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M echanical behavior at high temperature of highly oxygen- or hydrogen-enriched a and
(prior-) p phases of zirconium alloys

ABSTRACT: During a hypothetical loss-of-coolant accident @A&), zirconium alloy fuel
claddings can be loaded by internal pressure apdsed to steam at high temperature (HT,
potentially up to 1200°C), then cooled and watesrgahed. A significant fraction of the oxygen
reacting with the cladding during HT oxidation diges beneath the oxide through the metallic
substrate. This induces a progressive transformafithe metalliz- phase layer into an
intermediate layer aiz(O) phase containing up to 7 wt.% of oxygen. Furtiee, in some
specific conditions, the cladding may rapidly albsarsignificant amount of hydrogen during
steam exposition at HT. Beinga-stabilizer, hydrogen would mainly diffuse and centcate

up to several thousands of wt.ppm into the irflaephase layer.

Oxygen and hydrogen are known to modify the metgibal and mechanical properties of
zirconium alloys but data are scarce for high cotsteespecially at HT. However, such data are
important basic components to improve the assegdsshéime oxidized cladding mechanical
behavior and integrity during and after LOCA-likeetmal-mechanical transients.

This study intended to provide new, more comprelverdata on the HT mechanical behavior of
theoz(O) and the (prior-Bz phases containing high contents of oxygen anddugr,
respectively. Model samples, produced from@Wand Zircaloy-4 cladding tubes,
homogeneously charged in oxygeit (vt.%) and in hydroger<B8000 wt.ppm) respectively,
were prepared. Their mechanical behavior was datednunder vacuum between 800 and
1100°C for the oxygen-enriched: phase, and in air between 700 and 20°C, afterrgpéiom
the Bz temperature domain, for the hydrogen-enriched(prBzr phase. Thez phase is
substantially strengthened and embrittled by oxy&emwer-law and nearly linear creep regimes
are observed and were modelled for stress levgtsnoeand below 15 MPa, respectively. The
modelaz(O) material experiences a ductile-to-brittle titios at 1000-1100°C for oxygen
contents between 3.4 and 4.3 wt.%. The viscoplastiavior of theiz:(O) phase was used to
evaluate the contribution of the(O) layer to the HT creep behavior of an oxidizeel f

cladding tube subjected to internal pressure. Toéain(prior-)Bz- phase becomes
macroscopically brittle at temperaturels35°C and350-400°C for average hydrogen contents
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of ~2000 wt.ppm and 3000 wt.ppm, respectively. &tiect of hydrogen on ductility decreases
with increasing temperature and vanishes beyon8&Qaa the ductile domain, the (priof3}
phase containing 1700~3200 wt.ppm of hydrogen Hagteer flow stress than the hydrogen-free
material at 500°C, and a lower one at 700°C, reaspdy. Young’'s modulus and plastic isotropy
of the (prior-)Bzr phase are not significantly modified by high hyglo contents.

Keywords: Zircaloy-4, M%®, oxygen, hydrogen, LOCA, mechanical behavior, heghperature

Introduction

During a loss of coolant accident (LOCA) hypothatiscenario in a light water reactor, fuel
claddings made of zirconium alloys are loaded bgrimal pressure and exposed to steam at high
temperature (HT, up to 1200°C) before being codleeh water quenched. At HT, a significant
fraction of the oxygen reacting at the metal/oxiterface diffuses through the metallic
substrate. Once the solubility limit of oxygen ez phase is reached, a metallic layer of
oxygen-stabilizedizr phase, calledz(O), grows from the interface between the oxidetand
the Bz phase substrate [1][2][3]. There is a strong thtoethickness gradient in oxygen
concentration, from ~7 wt.% at the oxide(O) interface down to 2 wt.% at tler(O)/Bz
interface and not higher than 0.6 wt.% in faephase. During cooling, tHzr phase layer
transforms back intazr and forms the so-called pri@g: phase, with a typical Widmanstatten or
parallel-lath structure morphology [4].

The cladding subjected to internal pressure at FY swell and burst at the beginning of the
LOCA transient. The quenching at the end of thedient induces internal stresses, due.tp
inhomogeneity in thermal expansion coefficients phdse transformations. These internal
stresses, potentially associated with additionallmaeical loading, can result in a brittle failure
of the cladding once it is heavily oxidized and hgdd. When analyzing the mechanical
behavior of the cladding at HT, and then during after quenching, the effects of both oxygen
and hydrogen should be taken into account.

On the one hand, the mechanical response of thdingduring a LOCA-like transient
depends on its degree of oxidation. In particulapz(O) phase layer formed at HT can have
strengthening and embrittling effects [3][5][6].gdod knowledge of the mechanical properties
of this phase at HT is thus an important issue. él@x, most of open literature data were
obtained for oxygen contents lower than 2 wt.%gJ{#][10][11][12][13] or did not concern the
viscoplastic behavior at HT [7][14]. There seembémo data about the creep behavior of the
az:(O) phase for oxygen contents higher than 2 wt.%duétile-to-brittle transition appears as a
function of the oxygen content but this transitisiknown neither for HT nor for oxygen
contents higher than 2 wt.%.

On the second hand, during in-service operatidrgaion of the hydrogen released during
corrosion by the primary water environment is abedrby the cladding. The end-of-life
hydrogen content expected for high burn-up cladngs00 wt.ppm for Zircaloy-4 [15] and
~100 wt.ppm for M® [16]. A significant hydrogen uptake can also odousome specific
conditions during steam exposition at HTg, during post-breakaway oxidation at temperatures
typically lower than 1050°C. However, for moderrclaar fuel cladding alloys such as low-tin
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Zircaloy-4 and M®, breakaway oxidation occurs too late [17][18][19][20 affect the cladding
behavior during a LOCA transient.

“Semi-integral” LOCA tests have been performed imgle fuel rods [21][22][23] or on a
bundle of rods [24] to simulate the whole LOCA si@mt. They have shown that fast and
substantial secondary hydriding can occur duringsk€Bm exposure following the ballooning
and burst sequence: local hydrogen concentratiprie 8000-4000 wt.ppm were measured in
the vicinity of burst opening after only a few tesfsseconds under steam at HT. In that case,
secondary hydriding results from the oxidationte tladding inner surface after steam has
penetrated through the burst crack into the gawdmat the fuel pellets and the inner cladding
surface. Then, local hydrogen uptake is inducethbyesultant increase in hydrogen partial
pressure inside that gap when moving away fronbthist opening, due to steam starved
conditions [25][26]. The resulting hydrogen disttilon within the cladding tube is
heterogeneous [27]. Hydrogen mainly concentratstive inneiizr phase layer [3][28][29].
The mechanical behavior of the cladding during aftek quenching further depends on the
properties of that (prior{)zr phase layer, which is the only ductile part of txélized cladding
once cooled down after a LOCA transient [2][3][22].

During or after quenching, the burst cladding miigtitin two different manners, depending
on the characteristics of the transient and resuttladding microstructure and geometry. At the
burst location, the cladding is thinnest and itelation level is highest; a few centimeters away
from the burst location, the cladding is thicked &ess oxidized but more heavily hydrided
[24][30]. Several studies addressed the effectydfdgen on the resistance to quenching [23]
and the post-quench mechanical properties [3][22[B2] of zirconium alloys fuel claddings
oxidized at HT. It was shown that the effect of logkn results from an intrinsic embrittlement
mechanism [3] but also from an increase, in thegmee of hydrogen, in solubility limit of
oxygen in theBz phase [33][34][35], leading to higher oxygen comtend additional
embrittlement [1][2][3][14][18]. However, most di¢se studies focused on hydrogen contents
lower than 1000 wt.ppm, as the main purpose wasvestigate the effect of pre-transient in-
service hydriding. To the authors’ knowledge, dataalloys with higher hydrogen contents and
cooled from HT (two-phasei£+ Bzr) and single-phagér domains) are very scarce and limited
to room temperature [31][36], while a significafffeet of temperature is expected.

