥@0°C. This difference in the
failure mode would be related to the oxygen conitethhe hydrogen-charged materials
tested in our study, which is higher by about Ot%wr his additional oxygen is likely
to have a significant effect on the embrittlemefithe material. Besides, the faster
cooling rate applied by Brachet al [13] probably induces additional embrittlement
caused by the hardening effects of finer microstmecconstituted by a significant
amount of hydrogen remaining in solid solution witthe Zr matrix and
submicrometric hydrides, as observed in [41]. Femrtiore, according to Bai [38], the
materials tested at a faster strain rate exhilietaductility for a given set of hydrogen
content and testing temperature, potentially resyifrom the material viscosity. Our
study’s tensile tests were performed at a strasmaf10' s?, which is much greater
than those applied in other studies, commonly énditder of 13-10° s[12,31,37,38].

As shown in Figl0, the DBT temperatures determined from our resnltie case of
materials only charged with oxygen are consistetit the results reported by Sawatzky
[39] and Gardet al [40]. Nonetheless, these DBT temperatures atgehigy several
tens of °C than those obtained by Stetral [6]. This difference would be explained by
the difference in microstructure resulting fromfeient cooling rates. Indeed, the
samples tested by Steehal [6] were cooled at a faster rate (direct wategrgihing),
leading to a more brittle, finer, and more chentjchbmogeneous microstructure. In
contrast, as illustrated in [26] and already disedsmore in-depth in [24], in our case,
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significant oxygen/hydrogen partitioning has ocedrupon cooling at a few °C/s before

the tensile tests, probably inducing localized taifzones within the tested (prioBz)
structure.
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Fig. 9 DBT of the priorfz material as a function of temperature and hydragenents; data from our
study and the literature [6,12,13,37,38]; pseudatyirzircaloy-4-hydrogen phase diagram at equilioriu
obtained by Thermo-Calc associated with the Zirseldatabase; DBT boundaries calculated by Eq. (2)

for oxygen contents of 0.13 wt% (content for theadeom the literature) and 0.2 wt% (content fae th

results from this study).
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Finally, Fig.11 shows the macroscopic failure modes determined tor results as a
function of temperature, hydrogen content and orygmtent. The macroscopic DBT
temperatures are listed in Taldlelt appears that hydrogen and oxygen have anieeldit
effect (without strong coupling) on the DBT tempara that can reach about 580°C for
the material containing about 2000 wppm hydrogaeh@8a wt% oxygen. However, it
should be recalled that the DBT temperatures dssxliere refer to the macroscopic
failure mode. As already reported in [11] and [3ictile regions can be observed
locally even when the behavior is macroscopicaliitle. The discussion on the failure
mechanisms at the microscale is out of the scopei®paper. More information can be
found in [26]. However, it can be mentioned thas failure mode mixing brittle and
ductile fracture at the microscale is mainly redatie microchemical heterogeneities
(oxygen and hydrogen in particular) due to pantitig during theBz-to-oz phase
transformation upon cooling [24]. The distributiohoxygen and hydrogen, the fraction
of hydrogen precipitated in the form of hydrides f@maining in solid solution in the Zr
matrix), the nature of hydrides and their propartstrongly depend on the cooling
scenario and the average oxygen and hydrogen derf&)41].
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Fig. 11.Macroscopic DBT as a function of temperature, hgérocontent, and oxygen content for the
prior-Bz material; DBT boundary calculated by Eq. (2).

Table 1. Macroscopic DBT temperatures of the (pYfier material as a function of hydrogen and oxygen

contents.
Hydrogen content (wppm)  Oxygen content (Wt%)  DBmperature (°C)
3 0.13 <20
30 0.46 ~135
1100-1200 0.13-0.15 ~30
950 0.42-0.57 ~ 400
1700-2400 0.17-0.24 ~ 135
2200 0.44 400-500
2100 0.80-0.84 ~ 580
2900-3200 0.19-0.22 350-400
2800 0.47 ~ 500

