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Abstract

The breakaway oxidation of Zircaloy-4 and M&aatomealloys oxidized in flowing steam around
1000°C was studied. The influences of oxidationpgerature between 950 and 1050°C, one-
side versus two-side oxidation and chemical vamstiaround the nominal composition of
M5rramatomewere investigated. Breakaway oxidation is sersitivthe oxidation temperature,
the material and the oxidation type. A phenomernioldgnechanism for breakaway oxidation
is postulated on the basis of microstructural amdeohemical analyses.

Keywords:. Zircaloy-4; M5ramatome breakaway oxidation; high temperature; LOCA

1. Introduction

In some hypothetical accidental scenarios in nudkeassurized Water Reactors (PWR), such
as LOss of Coolant Accidents (LOCA), fuel claddinbes made of zirconium alloys can be
exposed for a few minutes to steam at High TempexaiHT, up to 1200°C) before being
cooled and then quenched in water by the emergereycooling systems. Under steam at HT,
zirconium alloys with no pre-existing oxide usuatyow a parabolic or sub-parabolic oxidation
kinetics [1][2][3][4][5]. Furthermore, they genelaldo not absorb a significant amount of
hydrogen [6][7] (however, recent results have shavnydrogen uptake directly after exposure
to steam at HT followed by a slight release of logen [8]). Indeed, in those cases, the oxide
is dense, adherent and protective with respect ydrolgen pickup. However, in some
conditions, at temperatures between 600 and 108@iCally, an increase of the oxidation rate
and a hydrogen pickup is sometimes observed after iacubation period
[31[4][5][9][10][11][12][13][14][15][16][17][18][19]. This transition is commonly called
breakaway oxidation. The increase in the oxidatite and the hydrogen pickup can then
enhance deterioration of the mechanical propedigbe cladding due to the embrittlement
effects of oxidation and hydrogen [5][6][7][11][12D][21][22]. This may be detrimental to
the cladding integrity.

Previous results have shown that the breakawaytgitof as-received low tin Zircaloy-4 and
M5rramatomé claddings occurs after an incubation time of a fleeusands of seconds typically,
depending on the study [4][5][11][23][25]. Furthesre, during in-service operation in PWR,
an oxide layer grows on the cladding outer surfhgeto corrosion by the water environment
(155 bar, ~300-340°C), and a fraction of the hydrogeleased is absorbed by the cladding. It
was obseved for low tin Zircaloy-4 and M&naomethat the occurrence of breakaway oxidation
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was not significantly modified by pre-hydriding tg600 weight parts per million (wppm) [5]
or by 10-13 ume-thick pre-oxides formed under wate340-360°C [23].

Numerous factors are assumed to influence the bvemkoxidation and its incubation time: in
particular, the oxidation temperature which isfire order parameter [9][10][12], but also the
material, its fabrication process and its surfaaparation [11][12][24][25]. The differences
observed between some of the results reporteckifiténature illustrate this sensitivity. It was
also observed that breakaway oxidation is affebyethe testing conditions (composition of
the oxidizing atmosphere, flow rate, ...) [19][26hi3 makes it difficult to compare the data
reported in the literature obtained by using vasitacilities.

The results published by Leistikow and Schanz [@]jh the 1980’s for Zircaloy-4 alloy (with

a tin content higher than the modern commerciabtslgshowed that the incubation period to
breakaway oxidation under steam is the shortes@d°C (around 20 min). Since then, most
studies on the breakaway oxidation of zirconiumoyal have been conducted at this
temperature. Only scarce data were reported ihténature on the influence of temperature on
the breakaway oxidation of modern zirconium alloysteam [11][12][25]. In most of these
papers, the determination of breakaway oxidatios ased on the increase in the oxidation
rate and visual examination of the oxide. Indeedass often observed that the outer surface of
the oxide layer changed in colour after the breaawaxidation transition, from dark grey or
black to whitish, yellowish or pinkish dependingttie alloy in particular. However, hydrogen
pickup was often not provided, although it seemiset@ more reliable feature to determine the
incubation period to breakaway oxidation with aeoyr Therefore, it has been proposed to
define the breakaway incubation period as the tieggiired for the cladding to pickup 200
wppm [11]. Furthermore, a scalloped metal-oxideriiaice is commonly observed prior to
breakaway oxidation. To the authors’ knowledge, quantitative characterization of this
undulation of the metal-oxide interface was repbitethe literature.