This work aims at improving both experimental dasds and understanding of the separate
effects of high oxygen and high hydrogen contentthe behavior of microstructures having
experienced a thermal cycle up to HT. The first pathe present paper addresses HT (800-
1000°C) viscoplastic flow and fracture of ttag(O) phase containing more than 2 wt.% of
oxygen. A part of the results has already beenrteg@lsewhere [37]. A model is developed on
the basis of these data to describe the viscoplastiavior of theiz:(O) phase. This model is
then used with finite element analysis to evalta¢eeffect of theiz(O) phase layer on the creep
behavior of a fuel cladding tube subjected to @erimal pressure at HT. The second part of the
study focusses on the mechanical behavior of thier{ppz phase between 700 and 20°C,
during cooling from HT, and on the effect of higgdhogen contents. The effects of oxygen on
the properties of the (priorfyr phase are not directly addressed in this papenghde
published elsewhere.
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M echanical behavior of highly oxygen-enriched azr(O) phase
Materials and experimental procedures

Sample preparationModel oxygen-enrichedz phase samples were prepared from fully
recrystallized M® cladding tubes from AREVA NP (nominal outer diagret9.5mm, wall
thickness ~0.57 mm, chemical composition repontetiable 1). Oxygen charging was
performed in several steps. First, the tube sampées oxidized in steam at 1100°C in the
EDGAR facility [38] in order to introduce oxygentinthe material, mainly under the form of
outer zirconia and intermediadg:(O) phase layers. Oxidation durations at 1100°Gavget from
the targeted oxygen contents by using availabldatidin kinetics [3][18][20][33][39]. 265-mm-
long oxidized samples were then annealed undendacy vacuum for 3h at 1200°C in order to
homogenize the oxygen concentration (by reductfdheoxide and diffusion of oxygen across
the wall thickness). Modeizr phase samples with about 2 (10), 3.2 (16), 4.3480 5.8 (26)
wt.% (at.%) oxygen contents were thus preparederiog the typical range of contents reported
for theaz(O) phase. Homogeneity and mean oxygen contents measured by Electron Probe
Micro Analysis (EPMA, CAMECA® SX100 microprobe) with a typical accuracy of Ov23%b.

TABLE 1—Nominal chemical composition (in wt.%) of the stadinaterials in their as-received state.

Material Sn Fe Cr Nb (@] Zr H
M5® - 0.04 - 1.0 0.14 Bal. <0.0005
Zircaloy-4 1.3 0.2 0.1 - 0.13 Bal. <0.0005

Mechanical testing-+a order to avoid handling of such brittle sam@ésoom temperature
[14] the annealing step was carried out just befoeep testing, in an electrical-mechanical
tensile machine with a radiation furnace, operateder secondary vacuum [40][41]. The
temperature was monitored using Pt/Pt-Rh thermdesigpot-welded onto the specimen
surface.

After the homogenization step, the temperaturedeaseased (by a few °C/s) down to the
selected creep test temperature. The specimensawiatly loaded in tension. The gauge part
was delimited by using two alumina rings cementgzhsnto the tube. The axial temperature
gradient along the gauge region was 10+£5°C. Thal akwngation was continuously measured
by using a laser extensometer with a spatial résolof 1 pm.

Creep tests were performed at constant temperaétweeen 800 and 1000°C for true axial
stresses ranging from 2 to 31 MPa. As in [40], eveonstant load levels were successively
applied to each specimen. Indeed, no or very lonemary creep was observed at the
beginning of every loading step. A steady-state stmain rate was thus determined for each load
level. A test with increasing, then decreasing leagls evidenced no significant loading history
effect on the observed creep behavior.

8 CAMECA is a registered trademark of CAMECA SAStie USA or other countries
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Microstructure of the model materialsAfter creep tests, the specimens were cut at mid-
gauge length, perpendicular to the tensile axisrfetallographic observation. Their
microstructure was mainly composedogf(O) grains (Fig. 1), enriched in oxygen and deplete
in niobium and iron (Fig. 2). Regions of untransfiedfz: (or priorfz) phase, strongly enriched
in niobium (up to 8 wt.%) and iron, and containl§+0.2 wt.% of oxygen, were also found
locally (Fig. 2(a)). The volume fraction of thesgions was very low (<10%) for the lowest test
temperatures or the highest mean oxygen conteémtsadhed 10-15% for tests beyond 1000°C
for the material containing 2 wt.% oxygen, in agneat with thermodynamic equilibrium
estimated using the Thermo-Calé8bftware together with the Zircobase database([gig] 3).
Thus, somézr phase was still present during the HT creep téxisside these regions, the
oxygen content was satisfactorily homogeneous acdheswall thickness (Fig. 2), with the
exception of the sample with 5.8 wt.% of oxygeraftient of ~2 wt.%).

The grain morphology of the tested specimens degzend the mean oxygen content (Fig. 1).
In the material containing ~2 wt.% of oxygen, thhg§O) phase appeared as coarse lamellae,
100~200-um-long and 20~40-um-thick, mainly oriegedpendicular to the cladding axis.
Lamellae were separated by a continuous networ&sidual niobium-enriched priz phase
and/or metastabl@zr phase already known in Zr-Nb alloys [43]. For legbxygen contents,
az(O) grains were larger (200~5@én), more equiaxed and the residual (prifer)phase was
not continuousaz(O) grains were smaller at the cladding surfacehé material containing
5.8 wt.% of oxygen, a thin residual oxide layer i@md at the outer surface and underlying
azr(O) grains were partially columnar. Indeed, at shigjin oxygen content, the material was
nearly saturated in oxygen (solubility limit ~7 %) and the concentration gradient and the
driving force were low, so that longer soaking diaras would have been necessary to fully
homogenize the material.

(@) (b)

FIG. 1—Optical micrographs of transverse cross-sectionsciifep tested modelz(O) samples containing in
average (a) 2 wt.% and (b) 4.3 wt.% of oxygen (ositeface on the left); DR: radial direction; DAulbe axis; DT:
circumferential direction.

7 Thermo-Calc is a trademark of Thermo-Calc Software
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FIG. 2—Oxygen and niobium concentration profiles (EPMAYyoas the thickness of mode}(O) samples

containing in average (a) 2 wt.% and (b) 4.3 wt.fexygen.
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FIG. 3—Measured (EPMA) and calculated (Thermo-Calc™ + @base)az(O) phase volume fraction as a

function of oxygen content and temperature.

The crystallographic texture of the modegl(O) material containing ~2 wt.% of oxygen was
investigated by electron backscatter diffractioB8D) on ~500 grains and by neutron
diffraction (Léon Brillouin Laboratory, CEA Saclagh ~16 grains, respectively. Both
measurements showed a strong texture with <c>rag@dy perpendicular to the tube axis (Fig.
4). No preferential orientation of the <c> axesalthe radial or hoop directions was evidenced
using EBSD. Kearns factors value® (fraction of resolved basal poles aligned along a
particular macroscopic direction) of 0.41 and 0@85 were respectively determined along the
tube axial and hoop directions. These values angasito those (0.36 and 0.51, respectively)



measured by EBSD onoa:(O) layer formed during oxidation in steam at 1XD@h a specimen
of the as-received material.

From these results, it was considered that the hed®) material, prepared by oxidation,
dissolution and homogenization, was reasonablyesgmtative of thez(O) layer observed in
claddings oxidized at HT [44].

1010

Max=9,1

DT

0001

DR

(b)

FIG. 4—10.0}, {11.0} and {00.1} pole figures recalculatéamt a modekz(O) sample containing 2 wt.% of oxygen
in average: (a) surface analysis by EBSD, (b) vawamalysis by neutron diffraction; DR: radial ditém;
DT: circumferential direction.

Viscoplastic behavior of the model materials

Viscoplastic flow-Specimens containing more than 4 wt.% oxygen faile brittle manner
without significant strain. The steady-state vidasfic flow behavior of modelz(O) samples
containing up to 3.4 wt.% oxygen is shown in FigTwo creep regimes were observed.
Whatever the creep test temperature, for stresghsrithan 15 MPa, the strain rate follows a
power-law dependence upon stress with a stressierpa, close to 5. For lower stresses
(<10 MPa), a nearly linear flow regime takes plac@Cdt, 1000 and 1100°C.