3.4 Yield stress, ultimate tensile strength and unifetangation

Fig. 12 and Fig.13 show the evolutions of the YS and those of UT& asction of
temperature for several couples of hydrogen angexyontents. It is important to note
that thin oxide andz/(O) layers of only a few microns, formed by airaadion at HT
during the tensile tests, may have a slight efbacthe material’s global mechanical
response, especially at the beginning of plastieitywever, considering their slight
thicknesses, it is estimated that these layerdtriesa variation of only 5% in the stress
levels. As shown in Figl2 and Fig.13, the YS and UTS increase continuously as the
temperature decreases between 700 and 30°C iasleeot ductile materials, regardless

of hydrogen and oxygen contents.
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Additionally, for a given oxygen content and atieeg temperature below 500°C, the
YS and UTS increase considerably in the presenbgdrbgen up to 3000 wppm. The
hardening effect of hydrogen in this temperaturegeawould be related to the
contribution of zirconium hydrides that extensivphgcipitate via a eutectoid transition
taking place at around 500-550°C [41]. Besidesay result from a significant amount
of hydrogen potentially remaining in solid solutisithin the Zr matrix, as reported in
[41]. However, the hydrogen-related effect app@atdo significantly depend on the
oxygen content. At 500°C, it is found that the Y®l & TS increase slightly with
increasing the hydrogen content up to 2000 wppem ttecrease slightly for higher
hydrogen contents.

At temperatures above 500°&. 700°C, whatever the oxygen contents, both the YS
and UTS tend to decrease slightly as the hydrogateat increases. This is consistent
with the observations reported in [11] for the miale only charged with hydrogen.
The softening effect of hydrogen at temperatures@®00°C can be explained by an
increase in th@zr phase fraction at a given temperature above ttee®id transition

(in the two-phase domaingr + Bz) with increasing the hydrogen content. Additiopall
the Bz phase is known to have a lower mechanical streagthl as compared to ther
phase (prioz). Furthermore, it is possible that interstitiablhggen atoms in solid
solution have the effect of weakening the atomi@lrig energy of zirconium [42] or of
increasing the mobility of dislocations [43].

The oxygen-related strengthening effect for ductikgerials can be clearly observed in
Fig. 12 and Fig.13. However, it is found that this strengthening se¢onbe

independent of or little dependent on the testamyderature. This is consistent with the
results obtained by Sawatzky [39] on Zircaloy-4 pkes only charged with oxygen.
Additionally, the hardening effect of oxygen apsetar be more significant for the non-
hydrided samples as compared to the pre-hydrided.dn the absence of hydrogen, the
UTS values obtained in our study are higher thasdhreported by Stest al.[6] and
Sawatzky [39]. This difference would be relatecdrtaterial viscoplasticity. Indeed, the
strain rate applied in our study is 300 times gretitan those applied by Steshal.and
Sawatzky, in the order of ¥G1. The higher UTS values measured in our case could
also be explained by a slower cooling from phephase domain (about 1-10°C/s).
Indeed, such a cooling promotes microstructurerbgéneities with larger oxygen-
enrichedozr laths caused by the partitioning of oxygen duongcooling phase
transformation, which may give additional strengihg as a result of the intrinsic
effect of oxygen in the case of ductile materialsl@ [6].

Below the macroscopic DBT temperature, dependintherhydrogen and oxygen
contents, it can be seen in Fi@ that the UTS, corresponding to the failure striegbe
case of brittle fracture, decreases rapidly asdhmperature decreases. It is only 128
MPa in the most brittle case tested, 2100 wppm hydrogen, 0.44 wt% oxygen, and
350°C. Besides, Fid.3 clearly shows the embrittlement effects of hydrogad
oxygen. Precisely, below the DBT temperature, #ilerfe stress is diminished as the
hydrogen content increases for a given oxygen oonbe as the oxygen content
increases for a given hydrogen content, with naiBgant effect of temperature. Also,
it seems that there is no significant coupling lestwthe effects of hydrogen and
oxygen. It is found that for a similar oxygen corttand at a given temperature below
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the DBT temperature, the failure stress obtainemlimwork is lower than that measured
by Sawatzky [39]. Again, this may be due to theveliocooling applied in our work,
promoting the formation of larger oxygen-enrichedlaths, more brittle in the case of
macroscopic brittle failure.
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Fig. 12 Temperature dependence of the YS of the (pflarfhaterial charged at different hydrogen and

oxygen contents; data on materials only chargeld ¥#00-3200 wppm hydrogen are from [11]:
experimental results (symbols) and predictionsefrnodel presented in Section 4.4 (lines).
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Fig. 14 illustrates the influence of hydrogen and oxygeritee UE as a function of
temperature. The UE tends to increase monotoniaallyie temperature decreases
between 700 and 500°C, then decreases continutmuglmperatures below, regardless
of hydrogen and oxygen contents. These tendenesoasistent with those observed
by Gardeet al.[40] for Zircaloy-4 charged with about 0.5 wt% g@en. At 700°C, the