Breakaway oxidation undoubtedly results from a tfgzrotectiveness of the oxide layer during
oxidation, with respect to oxygen and hydrogen dpamt to the metal-oxide interface.
Nevertheless, the mechanisms that lead to it arearg well known yet, even though as soon
as in the 1980’s, Leistikow and Schanz [9][10] megd a scenario, based on the fact that the
phenomenon appeared for temperatures at which seghansformation from the tetragonal
phase to the monoclinic phase was likely to oc€he knowledge of the mechanisms at the
origin of the breakaway oxidation seems howevdrdaessential to correctly understand the
phenomenon and to explain its sensitivity and thbotatory-to-laboratory variability
sometimes observed.

This work focusses on the influences of three patars on the breakaway oxidation of
Zircaloy-4 and M5ramatome@lloys when oxidized under flowing steam: effe€toaidation
temperature around 1000°C, comparison betweenideeasd two-side oxidation, and impact
of small variations around the nominal compositbéfive chemicals elements in M5matome

The materials and the experimental procedures igsédtlis study are described in Section 2.
The results are presented in Section 3. Breakawigwtion was analysed on the basis of weight
gains, hydrogen pickup and appearance of the dayae. What is referred to as weight gain in
the paper is actually a mass gain but the termhwejgin is commonly used in the field of this
study. Oxide microstructure, undulation of the retade interface and microchemical
partition were analysed for a selected number aipdas oxidized at 1000°C, in order to
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determine the potential links between these featarsl breakaway oxidation. A mechanism
for breakaway oxidation is finally postulated inc8en 4.

2. Materialsand experimental procedures

2.1. Materials

The experiments were made on commercial stresssegliannealed low tin Zircaloy-4 and
fully recrystallized MBramatomeCladding tube samples, with an outer diameteratidckness
of 9.5 and 0.57 mm, respectively. Three batchegrghloy-4 and two batches of M5matome
were tested. In this paper, the so-called batchZiroaloy-4 and batch 1 of Mamatomerefer

to claddings elaborated in the early 2000’s. Batcheand 3 of Zircaloy-4 and batch 2 of
M5rramatomedre more recent. In addition, tests were perfororedamples from cladding tubes
variants with chemical composition (various conseat Nb, Fe, O, S and Hf) around the
nominal specifications of Mamatome The chemical compositions of the materials avergin
weight % (wt%) or wppm in Table 1. The samples wesepre-oxidized before the tests.

2.2. Oxidation in steam at high temperature

Oxidation tests were performed in pure steam (moeragas) at atmospheric pressure at 950,
975, 1000, 1025 and 1050°C, with holding times leetw55 and 15000 s. Some of the samples
were oxidized on both their outer and inner suggt®o-side oxidation); in that case, 30 mm-
long samples were used. Other samples, 150 mm-ieee oxidized on their outer surface
only (one-side oxidation). To prevent steam frormig into contact with the cladding inner
surface, end-caps in Zircaloy-4 were welded undeoisdary vacuum at both extremities. The
oxidation of end-caps was included in the weigl gaeasurements. The oxidation behaviour
was probably affected in the immediate vicinitytoé welds but no detrimental effect was
expected on the overall oxidation of the samplet®aidation observations have shown that
oxidation was uniform along the cladding samplex@mal variation of the oxide thickness of
a few percent typically), including near the engisca

Oxidation at HT was carried out by using the DEZIROfacility [5][6][27][22][23]. For one-
side oxidation, the sample hanged from an alumaoiden via a hole in the sample upper end-
cap. For two-side oxidation, the bottom end ofdample was positioned on an alumina holder
allowing free access of steam to both inner anerostirfaces of the sample. Steam was
produced from an electrode-type steam generateansflow was directed down through an
alumina chamber. The steam flow rate normalizeth& cross-sectional area of the steam
chamber was about 70 mg/(&s), which was assumed to be sufficient to avoidratstarvation
[9][28]. The samples were heated to the desiredpbéeaiures by using a vertical resistive
furnace. The power to the furnace was controlledavbuilt-in thermocouple. The set-point
temperature was fixed before testing using a radbged with type S (PtRh-Pt) thermocouples,
inserted at the same position as the sample intofinace. Furthermore, temperature
benchmarks are regularly performed on specimenipeed with type S thermocouples spot-
welded on their outer surface. The samples weested into the furnace once it was tuned and
stabilized at the target isothermal temperaturefaustied with steam for at least 1 hour. The
samples reached the target temperature approxyma®es after their introduction into the
furnace (average heating rate of approximately B)°CThe oxidation time commenced when
the sample was placed into the furnace. After iotfal holding, the samples were directly
qguenched in water down to room temperature.
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The absence of temperature overshoot was verifiethperature variation around the target
temperature was lower than £5°C. Temperature gnégligere checked to be lower than 10°C
along the samples.