The high-stress power-law regime, probably corgbby dislocation glide and climb, was
already reported for zirconium alloys, enricheadxygen or not [10][12][40]. In non-enriched
azr, the linear creep regime was associated with deatgpe diffusional flow along grain
boundaries [47]. Here, the grain size in the oxygernched material was significantly larger
(~6.75-16 un?) than that of a non-enriched material in ghedomain (~18 un¥). The linear
creep regime may thus rely on another flow mecmanist could not be clearly identified on the
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basis of available data. Nevertheless, a qualéaialysis, taking oxygen partition and grain
size into account [44], was made in order to euvalgantributions from the Nabarro-Herring
(bulk diffusional flow) [48], Coble and Harper-Dofmiscous glide) [49] deformation regimes.
This analysis suggested that diffusional flow doetés in spite of the relatively large grain size.
The influence of grain size on viscoplastic flowtleé modebz:(O) microstructure has still to be
experimentally determined to further investigatis ffoint.

As reported in [37], the oxygen-enricheg(O) material has a significantly higher creep
resistance than the as-received, non-enriched imatEne ratio between strain ratesoof
(extrapolated from [40]) to that o£(O) is between 100 and 1000. For a given stresd, lthe
strain rate ofiz(O) containing 2 wt.% oxygen is 4@mes lower than that @.. Oxygen-
induced strengthening increases with oxygen consératin rates being reduced by nearly a
factor 10 when the oxygen content is increased f2am to ~3.2 wt.%.

By considering the present results for model oxygericheduz(O) phase (fabricated from
M5®) together with the data reported in [40] for nomiehed Zr-1wt.%Nb-0.14wt.%0, the
viscoplastic strain rate of Zr-1wt.%Nb and its degence on the oxygen content could be fairly
well described by the following phenomenological&ipn, already used by [10], [11], and [12]:

._A _g B
—?exp{ RT)O’” exp(-BG,) (1)

In Eq. (1), ¢ is the true strain rateg is the true stress in MPA, is the temperature in K, is
the oxygen content in wt.9%R is the gas constar, Q, n and B are material parameters; their
adjusted values are given in Table 2 for each cregime. The values of activation enerQy

are comparable to those reported for non-oxygeiclegt oz phase in Zr-1wt.%Nb-

0.14wt.%0 [40]. The effect of oxygen is weakerhe tinear regime than in the power-law
regime. As illustrated in Fig. 5, the model accelyateproduces the viscoplastic behavior of the
modelaz(O) material.

TABLE 2—Model parameters adjusted to describe each visabiglflow regime of the model oxygen-enriclagd
material.

Deformation  » « Mpans n  Q(KImof) B (WLY%Y

regime
Linear 5.75-19 1 180 0.53
Power-law 4.80-10 5 222 2.29
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FIG. 5—True tensile strain rate vs true tensile stresqesimental data on modek:(O) samples (symbols) and
predictions from Eq. 1 (lines). For the sake ofginity, samples containing 2.9~3.4 wt.% of oxygeslabelled
“3.2 wt.% O”.

Predictions from Eq. (1) are compared in Figo@8hose from literature models, at 1000°C for
stress levels of 2 and 20 MPa, relevant to theatia@d power-law creep regimes, respectively.
For this purpose, creep rate equations availabte fiterature were extrapolated up to 1000°C
([20], [40] and [46]), down to 2 MPa ([10], [12] df46]) and up to 3.2 wt.% of oxygen ([10],
[12], [40] and [46]). Under a stress level of 20 &1Bxygen-induced strengthening predicted by
Eq. (1) (B = 229) is lower than those reported in [12] for ZircalyB = 2.8) and in [10] for
Zircaloy-2 (B = 342), yet for oxygen contents and temperatures lohen those of the present
study. This might be due to a saturation of oxygeluced strengthening for contents higher
than 1.5 wt.% or to a reduction in strengtheninthwicreasing temperature. For a stress level of
2 MPa, predictions from Eq. (1) significantly diffeom those of literature models, due to the
linear creep regime, observed here for the firsetin a highly enriched material. As a
consequence, models proposed in [10], [12] and$461ld not be extrapolated without caution
to low stress levels.
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FIG. 6—Effect of oxygen on the viscoplastic strain rate£fO) at 1000°C under 2 and 20 MPa estimated using
the model developed in the present study and thagmsed by Burton et al. [10] and Donaldson an@fs/[46]
for Zircaloy-2, Kaddour et al. [40] and Chow et §l.2] for Zircaloy-4 and Kaddour et al. [40] for M&.

Influence of microstructural featuresFhe presence of up to 15% of untransforrpgd
phase, reported in the previous section is expdotewiuce two competing effects: on the one
hand, theBzr phase is softer than the(O) phase; on the other hand, partition of oxygaus$ to
oxygen enrichment in thezx(O) phase.e. to further strengthening. These effects were
tentatively quantified for the model material contag 2 wt.% of oxygen, tested above 1000°C,

by using an (inverse) homogenization approach aitlaylor assumption. The macroscopic
axial strain rateE, and the axial strain rates @f(O) andpz phases, respectively denoted as

£, 0 andé, , were assumed to be equal:
Bt = m 2)

The macroscopic axial stress, was assumed to depend on axial stressgs,,, and o,
within az:(O) andBz: phases, respectively, and on the volume fractidhezr phase,f, :

z={1- fs, )wab © * 15,08, (3)

The mechanical behavior of tRg phase was described by the power-law model prabose
[40] for Zr-1wt.%Nb-0.14wt.%0, modified to take hiam enrichment into account. Trego [45]
reported that an increase in niobium content froim 2.25 wt.% reduced the creep rate offthe
phase by ~50%. The enrichmentgf in niobium is larger in the present case. Howgewethe
absence of additional data, a factor 0.5 was apptie¢he strain rate predicted by the model
described in [40], so that tifier phase creep rate and softening effect were prglséightly
overestimated. Parameters of the power-law equ#timindescribes the flow behavior of the
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azr(O) phase itself were then adjusted by using aatitee process so that the macroscopic
response of the model for the homogenized matitiad the experimental results obtained for
the model ¢z(O)+ Bz) samples. As reported in Table 3, the behavidthefmodebz(O)

material is close to that of the:(O) phase alone, of same oxygen content: the stagens
reduced by a factor less than 2 due to the sofiets® 3z phase. The strengthening effect of
oxygen partition betweeny(O) andpzr was evaluated using Eq. (1) with parameters irlelab
and chemical composition from abovementioned thegmamic calculations for a mean oxygen
content of 2 wt.%. As shown in Table 3, the resglincrease in oxygen content by 0.25 wt.%
leads to a reduction of the creep rate ofdh€O) phase itself by a factor 2. As a result, both
softening and strengthening effects of the two-phagrostructure of this material on the strain
rate are small (negligible below 1000°C and a fa2tat 1100°C) and compensate each other in
the high stress creep regime. As a consequenceistteplastic flow behavior of the model
materials is considered as representative of thsingle-phasez(O) having the same chemical
composition. The two-phase microstructure is thotsemplicitly taken into account in the
following. Only the values of the creep model pagtars directly tuned on the data obtained on
the model oxygen-enriched materials (Table 2) wees.

TABLE 3—Estimated effects of residugil: phase on the enrichment in oxygen of dh€O) phase, and on the
strain rate (multiplicative factors) of the model(O) material with a mean oxygen content of 2 wt.%.

Temperature (°C) 800 900 1000 1100
Bz phase fraction <0.05 0.1 0.15
Oxygen content inz(0) 2~2.08 217  2.26
. Linear <1.1 1.1 1.2
Softening due 1@z: phase Power-law <13 19 19
Strengthening due to enrichment Power-law <12 15 18

in oxygen in thez(O) phase

Fracture of the modelz(O) materials

Macroscopic ductility—Fhe maximal axial strain values recorded duringatkial tensile
creep tests are reported in Fig. 7. These valebaer bounds of the actual fracture strain. In
most cases, due to the reduction in diameter aggoicwith axial elongation, the alumina rings
used for monitoring elongation fell once the asi@hin reached 4 to 10 %s., well before
fracture. From Fig. 7, modek:(O) materials with oxygen contents between 2 add\8.% are
ductile between 800 and 1100°C. Specimens contamiore than 4 wt.% of oxygen failed in a
brittle manner, even at 1100°C. A ductile-to-beitifansition thus occurs at 1000~1100°C for
oxygen contents between 3.4 and 4.3 wt.%.
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FIG. 7—Evolution of the maximal measured axial strain @owound of fracture strain) as a function of the/gen
content and test temperature of thgO) model materials tested under tensile creep.