UE is significantly higher in the case of non-hydd materials as compared to the
materials charged with hydrogen. In the case ohglttided materials, necking occurs
very soon at the beginning of macroscopic plastict a very low plastic strain level.
This rapid plastic strain localization in the prese of high hydrogen contents would be
related to a larger fraction of tier phase and a higher amount of hydrogen in solid
solution as compared to a non-hydrided materialjltimg in a softening at this
temperature. Besides, it seems that at 700°C, the@ obvious influence of oxygen on
the UE for both non-hydrided and hydrided materialss is in good agreement with
the observations made by Gaetel [40], who reported a nearly constant UE at 750°C
for Zircaloy-4 charged at different oxygen contempsto about 0.9 wt%.
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At a given temperature below 500°C, the UE decreasatinuously as the hydrogen
and oxygen contents increase due to the hardenohgmabrittlement effects of these
two elements at these temperatures. This is censigiith the observations reported in
the literature for samples only charged with eitmgirogen or oxygen [6,11,40].
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Fig. 14 Temperature dependence of the UE of the (pfarfhaterial charged at different hydrogen and
oxygen contents; data on materials only chargeld ¥00-3200 wppm hydrogen are from [11].

4 Modeling

Based on the experimental data presented in thvopiesection, relationships are
proposed to describe the uniaxial mechanical beha¥ithe material as a function of
temperature and oxygen and hydrogen contentsoltldlbe emphasized that these
relationships are empirical/phenomenological, withphysical ingredients. For
example, they do not explicitly take into accourd evolution of the phases in the
material. Therefore, there is no guarantee that éine relevant outside the strain rate,
temperature, hydrogen content, and oxygen conéagiers in which they have been
establishedi,e. strain rate of about 0.1*stemperatures between 30 and 700°C,
hydrogen contents between a few wppm and 3200 wppthpxygen contents varying
from 0.13 to 0.9 wt%. Furthermore, these relatigpshave been determined for
materials cooled at a few °C/s to a few tenthsa3§ from the3z- domain. Thus, their
application to materials subjected to very différemoling ratese.g direct water-
guenching from th@z: domain, should be done with caution.

4.1 Elasticity

Elasticity is described by Hooke’s law= Eg,, whereo is the Cauchy stress, is the
logarithmic elastic strain. No significant effedtrydrogen and oxygen on E was
observed. The following correlation is proposeddiate E (in GPa) to temperature T
(in °C):

E=-0.07T+91 (1)
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As shown in Fig6, this relationship is capable of predicting readuy well the
experimental Young’s moduli, with an uncertainty+d0 GPa.

4.2 Ductile-to-brittle transition

On the basis of the experimental data obtainedfolfe@ving correlation is proposed to
describe the macroscopic DBT temperature as aibmoft hydrogen and oxygen
contents by considering an additive effect of theseelements (no coupling):

T, =-317.5 + (200Cy - 2500C3) + (1293.7G - 714.1Q) 2)

where Gy and G are the hydrogen content (in wt%) and the oxygement (in wt%),
respectively. Tis the macroscopic DBT temperature in °C. Fonegicouple of
hydrogen and oxygen contents, the material is densd as ductile when the testing
temperature is higher than the critical temperalyrd he boundary described by Eq.
(2) is shown in Fig9, Fig. 10, and Fig11, together with experimental data. It appears
that this relationship describes satisfactorilylwe® DBT of the material charged either
with hydrogen or oxygen, but also with both hydnoged oxygen.

4.3 Birittle case: failure stress

In the case of brittle materialsg. at testing temperatures below the macroscopic DBT
temperature J(Eq. (2)) for a given couple of hydrogen and oxygentents, the
evolution of the ultimate tensile stress WTH MPa), which corresponds to the failure
stress, can be described by the following cormatati

UTS, = 684 (1- 1.329G,)(1 - 0.76G) 3)

where Gy and G are expressed in wt%. This relationship takesactmunt the isolated
effects of hydrogen and oxygen, as well as a stighpling between the effects of these
elements. As shown in Fi@3, the correlation estimates reasonably well, innfagority

of cases, the failure stress of the brittle malgriaith an uncertainty of a few tens of
MPa, in particular at low temperatures, below 135°C, which is the saturation
temperature during reflood in the LOCA scenario.