Sample dimensions and weight were measured befdraféer testing with an accuracy of 10
3 mm for diameter and thickness,2m for length and 0.1 mg for weight. The weighinga
per unit surface area was deduced from these nesasuts.

2.3. Characterizations after oxidation at high temperatu

Hydrogen content measurements were performed biyesingas fusion thermal conductivity
(hot extraction) technique (HORIBA EMGA-821 and LERH404 analysers) on samples
extracted from the specimens oxidized at HT, at-length of the two-sided oxidized
specimens and at about 1 cm from the lower endhe@fone-sided oxidized specimens. The
hydrogen analyses were performed on samples imgjtie oxide layers when not flaked off
(spalled). Hydrogen is expected to be mainly latatethe priorfz layer; az(O) and oxide
layers contain only a small amount of hydrogen [28ls, the hydrogen contents measured by
keeping the oxide layers may slightly underestinthge hydrogen content within the metal.
Two to four hydrogen content measurements were flameach sample, cut in small pieces
which were randomly chosen so that 100-200 mg weeel for each measurement. Hydrogen
concentrates and diffuses very quickly in faelayer at HT. Furthermore, a significant volume
of material, randomly chosen, was used for the dryein content measurements (about 300 to
800 mg, which is approximately equivalent to 34m@h-long rings). Thus, it is considered that
the risk of missing hydrogen pickup due to locabsweement is low.

It cannot be excluded that hydrogen pickup was ptedhin the vicinity of the welds of end-
caps of one-sided specimens. Furthermore, the @&psl-tvere made in Zircaloy-4 with
metallurgical and surface states different fronsthof the tubes. They clearly exhibited earlier
breakaway oxidation and larger hydrogen pickup tiatubes. However, it was supposed that
the hydrogen potentially absorbed at sample endagloxidation at HT did not have time to
diffuse very far, excepting eventually for the lesg oxidation times tested. Comparative
hydrogen content measurements were performed omplesnaken at mid-length and on
samples taken at 1 cm from the ends of-M&wometubes one-sided oxidized for 15000 s at
1000°C. The hydrogen contents measured were clmsedch other. This showed that the
hydrogen contents measured at 1 cm from the tubde were representative of the hydrogen
pick-up of the tube and did not exclusively restdim the diffusion of hydrogen absorbed by
the end-caps.

The hydrogen content absorbed during oxidation &twas deduced from the difference
between hydrogen contents measured after and betatation, in weight ppm (wppm). The
hydrogen content of the samples two-sided oxidizasl divided by a factor two approximately
(ratio between the cladding outer diameter andstime of its inner and outer diameters), to be
able to compare it to the hydrogen content of adees oxidized samples, assuming that
breakaway occurred at the same time at inner amelr surfaces and that the fractions of
hydrogen then absorbed via both surfaces wereatne.s

Several layers can be observed after cooling is&ingples oxidized at HT: an outer Zréxide
layer, an intermediate metallic layer of oxygerbized oz phase (hexagonal close-packed
structure) callediz(O) containing 2 to 7 wt% of oxygen, and a prfier{ayer (with a typical
Widmanstatten or parallel-lath structure morphologsulting from the transformation of the
Bzr phase (body-centered cubic structure) intoothghase, during quenching) or a two-phase
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azr + priorfz layer depending on the oxidation temperature ane.tThe microstructure and
the thickness of the different layers were obsebsedhicroscopy on polished transverse cross-
sections obtained from the middle part of selestadples that had been oxidized at HT. Optical
microscopy was used to measure the oxide thick(messurement uncertainty of a few
microns) and to characterize the undulation ohtie¢al-oxide interface. When the thickness of
the oxide layer was expected to be low, a nickelting was applied before imbedding and
polishing the sample on its inner and outer sudaneorder to stabilize the oxide layer and
minimize the end effects during polishing. As athealone in [6], [23] and [27], Scanning
Electron Microscopy (SEM) (mainly in back scatterddctron mode) and a specific image
analysis procedure were used to quantify the fvastiof az(O) and priorBz across the
cladding wall thickness. In the following, the salled az(O) phase layer corresponds to the
“continuous” oz(O) phase layer containing more than 90%s{O). The measurements of
oxide andoz(O) phase thicknesses were performed at two to &unuthal locations per
sample

Electron-Probe Micro Analysis (EPMA) (CAMECA SX108lectron microprobe) was
conducted on polished transverse cross-sectioassefected number of samples to examine
the distribution of chemical elements within thedexand the metal.