Physical fracture mechanism$&eanning Electron Microscopy (SEM) observationhef t
fracture surfaces of creep specimens with 2 ana@v8% of oxygen shows that the fracture mode
was not the same at the outer periphery, whereeaxidloz(O) phases were located after
oxidation, and for the rest of the specimens witegez(O) phase was formed during
homogenization (Fig. 8). This highlights an effetthe oxidation, then homogenization
processing route used to prepare these model mlatd¥ievertheless, the microstructure
(chemical partitioning, texture and grain morphgfogould not be differentiated between these
regions. This difference in fracture behavior migatdue to the existence of finer and
disoriented subgrains linked to the structure efghrent oxide phase layer, to possible short-
range ordering for particular oxygen concentratemges and/or to defects (cavities,
microcracks, ...) resulting from phase transformatibairconia intooz(O) during
homogenization, associated with a significant vautecrease (by ~50%).

At the outer periphery, brittle fracture occurreshrly perpendicular to the loading direction.
A network of steps, oriented along a reduced nurobdirections, was evidenced on these outer
cracks. These steps could be due to either cledvagere along different planes or to stress
relaxation by localized slip, probably after fragtuwith the exception of the sample outer
periphery, considerable reduction in thicknesstougimost 100%, was measured for samples
with 2 and 3.4 wt.% of oxygen. Large (>20 um) ¢itipl dimples were also locally observed. A
longitudinal cross-section of a sample containingt 26 of oxygen, fractured at 900°C revealed
that theoz(O) phase can withstand high strain levels in tloeselitions. Due to its much lower
oxygen content, the (priorfyr phase, which formed a nearly continuous netwotkénmodel
material containing 2 wt.% oxygen, probably faaiis strain accommodation betwegifO)
platelets, leading to higher macroscopic ductiBteps similar to those observed in the nearly
brittle outer zones were present on the dimplesaaatld also in the bottom part of the dimples
(Fig. 8(a)). This suggests that these steps miglhiue to (localized) slip rather than to cleavage.
Angles of 90 and 120° between these steps arestensivith angles between known slip planes
of theazr hexagonal structure.
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FIG. 8—SEM fractographs afz(O) specimens containing (a) 2 wt.% of oxygen (rightirfe: enlarged view inside
a dimple) and (b) 3.4 wt.% of oxygen (right figuealarged view of a nearly brittle zone) fracturstdL000°C.

Model materials with more than 4 wt.% of oxygeniexkd a purely brittle behavior above
1000°C. In the specimen containing 4.3 wt.% of @yggrains were very coarse and fracture
was mainly intergranular (Fig. 9(a)). A 50-um-thieler ofaz(O) phase (chemistry confirmed
by EPMA) with an atypical columnar morphology wdsserved at the outer periphery. This
further suggests that the initial microstructurehef oxidized material was not completely
“erased” during the homogenization step. In theemiaitwith 5.8 wt.% of oxygen, a thin residual
columnar zirconia layer, broken by intergranulacture, was observed at the outer periphery.
Theaz(O) phase mainly fractured by cleavage and extdbiteer patterns (Fig. 9(b)). Some
regions exhibited a flat and smooth appearanceestigg intergranular fracture. Such mixed
(cleavage + intergranular) brittle fracture obsdraeHT (oxygen content higher than 4.3 wt.%)
looks like the fracture surface reported by Gartd®.§50] for Zircaloy-4 containing 2.3 wt.% of
oxygen and tested at 850°C; the comparison carmbirther due to fracture conditions missing

in [50].
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FIG. 9—SEM fractographs of (a) a(O) sample containing 3.4 wt.% of oxygen, fractured220°C (right
image: detailed view afz(O) on the tube external periphery) and (b)ea{O) sample containing 5.8 wt.% of
oxygen fractured at 1000°C (right image: enlargéslwof residual zirconia within the;(O) layer).

Modeling the high temperature creep behavior obamlized cladding

Model description-n order to assess the strengthening effect ofatixid on the HT creep
behavior of fuel cladding, a model was implemernited the finite element code Cast3M
developed at CE® The purpose was to calculate the mechanical nsgpof an oxidized
cladding subjected to internal pressure at HT (120 1100°C) and to compare the predictions
to available results of tests performed in a steamironment in the EDGAR facility [38] on
Zircaloy-4 and M® cladding specimens.

The oxidized cladding was represented as a thyes-taaterial: an outer oxide layer, an
az:(O) layer and an innd¥zr substrate. In this first approach, mechanical eriogs of all layers

8 http://lwww-cast3m.cea.fr/
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were assumed to be isotropic. The growth of thd®anduz(O) phase layers, as well as
damage and fracture were not simulated. Insteadppric calculations were carried out by
varying the thickness of the layers in the (undefed) mesh; the thickness of the oxide and
az:(O) phase layers were set as a function of time favailable kinetics data [3][33][39]. The
layers were supposed to be perfectly adherentdio ether and separated by smooth interfaces.
Oxidation-induced internal stresses, thermal s¢raimd strains due to phase transformations as
well as oxide growth or oxygen ingress into theahetere not considered. From experimental
results presented in the present papergiH{®) phase is brittle at HT when its oxygen content
exceeds ~4 wt.%. Thus it could be reasonably egpdbtiat in an oxidized cladding, the part of
theoz(O) phase layer that contains the highest oxygateot cracks at the very beginning of
creep loading even if direct observations wereavailable. A parametric approach was thus
adopted by considering three representations abxitézed cladding:

» atwo-layer fzr + 0z:(O)2-4) model: only the8z: substrate and that part of thag(O) layer
containing less than 4 wt.% of oxygen (expecteloetauctile) were considered to sustain
the load;

* atwo-layer Bz + az(O)2-7) model: theBz substrate and the whale:(O) layer were
considered to sustain the load;

» athree-layerflizr + az(O)2-7 + ZrOz) model: both th@z substrateqz(O) and oxide layers
were taken into account.

For practical reasons, numerical simulations weréopmed in 3D and a small portion (0.02°
sector with a height of 2 pm) of the cladding wasshed (Fig. 10) by using quadratic brick
elements with full integration. In ther(O) and oxide layers, the mesh size along the lradia
direction was set to 1 um for layer thickness <1@nu to 2 um otherwise. In tiig: substrate,
the mesh size increased from that used fontH©) layer up to 20 um near the inner surface.
The spatial distribution of oxygen across the waltkness was represented by introducing a
local oxygen concentration at Gauss points (Fig. AQinear oxygen concentration gradient was
assumed across the(O) phase layer (from 2 wt.% at the interface whitbpz: layer to 4 or
7 wt.% at the opposite surface, according to thected configuration).

01 2 4 7 25

Oxygen content (wt.%)

FIG. 10—Example of mesh and oxygen concentration field fisefinite element simulations for the three-layer
(Bzr + az(O)2:7 + ZrOz) model.

Standard symmetry conditions were applied to thdeamf the upper, lower and lateral
surfaces. From a preliminary experimental studgpefcimens subjected to internal pressure
creep, the prescribed zero-axial-displacement ¢tiomd@long the tube axis was representative of
the mechanical response of an isotropic claddingnah subjected to a closed-end internal
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pressurization test. An internal pressure, updateshch time-step in order to account for the
updated geometry, was applied to the inner surfHoe.calculations were performed by using an
updated Lagrangian method. A variable time-stepvden 0.1 and 200s was used for the
investigated range of creep rates @2 sY). It was checked that the mesh sizes and the time-
steps used were small enough to guarantee thegghlts were not significantly affected by the
spatial and temporal discretization.

In the constitutive equations, the total strain wdditively decomposed into elastic and
viscoplastic strains. Elastic strains were cal@datia an isotropic Hooke’s law with Young'’s
moduli of respectively 44 GPa f@g: andaz(O) layers, and 200 GPa for ZrGnd a Poisson’s
ratio of 0.3 for all layers. Due to missing infortioa about viscoplastic flow anisotropy of any
layer, a von Mises equivalent was used to calctleeviscoplastic potential. An additive
combination of the viscoplastic strain rate tengmm the two viscoplastic deformation regimes
(i.e. linear and power-law) was used. Both of thesedenwere obtained by assuming the
normality rule, and thus were associated with #iraesflow direction. The plastic multipliers
were given for each regime by the flow equationthanform of Eq. (1). The viscoplastic
behavior of thedzr phase was described by the flow equation propiwsgiD] for Zircaloy-4 and
by those presented in [40] and [45] for M5The flow equation (Eg. (1)) with parameters in
Table 2 was used to describe the oxygen-dependsaplastic behavior of the(O) phase.