4.4 Ductile case: plastic flow

In the case of materials that exhibit a macroscdputile or nearly-brittle failura,e.
when the testing temperature is higher than theosaopic DBT temperature.Tit can
be interesting to have, as a first approach, simgdétionships to determine the values
of the YS and ultimate tensile strength WTBhe following relationships are proposed
to describe the values of YS (in MPa) and WTi8 MPa) as a function of T (in °C) and
Ch (in wt%), and G (in wt%), with a deviation smaller than 10% whempared to
experimental values:

T
YS = (370.3-0.686T + 3.9260°T)(1 +2.607(1- z=-)Cu)(1 + 3.318G - 1.997G) (4)
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T
UTS; = (563.2 - 0.928T + 4.1440°T?)(1 + 2.901(1- £-=)Cu)(L + 1.290G — 0.245) (5)

As a second approach, it is even more interestitive a model describing the plastic
flow. For this purpose, the total strain is dividatb a sum of elastieg, and plasticgp,
parts. The effect of viscosity is not taken inte@mt since the tests were performed at
a single strain rate of 20s*. The elasticity is described by Hooke’s law witle t
temperature-dependent elastic modulus given byBqOnce the initial yield stress

is reached, the following isotropic and non-linstain-hardening law is proposed to
describe the evolution of the Cauchy stress a function of the accumulated
logarithmic plastic straip:

o(p) = oy + Hp + Q(1 — exp(-Dp)) (6)

In the case of monotonic tensile loadipgs ¢p. oy, H, Q, and D are material
parameters. They were identified from the experialestress-plastic strain data for
plastic strain levels higher than 0.0005 to thesbo$ necking when it exists.
Considering that plastic strain is isotropic ansoasated with no volume change, the
logarithmic plastic strain and the Cauchy stressewietermined from engineering
plastic strairepengand engineering stressng using the following relationships; =

1n(1 + speng) andc = ceng(l + speng).

First, the parameters of Eq. (6) were determindépendently for each tesg. for a
given set of temperature, hydrogen content, angexyontent. Then, based on the
results obtained, the following correlations weeee@oped to describe the evolution of
oy (in MPa), H (in MPa), Q (in MPa), and D (dimend&ss) as a function of T (in °C),
Ch (in wt%), and G (in wt%):

o, = (343.6 - 0.592T + 3.00B0*T?)(1 + 3.368(1— %M)CH)(l +2.827GQ - 1.563G) (7)
H = (1800.7 4.033T + 2.64700°T?)(1 + 4.722(1— ﬁ)c,*)(l -0.259G, + 3.373@) (8)
Q = (135 0.248T + 1.0330°T?)(1 + 4.074G)(1 + 0.538G) (9)

D = (241.6 -1.254T + 1.9110°T?)(1 + 1.038G)(1 -0.145G, - 0.593@) (10)

These relationships include slight coupling betwieneffects of hydrogen and oxygen.
As illustrated in Figl5, the model reproduces reasonably well the evalutiche

plastic flow stress and the effects of temperatune hydrogen and oxygen contents. As
shown in Fig. 12 and Fid.3, it is able to predict the values of YS and UT&wan
uncertainty lower than 10% (except the materiakaomg about 3000 wppm hydrogen
tested at 500°C for which the deviation reache20%).
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Fig. 15 Examples of stress-plastic strain curves, up tegperimental UE: experimental (symbols) and
calculated (lines) for the (priofy- material containing 2100-2200 wppm hydrogen add @r 0.8 wt%
oxygen, tested at 500, 580, or 700°C.