In order to examine the morphology of the oxidestay observations by Field Emission Gun
(FEG) SEM were made on either polished transveressesections of selected samples,
fracture surfaces of samples failed by mechanieating (ring compression, three-point
bending or impact tests) at room temperature akelation and quenching, or fracture surfaces
of oxide fragments broken off (spalled) during @tidn or quenching.

One should keep in mind that the observations weagle after cooling down to room
temperature. They were not necessarily represeatafithe state of the oxide at HT, before
cooling: the oxide can be damaged during coolingeunthe effect of internal stresses generated
from phase transformations of the metal and thde}29], and from differences between the
thermal coefficients of the different phases/layaysstituting the oxidized cladding material
[30].

3. Results

3.1. Influence of oxidation temperature

Weight gains measured for both Zircaloy-4 andrM&tometwo-sided oxidized at 950, 975,
1000, 1025 and 1050°C are shown in Fig. 1 andXigefore the onset of breakaway oxidation,
the higher the temperature, the faster the oxidaioetics. Within the temperature range
investigated, the pre-breakaway oxidation is slo@eM5rramatomethan for Zircaloy-4. It must
be recalled that the oxidation kinetics of the t@loys are very close to one another above
1100°C [5][6][23].

3.1.1. Zircaloy-4

As shown in Fig. 1 (a), at 950°C, the evolutiom&ight gain as a function of time suggested
a slight acceleration of the oxidation kineticstitg from about 9500 s. The oxide layers of
the samples oxidized 5000 and 7500 s at 950°C adirerent to the metal after oxidation and
guenching and their outer surface was homogenesusbpth and black (Fig. 3). The samples
oxidized 9500 and 15000 s at this temperature stidweéerogeneous, whitish/greyish on the
outer surface, crazed/cracked and locally delarathand spalled. No hydrogen pickup was
observed for oxidation times between 5000 and $5@% shown in Fig. 1 (b), a significant
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hydrogen pickup was measured after 15000 s. Thesséts suggested that the incubation time
needed for breakaway oxidation of Zircaloy-4 at @h0vas between 9500 and 15000 s
(probably closer to 9500 s), for a weight gain pb@ximately 8-10 mg/cfn

The oxidation kinetics of Zircaloy-4 acceleratednfr 7500 s at 975°C (Fig. 1 (a)). After 3000
and 5000 s at this temperature, the oxides appéatehomogeneously smooth and black and
adhered to the substrate (Fig. 3). Whitish areas wieserved locally on the outer surfaces after
7500 and 9500 s at 975°C. After 15000 s, the owiaecrazed/cracked and completely whitish.
A significant hydrogen pickup was measured beyobd0% (Fig. 1 (b)). It increased in the
course of oxidation. Hydrogen pickup was negligitdeshorter oxidation times. The results
thus revealed a breakaway oxidation time betwe@0 50d 7500 s at 975°C, corresponding to
a weight gain between 8 and 11 mgfcm

The weight gains and hydrogen pickups obtained@0IC are a little scattered (Fig. 1). An

acceleration of the oxidation kinetics was obserfredn about 5000 s at 1000°C. Visual

examination after quenching revealed a change pea@nce: the outer oxide surface which
appeared to be lustrous black for shorter oxidaiiimes became whitish and crazed (Fig. 3).
Hydrogen pickup was insignificant when the oxidatiwas shorter than 5000 s but significant
beyond. According to these results, consistent witdse reported in [5][11][23], breakaway

oxidation of low tin Zircaloy-4 never occurred bed@bout 5000 s at 1000°C, for a weight gain
of 13-14 mg/cr