The HT viscoplastic behavior of the oxide layer veaimated using a power-law equation with
parameters tuned on the basis of results of HTpatempression tests on a bulk, industrial
doped monoclinic and tetragonal zirconia [51][52]fZhe following adjusted values were found
for parameters in Eq. (14X = 5.08- 1&°K.Mpa™".s!, n = 1.52,Q = 500 kJ.mal, B = 0.

According to these data, the creep rate of.4sQvithin the range of values expected for the
az:(O) phase. Yet, this flow equation certainly pr@sd very rough representation of the
behavior of the oxide layer of interest here, whasemical composition and microstructure are
very different from those of industrial doped zinca

Results and discussiomAs shown in Fig. , theBgr + 0z(O)2-4) model, only considering that
part of theuz(O) phase layer expected to be ductile, strongteuvestimates the gradual
reduction in strain rate observed during intermabpure creep tests under HT steam.
Experimental strain rates are slightly underestudity the [§zr + az(O)2-7) model that considers
the wholeoz(O) phase layer to sustain the load. Additionarggthening brought by the oxide
layer (Bzr + az(O)2-7 + ZrOz) model) appeared to be limited (factor 2 on theeprrate) but
enables fairly well reproducing the experimentaleqr strain of the cladding. Similar results
were obtained by comparing similar numerical sirtiakes to (unpublished) experimental creep
of Zircaloy-4 and M® claddings at 1000 and 1100°C. This suggasiesteriorithat theuz(O)
phases formed in Zircaloy-4 and Bi®ould have comparable microstructures and visstipla
behavior under these conditions.
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FIG. 11—Evolution of the viscoplastic strain rate of a Zloy-4 cladding specimen creep tested in steam at
1100°C under a 5 bar internal pressure: experimengault, prediction from the creep model preseritefft0] for
a non-oxidized cladding (tested in a vacuum) aretifmtions from the three finite element models.

As the deformation mechanism associated with tieali creep regime of the(O) phase,
and thus its grain size sensitivity, could notdentified, Eq. (1) did not take grain size
sensitivity into account. In order to evaluate ithpact of this assumption on the results reported
in Fig. 11, the creep flow equation of the(O) phase in the linear regime was modified by
adding a cubic dependence on the grain size (Qgpkediffusional flow). A reference grain size
of 66 um was chosen to fit data on model materigdsed on microstructural observations of
oxidized claddings, a range of grain sizes equ#iiab of the thickness of the(O) layer (2-
70 um) was considered. The results obtained wéhwio-layer Bz + oz(O).2-7) model are only
slightly modified by the introduction of this grasize dependence.

As things stand at the moment, it is possible toemtly predict the mechanical behavior of
the oxidized cladding with the proposed model mly dy considering the contribution of the
wholeaz(O) layer (Bzr + 0z(O)2-7) or Bzr + 0z(O)2-7 + Zr0Oz2) models). This is in contradiction
with fractography results from the present studgrdbver, numerical simulations predict high
stress levels (up to ~200 Mpa) in the outer pathefiz(O) layer. Such high stresses should
induce fracture and that part is not expected stesu the load all along the test. To solve this
issue, there is still a need in experimental datauiinternal stresses generated by oxidation,
anisotropy in viscoplastic behavior of the(O) phase, viscoplastic behavior of the zirconia
layer and/or interaction between oxidation andopdastic deformation.

Conclusion about the effect of oxygen on the visstip flow and fracture behavior afr(O)

The mechanical behavior of the/(O) phase at HT was investigated through axialileecseep
tests performed under vacuum between 800 and 1189 t@odel materials, fabricated from
M5® cladding, homogeneously enriched in oxygen abuarcontents between 2 and 5.8 wt.%.
Theazr phase is significantly strengthened and embrittkedxygen. For the first time, two
creep regimes were observed depending on appliessdevel. Creep and failure mechanisms
have been discussed. A ductile-to-brittle transitias observed at 1000-1100°C for oxygen
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contents between 3.4 and 4.3 wt.%. The contribudicheaz(O) phase layer to the creep
behavior of an oxidized fuel cladding tube subjddteinternal pressure at HT was evaluated by
finite element analysis.

M echanical behavior of the highly hydrogen-enriched (prior-) Bz phase
Materials and experimental procedures

Sample preparation4a order to study the effect of high hydrogen cotgg<3200 wt.ppm)
on the mechanical properties of the (prifi~)phase, model hydrogen-enriched samples were
produced from as-received stress-relieved, lovZiiocaloy-4 cladding tubes (outer diameter and
thickness of ~9.5 mm and 0.57 mm, respectivelypbeg by AREVA NP. The material initially
contained ~0.13 wt.% of oxygen and less than 5pmt.pf hydrogen (Table 1). 60-mm-long
cladding tube samples were charged in hydrogeA@t@in a furnace in a flowing mixture of
argon and hydrogen, then cooled down to room teatpes at a few °C/min.

The hydrogen content was measured for each sampisitig an inert gas fusion thermal
conductivity technique (various analyzers were us#dRIBA®° EMGA-821, HORIBA®
EMGA-921, and LECO® RH404). Hydrogen contents were also determined selected
number of samples by differential scanning calotigemicro elastic recoil detection analysis
(u-ERDA) (CEA Saclay/DSM/IRAMIS/SIS2M/LEEL) [28][d%nd neutron radiography (CEA
Saclay/DEN/DRSN/SEROS). The measured hydrogen sttanged from ~1700 to 3200 wit.
ppm. The relative uncertainty on hydrogen contesd @stimated to £15% for the highest
hydrogen contents investigated here. It was chettle@chomogeneity of hydrogen content
within the samples was satisfactory for the preapptication. Infrared absorption analyses
(LECO TC500 analyzer) showed slight oxygen uptal®q7+0.02 wt.%) after charging, so that
hydrogen-charged samples contained ~0.21+0.01 oft 8%ygen in average.

Microstructure of the model materials right afteqdnogen charging—o characterize the
properties of the transforméd: phase, a heat-treatment in lrephase domain was applied to
the specimens before mechanical testing. Howetvisrinteresting to briefly discuss the
microstructure of the material right after hydrog#rarging. Observations by optical microscopy
and SEM and chemical micro-analysis by EPMA perttran selected samples did not
evidence any oxide layer. However, thin layerafO) phase were observed at the sample
surfaces, in accordance with the above mentionghtsixygen uptake.

9 HORIBA is a registered trademark of HORIBA Ltdthre USA or other countries
0 ECO is a registered trademark of LECO CORPORATI@khe USA or other countries
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FIG. 12—a) Optical micrograph of a transverse cross-sattiight after hydrogen-charging at 800°C (and caogli
at a few °C/min) of a Zircaloy-4 sample containir@200 wt.ppm of hydrogen (and ~0.2 wt.% of oxygeal) (b)
calculated (Thermo-Calc™ + Zircobase) evolution efuilibrium phases volume fractions for Zircaloy-4
containing 3000 wt.ppm of hydrogen (and 0.14 wtf%xygen) as a function of temperature.

The material microstructure right after hydrogemuging depended on the mean hydrogen
content. At 800°C, the as-received material i$istithe oz phase. During hydrogen-charging at
800°C, once the hydrogen content was high enobghprimaryoz: phase progressively
transformed into thfz phase due to thérr-stabilizing effect of hydrogen. For hydrogen
contents of 2000 and 3000 wt.ppm, the materialexgected to have fully transformed irfte
phase at 800°C. As illustrated in Fig. 12, at tbgibning of cooling, above the eutectoid
temperature (~550°C [42]), tifier phase progressively transformed into proeutecigigphase.
The eutectoid reaction then lead to a fast transdtion of the residudlzr grains intoozr grains.
As a consequence, the material right after hydragpemging at 800°C up to ~2000 and
3000 wt.ppm was a mixture of proeutectaitl phase and afz phase that appeared below the
eutectoid temperature (corresponding respectivetii¢ lighter and darker regions in Fig. 12(a)).
As a result of solute element partitioning, thexfer was enriched iaz-stabilizers (including
oxygen) and depleted py-stabilizers (including hydrogen), and the lattesvdepleted inzr-
stabilizers and enriched fizr-stabilizers. Equilibrium calculations performediwihe Thermo-
Calc™ software using the Zircobase database [48] (R) showed that thigr phase volume
fractions just above the eutectoid transformatie-&t5 and 65% for the materials containing
respectively 2000 and 3000 wt.ppm of hydrogen krage. This is in accordance with the
microstructures observed right after hydrogen-dingrd-or the sake of simplicity, hydrogen-
charged specimens are denoted as “hydrided” ifolteving.