5 Comparison to results obtained on claddings oxidizkat HT

The relationships presented above describing trehamécal behavior of the (priofg
material as a function of temperature and hydrayghoxygen contents have been
established on the basis of results of tensile f@stformed with a strain rate of 01 s
on model materials. These materials were cool&d6iC/s down to 700°C then at ~1-
2°C/s from 700°C to 500°C, and finally at less tdd6/s for lower temperatures. In
this Section, the predictions of these relationslaie compared to data from the
literature obtained at RT on claddings oxidizetiatafter pre-hydriding [8] or during
semi-integral LOCA tests with secondary hydridiidgy [

Desquinest al.[8] performed tensile tests at RT on Zircaloy-Bdisamples pre-
hydrided up to 3500 wppm, oxidized under stean801C, then directly quenched
into RT water. They reported global failure streakies calculated by dividing the
failure load by the cladding’s whole thickness Juging the oxide andz/(O) layers.
These external layers exhibit more brittle behagidow temperature than the
underlying priorfz: layer [24]. In claddings oxidized at HT, cracke aften observed
in theaz(O) layer after quenching (without additional meaical loading) [25, 35].
These cracks are assumed to result from the intsimesses generated during cooling
[44]. It is expected that cracks propagate in thidelayer at the beginning of the
tensile test performed after quenching [45]. Tlius,assumed that the oxide amgl(O)
layers crack for a loading level significantly lomtean the load leading to sample
failure, so the load is only sustained by the ppwrayer. Hence, the failure stress
values reported in [8] have been normalized tocstation of the priofz layer in the
corresponding sample, which was evaluated fromdta cladding thickness and the
thicknesses of the oxide and the(O) layers measured after oxidation. The comparison
of our results to the data from [8] is only madedamples oxidized at 1200°C with an
equivalent cladding reacted (EGE. total thickness of cladding metal that would be
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converted into oxide, assuming that all the oxyaglesorbed is reacted with the cladding
to form stoichiometric Zrg) value of about 17% calculated using the Baket-Jus
equation [46]. For such oxidation conditions, faelayer’s thickness remains
significant and the oxygen solubility in this phas@early reached (withouat(O)
penetrations) in the presence of a large amouhyarfogen. Samples containing
hydrogen contents between approximately 80 and 8@@®n were considered. The
prior-Bzr layer in these samples is expected to be brati@¢arly brittle) at RT, so Eq.
(3) is used to predict the failure stresses. Thirdgen content in the metallic part is
given in [8]. The oxygen content in the prig-layer is not provided in [8]. During HT
steam oxidation, a significant amount of oxygerfiugiés from the oxide layer into the
Bzr layer. In the absence of hydrogen, the oxygenbdldluin this phase at 1200°C is
slightly above 0.4 wt%. The experimental failuneess values from [8] normalized to
the priorfzr section were compared to those calculated byEdof 30°C with the
hydrogen contents reported in [8] and 0.4 wt% oxryJde results shown in Fi§6
indicate that the calculated failure stresses ansiderably higher than the experimental
ones. Indeed, in the presence of hydrogen, the ahodwxygen diffusing into thez
layer at HT is increased. The following relationshbstablished by Brachet al. [19] is
used to estimate the oxygen contept(id wt%) in the priorfz: layer of the samples
tested in [8] from the hydrogen content @ wppm):

Co = 2107Cyy + 0.4395 (11)

This relationship was established with hydrogernte&ats ranging from approximately
400 to 4000 wppm (and thus for oxygen contents éetvwabout 0.4 and 1.2 wt%), on
the basis of measurements performed on samples stadized for ~160s at 1200°C,
corresponding to a Baker-Just ECR value close % fbr two-sided HT oxidation.

Fig. 16 shows the results obtained using the oxygen ctstieduced from Eq. (11).
The predictions are much closer to the experimetgt when the additional oxygen
content resulting from hydrogen's thermodynamiedffs taken into account. A
deviation of a few tens of MPa is observed betwberexperimental and calculated
failure stress values. This difference could batesl to the internal stresses in the
oxidized cladding resulting from cooling [44], whibave not been taken into account.
Besides, it could be due to the microstructureéhefriorfz materials tested in this
study as a result of the cooling rate applied [#wever, despite these deviations, the
trends are fully consistent. This shows that E}j.€8tablished from results obtained on
model materials, is able to describe, at least-sprantitatively, the behavior of the
prior-Bz: layer, in the case of brittle failure, in claddsngxidized at HT, including the
effects of hydrogen and oxygen.
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Fig. 16 Comparison of the experimental failure stress \almermalized to the prigz section, reported
in [8] for tensile tests performed at RT on Zircaloy-ddcling samples pre-hydrided at several contents
between 80 and 3000 wppm, oxidized under stearBGQ°C with a Baker-Just ECR of about 16-17%,

then directly quenched into water at RT) and tlilera stress values calculated by Eq. (3) (at RKjng

into account the hydrogen content in the pfigrmaterial and 0.4 wt% oxygen or oxygen contents
depending on the hydrogen contents deduced fronilE. the corresponding hydrogen content (in
wppm) and oxygen content (in wt%) are specified.