It seemed likely that the oxidation kinetics gadtéa from an oxidation time ranging between
9500 and 15000 s at 1025°C (Fig. 1). The weighhganeasured after 9500 or 15000 s at
1025°C were smaller than those obtained for theesaridation times at 1000°C because
accelerated oxidation took place sooner at 1000¥gile the oxides formed on samples

oxidized during less than 9500 s at 1025°C weredgmneously black and adherent to the
metal, they appeared to be heterogeneous, whitislured, veined and crazed/cracked after
15000 s oxidation. Hydrogen pickup was low until09% at 1025°C but significant after

15000 s. The breakaway oxidation time at 1025°C wasveen 9500 and 15000 s,

corresponding to a weight between 25 and 34 mg/cm

At 1050°C, neither acceleration of the oxidationgtics nor hydrogen pickup were evidenced
for the oxidation times tested here (Fig. 1). Femthore, the outer surface of the specimens was
homogeneously black (Fig. 3). Thus, the resultshdidshow any sign of breakaway oxidation
at 1050°C for oxidation times up to 15000 s. Af8500 and 15000 s oxidation at this
temperature and quenching, the oxide outer sudhowed a veined appearance in some areas
(Fig. 3). This may indicate that the oxide peel#dazally (without having spalled) under the
effects of internal stresses generated during dueg¢30]. As expected, the sample oxidized
15000 s at 1050°C failed during quenching due ®uéry high oxidation level achieved:
Equivalent Cladding Reacted value (EGR, total thickness of cladding metal that would be
converted to oxide if all the oxygen absorbed by meacted with the cladding were converted
to stoichiometric Zr@ of approximately 60% according to the measured lwegn and the
sample dimensions.

Fig. 4 shows the incubation time needed for brealyaoxidation as a function of the oxidation
temperature. Data from the literature are repomethis figure for comparison. It must be
pointed out that breakaway oxidation time for aegiwxidation temperature can vary of several
hundreds or even several thousands of secondsdnenstudy to another and from one batch
of material to another. The results presented hesleow that breakaway oxidation of low tin
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Zircaloy-4 occurs for oxidation times shorter tH&5000 s at 950, 975, 1000 and 1025°C. The
incubation time is the lowest at 1000°C and inoesashen one deviates from this temperature.
This general trend is consistent with those thatccbe drawn from the data in the literature,
although there is significant deviation on incubatitimes in some cases. No breakaway
oxidation has been evidenced at 1050°C for oxidatimes up to 15000 s to the authors’
knowledge. As shown in Fig. 4, the higher the okatatemperature between 950 and 1025°C,
the larger the weight gain at which breakaway axaaoccurs: this weight gain is nearly the
same at 950 and 975°C, a little larger at 1000°€Csagnificantly higher at 1025°C.

3.1.2. M5Framat0me
M5rramatomeffom batch 2 did not show any sign of breakawaigation at 950 and 975°C for
oxidation times up to 15000 s (Fig. 2 and Fig. 3).

No clear acceleration of weight gain (Fig. 2 (g)gnificant hydrogen pickup (Fig. 2 (b)) or
noticeable change in appearance (Fig. 3) were eoétk either after two-side oxidation at
1000°C, for oxidation times up to 15000 s (and Weiggins up to about 11 mg/émOptical
microscopy observations of cross-sections of sasnpbadized 5000 and 15000 s at this
temperature confirmed that the oxide thickness uvafrm on average (however, there were
local variations in oxide thickness since the metatle interface appeared scalloped), similar
at the inner and outer surfaces and consistent twéhmeasured weigh gains. These results
showed longer oxidation times to breakaway oxidatitan those previously reported [5][23],
which were about 5000 s at 1000°C (weight gain-8frBg/cn?). While the oxidation tests
were done using the same facility, there are safferehces, such as one-side oxidization as
done in the tests presented in [5][23] versus te-®xidation in the present study. These
differences are further discussed in Section 3.Bere results of one-side and two-side
oxidations are compared.

The results obtained did not show any marked aa@e of the oxidation kinetics at 1025°C
for times up to 15000 s (Fig. 2 (a)). The oxideelsyformed at this temperature appeared
relatively homogeneous without crazing, crackingmalling. However, the colour of the oxide
outer surface gradually became paler as the owildime increased: it appeared black/dark
grey after 5000 s and light grey after 15000 s. frtegerial did not absorb very significant
amount of hydrogen for the oxidation times testéd.(2 (b)). Nevertheless, a slight hydrogen
pickup (approximately 60 wppm) was measured afs€X00D s oxidation, which may suggest
that breakaway oxidation has just occurred. Saetheas no clear evidence of breakaway
oxidation of M%amatomeat 1025°C for times up to 15000 s or else it o@miat an oxidation
time close to 15000 s, for a weight gain arounantfcnt.