Mechanical testing-Smooth tensile specimens with a gauge length ofrBamd a gauge
width of 2 mm (Fig. 13) were fabricated from botfdhded and non-hydrided cladding tubes.
For each specimen, oxygen and hydrogen contentsmeasured respectively by infrared
absorption (LECO® TC500 analyzer) and thermal catidity (LECO® TC500 and HORIBA®
EMGA-921 analyzers) from the offcuts on both sidethe gauge region.
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The specimens were mounted on an electrical-mecilaimiaxial tensile machine equipped
with a radiation furnace. The temperature was nooadt by using three Ni-Cr/Ni-Al
thermocouples spot-welded on the grips. The tenyergradient along the specimen gauge
region, and the temperature uncertainty and vanaturing the tests were expected to be lower
than 10°C, respectively. The specimens were quickbted up to thg, temperature domain (at
15°C/s up to 800°C then at ~3°C/s up to ~1200°€idmthe facility, hold at HT for a few tens
of seconds, then coolddwn to the target tensile test temperature (betw@€ and 20°C), and
immediately pulled in tension. The cooling rate was8C/s between 1200°C and 700°C, 1°C/s
around 500°C and <1°C/s below. This thermal cyal®lving cooling from thez temperature
domain was used to guarantee that the microstruetunl thus the mechanical behavior of the
material were representative of those of the (prit# phase during cooling and quenching at
the end of a LOCA-type transient.

The tests were performed in air so that a 5~10-piokbxide layer grew during heating at
the specimen surfaces in order to prevent fromdgei desorption. A 5~10-pum-thiak(O)
layer also formed beneath the oxide layer and eddramount of oxygen could have diffused
into thepzr phase. The effect of this slight oxidation on Hessis discussed later in the paper. The
tests were performed with prescribed displacenastaf 0.8 mm-&i.e. initial average strain
rate of ~0.1 3. This relatively high strain rate was selectedinimize metallurgical evolutions
and oxidation of the material during the tensil teself. This loading rate is expected to be
faster than the rates at which the cladding calod&#ed during a LOCA transient.

In order to characterize the Young’s modulus aredpt strain anisotropy, axial elongation
and width reduction of the specimen gauge part wenéinuously measured before necking by
using a 2D digital image correlation technique.p&ckle was applied by using titanium dioxide
based white fluid. The side surface of interest alaserved under white light by an optical
camera with an acquisition rate of 250 images peorsd. The VIC-2D™ software was used
for digital image correlation. Axial and hoop staffields, respectively measured along
specimen length and width directions were averayed the gauge region. An accuracy better
than £3- 1€ is expected on mean strain measurements.

The 0.2% proof stress, ultimate tensile strengfhJand uniform elongation were
determined from engineering stress-strain curvhs.axial elongation measured by digital
image correlation was used for the evaluation afinfs modulus. In order to characterize the
ductility of the material, the reduction of aredratture was optically measured with an absolute
accuracy of about +8%.

11yIC-2D is a trademark of Correlated Solutions,.Inc
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FIG. 13—Specimen geometry used for axial tensile testpor{) Sz materials (dimensions in mm).

Results and discussion

Elasticity—As illustrated in Fig. 14, the value of Young’'s nus obtained at room
temperature for the non-hydrided prig#-material is consistent with those measured in fiA4]
using a resonance method on pifiersamples fabricated from a Zircaloy-4 sheet, artt thiose
reported in [54] and [55] for the as-received mateFrom Fig. 14, the Young’s modulus of the
(prior-) Bzr phase, whatever its hydrogen content, decreasbsngreasing temperature between
20 and 700°C in a way similar to that predictedhmsy correlations given in [54] and [55] for the
as-received material.
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FIG. 14—Evolution as a function of temperature of the Ydsimgodulus (accuracy of about +10 Gpa) of model

(prior-) Bz materials, non-hydrided or containing between 17 3220 wt.ppm of hydrogen (and at least
0.2 wt.% of oxygen).

By taking the measurement uncertainty and scatteraccount, no significant effect of
hydrogen up to ~3000 wt.ppm was found at any teatpez. Yamanaka et al. [64] reported that
the Young’s modulus between 20 and 500°C of pareharged in hydrogen up to ~250 wt.ppm
decreased with increasing hydrogen content wherolggah is in solid solution and slightly
increased when hydrogen is partially precipitatethydrides. In the present work, the slight
oxygen uptake of hydrided samples is not expeaeaighificantly affect elastic properties
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within this concentration range [7][14]. If stilharacked at the beginning of the tensile test,
oxide anduz(O) layers could be stiffer than the (prioBz) phase [7][14][54]. However, they are
thin (5~10 pm, in overall ~5% of the specimen thieks) and their contribution to the measured
Young’'s modulus is expected to be within experirakahcertainty.

Fracture—The non-hydrided model (priorByr material was ductile whatever the tensile test
temperature (Fig. 15 and Fig. 16), in accordandk eg.[8] and [14]. Plastic elongation and
reduction of area at fracture reached several pes@ room temperature and increased with
increasing temperature. The reduction of area exh&b80% at 700°C. These values of plastic
elongation at fracture are consistent with thopented in [14] from tensile tests at 20~260°C on
model non-hydrided prioBz: sheet specimens with a gauge part of the samesitg the
present specimens. As shown in Fig. 15 and FigthE6model (prior-Bz material was
embrittled by hydrogen contents of 2000-3000 wt.gpntemperatures below 500°C. The
material became macroscopically brittle at 135°Caloaverage hydrogen content of

~2000 wt.ppm and at 350~400°C for a content of €300ppm. At 20 and 135°C, the (brittle)
fracture stress of the hydrided material decreastdincreasing hydrogen content within the
2000~3000 wt.ppm range (Fig. 17), down to ~300 iRtae most brittle case (3210 wt.ppm of
hydrogen, 20°C).
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FIG. 15—Examples of engineering stress-strain (deduced fmares-head displacement) curves obtained (a) &t 13
and 350°C and (b) at 500 and 700°C for model (p)igs: materials, with various hydrogen contents.

The effect of hydrogen on macroscopic ductility ohishes when the temperature increased
(Fig. 16). It became negligible beyond 500°C. Téduction of area at fracture was nearly 100%
at 580 and 700°C even for the highest investighjeilogen contents. Thus, according to these
results, the macroscopic failure mode of the m@oiébr-) Bz material undergoes a ductile-to-
brittle transition as the hydrogen content is iased and the tensile test temperature is
decreased. This is illustrated in Fig. 18 wherertfagerial is considered to be brittle, nearly
brittle and ductile when the plastic strain atdegl is <0.005, between 0.005 and 0.01 and >0.01,
respectively. This figure also includes data fréwa literature (their characteristics are given in
Table 4). Results reported in [56] and [36] suggest priorfz material may be ductile at room
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temperature even for hydrogen contents up to 3G0gpwm. This discrepancy with the present
results and with those from [3] (brittleness at@0800 wt.ppm of hydrogen) may rely on a
difference in the cooling scenario: cooling dowonfr800-927°C in air at room temperature with
an initial rate of ~5°C/s in [56] and [36], coolingte varying between ~5 and 1°C/s from
1200°C down to 500°C and slower below 500°C inglesent case, direct water quenching from
1000°C in [3]. Indeed, for Zircaloy-4 pre-hydridad~600 wt.ppm and oxidized at 1200°C, the
post-quench hardening and macroscopic ductilitpatn temperature strongly depend on
oxygen and hydrogen partitioning during flxeto oz phase transformation. Typically,
increasing the cooling rate during this transfororatncreases the pridg¥z hardening and
decreases the macroscopic ductility [58]. Furtheendifferences between the present results
and those reported in [36] and [56] may also drism the slightly higher oxygen content of the
materials tested here, due to oxygen uptake dimydgogen-charging and during the heat cycle
applied before tensile testing.
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FIG. 16—nfluence of temperature (a) on the plastic elofgatt failure and (b) on the reduction of area at
fracture (accuracy of about #0.08) obtained for mab(prior-) Sz materials, as a function of hydrogen content.