In [7], Thieurmelet al. presented results of semi-integral LOCA tests isting of
ballooning-burst, steam oxidation at 1200°C, caphih 5-15°C/s down to 700°C
followed by reflooding with RT water. Axial load$ 250, 540, and 750 N were applied
during reflooding. As shown in Fig.7, they determined a local fracture/no-fracture
threshold for the case of out-of-burst brittle dad,i.e. in the secondary hydrided

region, during water-quenching from 700°C assodiatgh additional tensile loading.
They considered that the load is entirely sustalmethe priorfz layer, so the failure
stress was determined by reporting the applied &vdallure to the cross-section of this
layer. Besides, it was assumed that all the hydragyeoncentrated in the pri@g:

layer. So, the hydrogen content in this layer wetemnined from the mean hydrogen
content measured at the failure location and itsmae fraction. Then, Thieurmel al.

[7] proposed an equation, illustrated in FAg, that relates the failure stress of the prior-
Bzr layer to its hydrogen content. FigZ shows the evolution of the failure stress
determined from Eq. (3) for the pri@g material in the case of brittle failure at RT as a
function of the hydrogen content, for 0.4 wt% oxygk can be seen that the failure
stresses predicted for 0.4 wt% oxygen are sigmitlgahigher than those estimated by
Thieurmelet al [7]. Indeed, the oxygen content in the (pripsr)ayer, which was not
specified in [7], is expected to be higher thanwit% in the presence of high hydrogen
contents, as discussed earlier. As shown inTJHgby considering the effect of
additional oxygen in the (prioB}: phase using the correlations given in Eq. (1B, th
failure stress values calculated with Eg. (3) dases considerably and become fully
consistent with the experimental data reported lwgdrmelet al. [7]. This result
confirms the importance of taking into accountdlditive effects of hydrogen and
oxygen contents and the ability of the relationgtepeloped to predict the failure stress
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of the priorz layer in the secondary hydrided regions of clagslinaving experienced
a LOCA transient.
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Fig. 17.Evolution of the failure stresses of the prflor-material as a function of its hydrogen content:
values determined from semi-integral LOCA testsimgled to out-of-burst failure during quenching
from 700°C after oxidation at 1200°C associatedhwécondary hydriding [7] and associated values
predicted with Eq. (3) (at RT) by taking into acabthe hydrogen content in the prié#-material and
0.4 wt% oxygen or oxygen contents depending orylgeogen contents deduced from Eq. (11);
magnification for failure stress values below 80avP

6 Conclusions

This paper investigated the combined effects openature and of high hydrogen and
oxygen contents on the macroscopic mechanical li@hafvZircaloy-4 upon cooling
from thepz phase temperature range. Model (prity-naterials homogeneously
charged at different hydrogen contents, up to aB600 wppm, and oxygen contents,
up to 0.9 wt%, were prepared from Zircaloy-4 clagdiubes such as those likely to be
encountered in the LOCA-relevant secondary hydriéggbns.

The mechanical behavior of the (prii) materials upon cooling from tlfizr domain
was characterized using uniaxial tensile testsopexdd at a strain rate of 1@* and
various temperatures between 700 and 30°C durialinep(at a cooling rate between a
few °C/s to a few tenths of °C/s) from 1000-1200AGong the important findings are
the following:
- The mechanical behavior of the (prifi)material strongly depends on its
hydrogen and oxygen contents and the loading teatyoer.
- The elastic modulus increases during cooling, wdtlsignificant effects of
hydrogen and oxygen in the content ranges studied.
- For given hydrogen and oxygen contents, the maduiility decreases
significantly as the temperature decreases. Theaseapic ductile-to-brittle
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transition temperature increases continuously mtheasing the hydrogen and
oxygen contents, with an apparent additive efféthese two elements. It
reaches about 580°C for the material containingitaB000 wppm hydrogen and
0.9 wt% oxygen.