There was a slight lightening (whitening) of theidex surface from 9500 s oxidation and
protrusions were observed after 15000 s oxidatibd(b0°C (Fig. 3), but no noticeable
acceleration or hydrogen pickup and thus no breakawidation were evidenced.

There are very few data in the literature on tleakaway oxidation of Mamatome NO transition

in oxidation kinetics was observed by Grol3e [17{irty two-side oxidation at 1000°C for
21600 s. This suggests that breakaway oxidatiomdtdoccur but data on hydrogen pickup
would have been useful to confirm it. It must beéedothat the oxidation kinetics reported in
[17] was slightly slower than that observed dutimg present study, and a maximal weight gain
of about 10 mg/cwas achieved. No hydrogen pickup was reported 1} &fter 3450 and
4100 s (weight gain of about 10.8 mgfntwo-side oxidation of MBamatomein Steam at
1000°C. Despite the absence of significant acceteraf the oxidation kinetics, a hydrogen
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pickup higher than 550 wppm was measured by Stiéoktat al. [25] for M5rramatomdWo-sided
oxidized for 10800 s at 1000°C. It must be poirdgatithat the oxidation kinetics measured by
Steinbriicket al. before breakaway oxidation was nearly two timesefathan that obtained
here. Considering the values of weight gain obthitlee hydrogen pickups reported in [11]
and [25] are more or less consistent with thosesomea within the current study.

3.2. Comparison of one-side and two-side oxidations0@i01C

Two-side oxidation is used by most laboratoriestiody breakaway oxidation of cladding
tubes. The results presented in Section 3.1 wetaingdl from two-side oxidation tests.
Nevertheless, one-side oxidation is sometimes {B§tP][23]. The results presented in the
previous Section did not show breakaway oxidat@mnM5rramatomeat 1000°C for times up to
15000 s while previous results obtained using #raesfacility showed breakaway oxidation
after about 5000 s [5]. One-side and two-side didaests were performed at 1000°C on the
same batches of materials and facility to evalwdiether or not this deviation was due to the
use of one-side and two-side oxidations. Some @f#isults of one-side oxidation tests were
already presented in [5] and [23].

Three batches of low-tin Zircaloy-4 were used. Asven in Fig. 5, results close to one another
were obtained after one-side oxidation and two-skidation for the three batches of low-tin
Zircaloy-4, showing that breakaway oxidation of céiloy-4 is not very sensitive to these
factors. However, it must be noted that the oxayet did not spall during quenching after two-
side oxidation as long as 15000 s while it didtipHy (delamination) or completely, after one-
side oxidation longer than 5000 s. This could hebatted to the internal stresses generated
during cooling (due to phase transformations of tietal and the oxide and to differences
between the thermal coefficients of the differehages/layers) [30] which may be different
after one-side oxidation and two-side oxidatiormay be assumed that the stress levels are
higher after one-side oxidation.

The results obtained for two batches ofd&atomeare shown in Fig. 6. In this figure, batch 1
is the one used for the tests performed in they 00’s and presented in [5]. In the case of
two-side oxidation, the values of weight gain andirbgen pickup measured for the two
batches after 15000 s oxidation are not far fromamother. Similar weight gains were obtained
for one-side and two-side oxidation at 1000°C 295 s, without manifestation of breakaway
oxidation. After 9500 and 15000 s-long oxidatiolne tsamples one-sided oxidized showed
higher weight gains than the samples two-sided ipa@d However, metallographic
examination revealed that this excess in weight gas due to faster oxidation of the end-
caps, made in Zircaloy-4 and clearly showing breaaoxidation in these conditions. Indeed,
the weight gain of end-caps is included in the Wegain measurement for one-sided oxidized
samples. Although they also exhibited a homogendwask and adherent oxide, samples from
the more recent batch 2 absorbed 120 and 250-5pthwyydrogen during one-side oxidation
for respectively 9500 and 15000 s, while no hydrogekup was measured after two-side
oxidation in the same conditions. As discussedeantiBn 2.3, this hydrogen pick-up is not
expected to come only from the diffusion of the togeen absorbed by the sample end-caps.
The samples from batch 1 one-sided oxidized dutb@00 s at 1000°C during the same test
campaign showed features of post-breakaway oxidatiagreement with the results presented
in [5]. These results suggested that, in the cd3d5@ramatomecladding tubes, the results of
breakaway oxidation tests at 1000°C may be diftandrether the inner surface of the cladding
was oxidized in addition to the outer surface ar iibdis may be related to oxidation-induced
stresses different in the cases of one-side oxidand two-side oxidation. These stresses are
likely to have an effect on the stability of theérégonal structure of zirconia [31]. So, in the
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case of two-side oxidation, no breakaway oxidatvais detected at 1000°C for oxidation times
up to 15000 s for either batches of Mbawomdested.