23



800
700 |
600 |
500 fy¢
400 |
300 |

200 |

Stress at 0.2% plastic strain (MPa)

100 +

X Non-hydrided
A1710-2520 wt.ppm H
02875-3220 wt.ppm H

Ago
AA

0 100 200 300 400 500 600 700

Temperature (°C)

@)

800
F X Non-hydrided
700 + A1710-2520 wt.ppm H
— 4 02875-3220 wt.ppm H
% 600 .
L0 B S
= AD
2 400 ) °
£ 300 {@ X é
5
&
200 +
= [ Open symbols: ductile A
100 | Pale solid symbols: nearly brittle (%
| Dark solid symbols: brittle
0’ P RS RS B S ST NS S B RS B SR

0 100 200 300

400 500 600 700

Temperature (°C)

(b)

FIG. 17—nfluence of temperature on (a) the 0.2% proofsstrend (b) the UTS obtained for model (prigx)
materials, as a function of hydrogen content.

TABLE 4—Literature data on the mechanical behavior ©4-heat treated Zircaloy-4, pre-hydrided or not,

illustrated in Fig. 18.

Reference

Material

Cooling from tlfier
temperature domain

Mechanical testing after
cooling

Brachet et al. [3]

Stern et al. [14]
Cabrera [57]

Stuckert et al. [56]

Pshenichnikov et al. [36]

Cladding tube, pre-
hydrided up to
~600 wt.ppm or not

Sheet, non-hydrided

Water quenching from
1000°C

Water quergfiiom
1200 or 1300°C

Sheet, pre-hydrided up to Water quenching from

~600 wt.ppm or not

Cladding tube, pre-
hydrided up to
2800 wt.ppm

Cladding tube, pre-
hydrided up to
10000 wt.ppm

1200 or 1300°C

Cooling down from 800 or
900°C in air at room
temperature with an initial
rate of ~5°C/s

Impact, ring compression
and 3 point bending tests
at 20 and 135°C

Tensile tests between -100
and 260°C

Tensile tests at 20 and
135°C

Ring compression and
axial tensile tests at 20°C

Cooling down from 827 or Axial tensile tests 20°C

927°C in air at room
temperature with an initial
rate of ~5°C/s
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FIG. 18—Ductile vs brittle fracture modes of the (priofz phase as a function of temperature and average
hydrogen content; data from this study and from [3#], [57], [56] and [36] (details in Table 3).

The fracture surface of brittle hydrided specimeas macroscopically perpendicular to the
loading axis. After testing at 20 and 135°C, tlaefure surface of the 2000-wt.ppm-H material
appeared a little bit rougher than that of the 3@@@pm-H material. This slight difference may
be due to a higher volume fraction of proeutecteidphase in the case of the lowest hydrogen
content, as already discussed right after hydrepanging. The fracture surface of ductile
specimens was rough and macroscopically slantetst cases. In the most ductile cases, above
500°C typically, fracture mainly occurred by thrbdtipickness necking. Multiple cracking of the
oxide layers, perpendicular to the tensile diretgtiwas observed at the surface of the specimens
that failed after significant plastic deformatiddo macroscopic crack was observed at the oxide
surface on the brittle specimens fractured in thstie regime.

From SEM fractography, the thin oxide and(O) layers at sample surfaces broke in a brittle
manner at least for temperatures up to 500°C (dutire mode at 700°C was not clearly
identified), in accordance with the above presengésdlts on thez(O) material. Dimples were
found on the fracture surface of the non-hydridexdieh (prior-)Bz- material (only containing the
azr phase) for all temperatures between 20 and 70BiYC 19(a)).
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(b) 2000 wt.ppm of hydrogen, test at 135°C,
macroscopically nearly brittle

| 2875 wt.ppm of hydrogen, test at 135°C, (d) 3000 wt.ppm of hydrogen, test at 500°C,
macroscopically brittle macroscopically ductile

FIG. 19—SEM fractographs of model (priorsy, samples, fractured at 135 and 500°C, with varibydrogen
contents.

For testing temperatures lower than 500°C, the madtaghly charged in hydrogen is a
mixture of oxygen-enriched, hydrogen-depleted pteaoidoz phase and of hydrogen-enriched
azr formed below the eutectoid temperature. At therosicale, brittle regions were observed on
the fracture surface of the macroscopically brittyelrogen-charged materials, together with
zones of ductile fracturéig. 19(b) and (c)). The lower the fraction of ductile zenthe highest
the macroscopic brittleness. Solute element pamtitig during cooling anflzr to azr phase
transformation depends on the mean hydrogen angkeoxgontents and on the cooling scenario
[58][61]. As a consequence, as already suggestgdiror the oxygen-charged prifier phase
and in [60] for the hydrogen-charged prgx-phase, fracture of model prifg: specimens
containing more than 2000 wt.ppm of hydrogen inrage (and slightly enriched in oxygen)
initiates in a brittle manner from regions enriclwedhydrogen. Final fracture mainly occurs by
ductile tearing of the surrounding hydrogen-demletgions. Even if the underlying mechanisms
are not the same, this failure mode mixing brethel ductile fracture at the microscale has
similarities in appearance to the fluted fractureaintereck.g.in transgranular stress-corrosion
cracking conditions [62]. These observations shoat the ductile-to-brittle transition of the
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hydrogen-enriched (priorf)zr phase material is not as steep at the microseadé the
macroscale, as also reported by Stern et al. [r4xygen-charged pridiz: phase.

No “macroscopic” hydrides could be clearly detedigdptical or scanning electron
microscopy after testing. However, recent resuitsased that hydrogen precipitates in the form
of fine intergranulad andy zirconium (nano)hydrides during cooling from i temperature
domain and suggested that a small fraction of tyelmeshould remain in solid solution within
the az matrix [36][59][60]. Detailed analyses are stieded to determine the exact location,
morphology and orientation of hydrides. An overviewpotential hydrogen-induced
embrittlement mechanisms is available from [65]s&hon [63] and [64],

Pshenichnikov et al. [60] suggested that hydrogelréed embrittlement in highly hydrogen-
enriched material was due to a decohesion mechare¢aed to hydrogen-induced weakening
of the bonds between Zr atoms. The mechanismsms#pe for the observed hydrogen-induced
embrittlement are still not clearly identified yatd require further investigation.

After testing at 500°C, the fracture surfaces efrion-hydrided a hydrided materials
appeared dimpled and similar to each other (Fi¢gd)L9For both non-hydrided and hydrogen-
charged specimens tested at 700°C (and at 580°@Gd&000-wt.ppm-H material), a nearly
complete reduction in thickness was observed htré&aiAs a result, hydrogen up to contents of
~3000 wt.ppm does not affect fracture mechanismerm500°C. At 500°C, according to recent
thermodynamic calculations andsitu neutron diffraction experiments [59], hydrogerr, $ach
contents, is still expected to be partially preteifgd a® hydrides. The absence of significant
hydrogen-induced embrittlement at 500°C may betduelower fraction of precipitated
hydrogen, a higher ductility of hydrides and/oeduction of the potential weakening effect of
hydrogen on the interatomic bonds. The materiafgaining 2000-3000 wt. ppm of hydrogen in
average are expected to be constituteyofwith potentially a small fraction of proeutectoid
azr) at 700°C, and of a mixture of oxygen-rich proetd@l oz and of hydrogen-ricBz at
580°C (the highest the hydrogen content, the lowesfraction of proeutectoid:r). Beyond the
eutectoid temperature (~550°C), hydrogen is fuigsdlved in the Zr lattice and solute hydrogen
seems to induce no significant embrittlement at &&® 700°C.