- When the material is macroscopically ductile, tloa/fstress increases
continuously with decreasing temperature, regasddéshe hydrogen and
oxygen contents. Oxygen has a strengthening effdettever the hydrogen
content. This effect does not significantly dependemperature in the range
tested. Hydrogen has a softening effect above 500&hly due to an increase
in the proportion of th@z phase and the hydrogen amount dissolved in this
phase, regardless of oxygen content. Below 500f€hardening effect of
hydrogen can be seen, resulting from the preseinoetio hydrides and/or
hydrogen atoms potentially remaining in solid solitin the zirconium matrix
at low temperatures.

- When the material is macroscopically britile, at temperatures below the
ductile-to-brittle transition temperature, the aé stress decreases as the
hydrogen content and/or the oxygen content increase

- Relationships are proposed to describe the magoasowechanical behavior of
the material as a function of hydrogen and oxygertents and temperatures.
ductile-to-brittle transition, elasticity, plastigiin case of ductile failure and
failure stress in the case of brittle failure.

- The failure stresses predicted by the relationphoposed for the brittle case are
consistent with some results reported in the liteea These results were
obtained (i) by tensile tests performed on claddirggs pre-charged with high
hydrogen content, oxidized under steam at HT thatemquenched at room
temperature, and (ii) by semi-integral LOCA testsvhich the cladding, having
experienced secondary hydriding during oxidatioH &t failed during
guenching associated with additional loading. leeges that taking into account
the cumulative (additive) effects of hydrogen amglgen is necessary to
correctly predict the mechanical response durirgieg of the cladding
oxidized at HT with secondary hydriding. Thussitiecessary to consider the
higher oxygen content resulting from the thermodyitaeffect of hydrogen on
oxygen solubility and diffusivity.

The data and relationships obtained can be usafiinite element simulations to study
the mechanical response, during and after cooluggighing, of the claddings having
undergone HT oxidation and secondary hydriding shatv gradients of oxygen and
hydrogen contents, such as those observed undeAldofditions. Besides, these
elements can be used to determine relevant testimgjtions for semi-integral LOCA
tests in the future.

The data have been obtained for a single stragn @ue perspective of this work would
be to study the effect of strain rate. Furthermtire,materials tested were cooled at a
moderate rate. Considering the cooling rate’s effeche microstructure of the (prior-
)Bzr material, it would be of interest to carry out Hsne characterizations on materials
cooled at other rates, in particular faster onageéd, the macroscopic mechanical
behavior of the material is strongly related to ¢benplex heterogeneous microstructure
resulting from the phase transformations, microdbahpartitioning of alloy elements,
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in particular of hydrogen and oxygen, and hydridecpitation occurring during

cooling. A first tensile test performeal situ under scanning electron microscope and
fracture surface observations have shown thatef@mation and the fracture of the
material are heterogeneous at the microscale.adteérspective would be to improve
understanding of the deformation and failure metdmas at the local scale, as well as to
relate the macroscopic mechanical behavior of taeernal to its microstructure.
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Appendix A. Tabular data

Table A.1.Main mechanical properties of the (prigk)material obtained from uniaxial tensile tests: T
is the testing temperature estimated from the teatpee measured on the specimen holder (see Section
2.2.3); Gy is the hydrogen content measured using HORIBA-EMB2A before the tensile testss (S the
oxygen content estimated from the weight gain afteam oxidation; E is the Young modulus; YS is the
engineering stress at 0.2% of engineering plagtiins UTS is the ultimate tensile strength; UEhis
uniform elongation; and PSF is the plastic straifadure; Z is the reduction of cross-section aaea

fracture.
T (°C) (W%;m Co E YS UTS UE PSF y4 Macr_oscopic
) (wt%) | (GPa) | (MPa) | (MPa) ) O] ) failure

30 17 0.13 99 517 651 0.043 0.063 0.12 Ductile
30 17 0.13 101 493 642 0.04p  0.082 0.27 Ductile
135 17 0.13 79 388 525 0.04p  0.085 0.27 Ductile
350 17 0.13 55 224 320 0.0683 0.162 0.41 Ductile
350 17 0.13 59 211 305 0.064  0.142 0.43 Ductile
500 17 0.13 48 161 239 0.07L  0.196 0.72 Ductile
700 17 0.13 38 121 144 0.033  0.298 0.99 Ductile
700 17 0.13 39 134 156 0.038  0.288 0.99 Ductile
30 30 0.46 90 - 391 0.00( 0.000 0.04 Brittle
135 30 0.46 75 631 682 0.006  0.006 0.97 Nearlylérit
350 30 0.46 67 373 416 0.03p  0.086 0.97 Ductile
350 30 0.46 72 359 399 0.03p 0.091 - Ductile
500 30 0.46 55 263 331 0.043 0.126 0.22 Ductile
680 30 0.46 48 196 211 0.03¢4  0.417 Ductile