Plasticity—The 0.2% proof stress of the non-hydrided pfigrmaterial decreased with
increasing temperature (Fig. 15 and Fig. 17). Tinédd amount of oxygen that potentially
diffused into the material during the heat-treattregrHT before tensile testing probably had a
slight strengthening effect [54]. The thin oxidelan:(O) layers at side surfaces could also
slightly contribute to the overall mechanical resp® at the beginning of plastic yielding. The
values of UTS are relatively close to those rembineg8] from hoop tensile tests performed at
~3-10° st on non-hydrided Zircaloy-2 claddinfz: heat-treated then cooled at 20°C/s down to
850°C, then quicker cooled down to room temperafline values of UTS at 20 and 135°C were
significantly lower than those reported in [14] foon-hydrided priofz tensile samples
produced from a Zircaloy-4 sheet, yet tested wistoaver elongation rate than here. This
difference could mainly be explained by the fast®ling rate applied in [14] in comparison to
the present study after the incursion in fhetemperature domain, resulting in a finer and
stronger microstructure.
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Up to 500°C, the 0.2% proof stress increased witheiasing hydrogen content as long as the
specimen remained macroscopically duciike. or temperatures >135°C and >350-400°C for
mean hydrogen contents of ~2000 wt.ppm and 30Qtpwt, respectively) (Fig. 17). This
strengthening effect diminished when temperatucecesed. According to the model proposed
in [54], the increase in oxygen content by 0.0P4vtdue to the hydrogen charging step)
induced, for a given plastic strain, an increase.29 proof stress by only 9% for temperatures
between 20 and 700°C. Therefore, it can be corsidirat hydrogen has definitely a
strengthening effect at 400°C and below. This agveth the increase in strength and decrease
in ductility reported in [36] for priofizr specimens (fabricated from Zircaloy-4) testecbatm
temperature when increasing the hydrogen conteta spveral hundreds of wt.ppm. Hydrogen
also induces hardening of the prits-phase at room temperature [3][31][36]. Strengthgmif
the priorfz phase in the presence of high hydrogen conte8GC and below can be related
to the complex micro-composite microstructure af thaterialj.e., a mixture of proeutectoid,
oxygen-rich, hydrogen-depleted: (prior-8z) phase, and of prigiz: phase transformed below
the eutectoid temperature, slightly depleted ing@xybut containing a very large amount of
hydrogen. These hydrogen atoms are expected &t legst partially, precipitated under the
form of strengthening nano-hydrides.

At 700°C, the material containing 1700~3000 wt.ppirhydrogen had a lower 0.2% proof
stress than the non-hydrided material. At this teragure, all hydrogen atoms in the hydrided
material were in solid solution in the zirconiumtrng expected to be mainBz: (possibly with
a small fraction of proeutectoid;), whereas the non-hydrided material was inoth€prior-fz)
phase. Hydrogen-induced softening at 700°C wadylithee to a high volume fraction @,
whose strength at HT is lower than thatuaf (prior-8z). Hydrogen-induced decrease in Zr-Zr
bond strength [64] and enhancement of dislocatiohility [44] could also contribute to this
effect to a lesser extent. A softening effect afifmgen in solid solution, as well as a
strengthening effect of hydrides, were also repbfte Zircaloy-4 in thexz phase tested
between 20 and 480°C [66][67].

No significant effect of temperature or hydrogersweaidenced on average values of ratios of
axial to hoop plastic strain increments measuredigiyal image correlation within the specimen
gauge part before necking. The measured ratiosariar from -0.5, characteristic of an
isotropic plastic behavior. No significant effeéthydrogen for contents up to 1200 wt.ppm was
observed either between 20 and 480°C for Zircalayt#heaz phase (yet without previoys,
heat-treatment) [67][68].

The maximum uniform elongation of the non-hydrigeibr-fz material did not evolve
significantly between 20 and 135°C, then increagig increasing temperature up to 500°C
(Fig. 20), in accordance with the results repontejd 4] for similar non-hydrided priopz
specimens produced from a Zircaloy-4 sheet. Thadugon differs from the decreasing
tendency observed for as-received Zircaloy-4, @oth phase [55][67]. The uniform elongation
of the non-hydrided priopzr material was lower at 700°C than at 500°C. Hydtidamples with
~2000 wt.ppm and 3000 wt.ppm of hydrogen in avefesggured without necking at
temperatures lower than 350°C and 500°C respegt{#gd. 15). At higher temperatures, their
uniform elongation was significantly lower than fbe non-hydrided material (Fig. 20). At
700°C, necking of the highly hydrided materials ifmhaor fully in the Bzr phase at this
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temperature) occurred from the very beginning ofmscopic plasticity, for a plastic strain level
lower than 0.01. As long as the material can wathdtsignificant plastic strain before failure,
plastic strain localization is thus enhanced inghesence of high hydrogen contents.
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FIG. 20—Effect of temperature on the maximum uniform eltingaof model (prior-p3z- materials, with various
hydrogen contents.

Conclusion about the effect of high hydrogen cdsten the mechanical behavior of (priofz

Model materials homogeneously enriched in hydragerarious contents between 1700 and
3200 wt. ppm were successfully prepared from Zag& cladding tubes to investigate the
effects of high hydrogen contents on the mechamiebavior of the (prior{)zr phase. Their
tensile strength and ductility between 20 and 708@%Caffected by high hydrogen contents in
ways that strongly depend on test temperature r@$idts were discussed in view of the
metallurgical evolutions that occur at HT and uponling, namely, partition of hydrogen and
oxygen during decomposition of thg phase and possible precipitation of hydrides & th
hydrogen-rich regions of the material.

Conclusions

Oxygen and hydrogen are known to be the main crarspecies responsible for embrittlement
of zirconium alloys in conditions typical to a LOGransient.

Model materials homogeneously enriched in oxygeragbus contents between 2 and
5.8 wt.% were fabricated from Mbcladding tubes to investigate the effects of lugigen
contents on the mechanical behavior ofdh€0O) phase at HT. In a vacuum, the creep strength
of theaz(O) material increases with oxygen content betwdfhand 1100°C. It is significantly
higher than that of the as-received material witteaditional oxygen. Two creep regimes were
observed: a power-law regime for stresses higlaar #15 MPa and (for the first time) a nearly
linear regime for lower stresses. Modgl(O) materials are ductile between 800 and 1100fC fo
oxygen contents between 2 and 3.2 wt.% but becaitike peven at 1100°C, for oxygen
contents higher than 4 wt.%. Deformation and failomechanisms, and influence of
microstructure of the model oxygen-enrichedO) materials have been analyzed. Further
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investigations are still needed to identify the hedsms that drive the low-stress linear creep
regime. A phenomenological model was proposed sord® the influence of oxygen content on
the viscoplastic flow behavior of ther(O) phase. Finite element analysis performed bygusi
this model for thexz(O) layer highlights the strengthening effect as layer on the creep
behavior of cladding tubes oxidized at HT while jsgted to internal pressure. These data could
also be of interest regarding the behavior of tkidiped cladding, which depends on the
properties of each phase/layer, during the oxidaaioHT and the subsequent cooling and
guenching at the end of a LOCA-like transient.

The uniaxial tensile behavior of the (priopz phase highly enriched in hydrogen was
investigated in air at various temperatures betvafeand 700°C, upon cooling from thge
temperature domain, on model (pridsz) phase materials prepared from Zircaloy-4 cladding
tubes, homogeneously enriched in hydrogen up t0-43200 wt. ppm. The Young’'s modulus of
the (prior-)Bzr material decreases with increasing temperatureésamot much affected by
hydrogen. Its ductility increases with increasiamperature. The material is embrittled by
hydrogen for temperatures below 500°C. It becomasrascopically brittle at 135°C for an
average hydrogen content of ~2000 wt.ppm and at83@C for ~3000 wt.ppm of hydrogen.
The effect of hydrogen on macroscopic ductility shishes when temperature increases; it
becomes negligible beyond 500°C. As long as thaWwehis macroscopically ductile, hydrogen
strengthens the material at 500°C and below, Hters®it at 700°C. Plastic isotropy is not
substantially modified by hydrogen. Plastic stiaitalization occurs sooner in the highly
hydrided material, as long as significant plastiaia occurs before failure. The results are
related to the complex microstructure of the highydrided (prior-)3zr phase material, resulting
from partition of hydrogen and other chemical elategphase transformations beyond and
below the eutectoid temperatures, and hydride pitation. These data could be useful to assess
the mechanical response, during and after quendtitige end of a LOCA transient, of the
(prior-) Bzr phase in the regions of a ballooned/burst cladthaghave experienced significant
secondary hydriding during HT steam oxidation. Hegrefurther work has to be done to
improve understanding of the physical mechanismgamsible for the observed effects of high
hydrogen contents.

The results presented in this paper were obtainedadel oxygen-enrichet(O) phase and
hydrogen-enriched (priorfzr phase materials respectively produced fronr®M&d Zircaloy-4
cladding tubes. The conclusions are not necessiirdgtly applicable to other alloys.
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