30 1150 0.13 89 573 632 0.0056 0.005 -0.04 Neaiityldor
135 1150 0.13 70 473 629 0.037 0.042 - Ductile
135 1150 0.13 74 473 628 0.029 0.031 0.13 Ductile
345 1150 0.13 60 317 391 0.044 0.128 0.18 Ductile
350 1150 0.13 63 303 409 0.052 0.15%2 - Ductile
500 1150 0.13 51 216 276 0.056 0.186 - Ductile
690 1150 0.13 42 91 101 0.016 0.271 - Ductile
690 1150 0.13 40 73 81 0.00f  0.241 - Ductile
135 950 0.57 79 - 436 0.000  0.000 - Brittle
350 950 0.57 62 406 424 0.008  0.003 0.06 Brittle
410 950 0.42 64 331 371 0.006  0.005 - Nearly-brittl
500 950 0.57 46 290 335 0.034 0.118 0.39 Ductile
680 950 0.42 31 167 186 0.009  0.225 - Ductile
30 930 0.81 74 - 126 0.000  0.000 - Brittle
135 930 0.81 60 - 146 0.000  0.000 - Brittle
350 860 0.82 50 - 298 0.000  0.000 - Brittle
400 860 0.82 54 335 394 0.019 0.020 - Ductile
500 930 0.81 33 290 331 0.026  0.073 - Ductile
690 860 0.82 13 167 174 0.006 0.174 - Ductile
30 2120 0.18 94 - 417 0.000 0.000 -0.03 Brittle
30 2000 0.21 82 - 402 0.000  0.000 0.09 Brittle
130 2100 0.2 67 - 483 0.002  0.002 0.09 Brittle
135 1850 0.18 63 - 383 0.00p 0.000 -0.06 Brittle
135 2100 0.21 76 474 575 0.008 0.008 -0.p4 Neaitileb
135 1960 0.2 70 492 497 0.002  0.002 0.12 Brittle
300 2520 0.2 54 403 527 0.021  0.021 0.10 Ductile
350 2000 0.21 55 318 431 0.046  0.102 0.47 Ductile
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400 2520 0.2 46 336 445 0.040 0.098 0.53 Ductile
500 1950 0.19 36 221 270 0.032 0.154 0.74 Ductile
500 2400 0.18 41 226 283 0.040 0.167 0.68 Ductile
580 2000 0.21 37 158 168 0.018 0.246 0.99 Ductile
700 1710 0.19 25 77 82 0.00B 0.296 0.99 Ductile
700 2400 0.19 26 83 85 0.00¢4 0.357 0.99 Ductile
350 2200 0.44 79 - 128 0.000  0.0Q0 - Brittle
400 2200 0.44 64 - 219 0.000  0.0Q0 - Brittle
500 2200 0.44 47 283 368 0.027 0.037 0.10 Ductile
580 2200 0.44 48 225 272 0.017 0.138 0.21 Ductile
690 2200 0.44 32 150 167 0.010 0.176 0.29 Ductile
500 2100 0.84 49 - 189 0.001 0.001 0.11 Brittle
580 2100 0.8 47 209 223 0.003 0.004 0.08 Nearlkyidri
690 2100 0.8 35 166 193 0.010 0.081 0.21 Ductile
30 3210 0.185 99 - 298 0.000  0.0Q0 0.10 Brittle
30 3000 0.21 97 - 378 0.000 0.000 0.25 Brittle
135 2875 0.22 68 - 396 0.000  0.0Q0 0.08 Brittle
355 3220 0.22 58 419 479 0.007 0.007 0.11 Neaittleor
350 2910 0.21 56 407 496 0.010 0.010 -0.07 Nearittleb
400 2935 0.15 54 381 389 0.002 0.002 0.10 Brittle
500 3000 0.22 49 197 259 0.042 0.163 0.74 Ductile
700 3000 0.22 42 113 114 0.003 0.308 0.99 Ductile
700 3000 0.21 40 98 102 0.004 0.278 0.99 Ductile
500 2800 0.47 62 235 274 0.005 0.005 0.01 Neaittleor
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