3.3. Hydrogen pickup fraction at 1000°C
The “instantaneous” hydrogen pickup fraction redute the outer surfacgy,, has been
defined as the ratio of the hydrogen absorbed éyrtaterial over the total hydrogen generated
during the oxidation over a time perifid t + At]. It was calculated as follows [32]:

_g Mg mHAtchHAt_mtch
fHa =10 2My ALt (1)
M, and M, are the atomic masses of oxygen and hydrogen atbggly. m' and Cf; are
respectively the total mass and the hydrogen conéeluced the cladding outer surface of the
sample oxidized for a duratianat 1000°C. The measurements at the different pereods
were performed on separate samples. The (sligiéyeinces in mass and surface area between
the samples oxidized forandt 4+ At durations were taken into account by readjustiegnass
of the sample oxidized far + At, as illustrated in Fig. 7Za‘*2t in the equation above is
therefore the mass that the sample oxidized At would have had if its initial mass and

surface area were the same as those of the saxigieea for a duratior:
AL t ¢ mt+At_m6+At
m =mgy + Sg STHAE (2)

where S{TAt, mitAt andmt+At are respectively the actual values of the inisiaiface area
exposed to steam, the initial mass and the finaisnadthe sample oxidized for At. S§ and

m are the surface area and the initial mass ofahg#e oxidized for a duratian f;, can be
considered as an “instantaneous” value of the gatrgickup fraction, averaged over a range
of oxidation times, more or less extended dependmghe time increment between the tests
performed. Fig. 8 shows the “instantaneous” hydnqgekup fractions evaluated for Zircaloy-
4 either one-sided or two-sided oxidized and-M&tomeone-sided oxidized at 1000°C. Error
bars in this figure correspond to the ranges ofdatxdn times over which the average
“instantaneous” hydrogen pickup fractions were aeteed. Although they were approximate,
the results showed that both alloys absorbed e l&naction of hydrogen at the onset of
breakaway oxidation, up to at approximately 50%e Values reported here are average values
over oxidation time ranges of several hundred s#£an most cases. It can therefore be
assumed that the truly “instantaneous” hydrogekymdractions,.e. those that would have
been determined over very small oxidation timeenoents, were even higher than 50%. The
fraction of hydrogen absorbed then decreased afilised around 10-30% during further
oxidation. Hydrogen pickup was thus associated wittansition.

3.4. Sensitivity to chemical composition variations §trramatomeat 1000°C

In order to study the sensitivity of breakaway @tidn of MSramatomdt0 the content of alloying
elements and main impurities, materials with vasiathemical compositions around the
nominal composition of M5amatomewere one-sided oxidized at 1000°C for 3270, 529@ a
9500 s, then directly water quenched. One tes@D3 and two tests of 5292 s and 9500 s
were performed for each material. Hydrogen conteeasurements were performed on the
specimen with the highest weight gain.

The results are shown in Fig. 9 together with thals@ined on standard M&matome already

presented in [5] and [23]. After 3270 s at 1000ft& weight gains measured for the various
chemical variants were close to one another, argigmificant hydrogen pickup was measured
(it remained below 100 wppm). Weight gains measuarféel 5292 and 9500 s deviated from
the sub-parabolic oxidation kinetics observed farrger oxidation times. The acceleration of
the oxidation kinetics after approximately 5000 4@00°C was associated with a significant

Author Preprint 9



hydrogen pickup. The quantity of hydrogen absorldthe material increased during
oxidation. After 5292 s, weight gains and hydrogérkups were more widespread than for
shorter oxidation. The dispersion was larger &30 s. As shown in Fig. 10, the quantity of
hydrogen absorbed by the materials and the weightsgwere consistent. No significant
spalling of the oxide was observed after 3270 4G0°C and quenching, for all tested
materials. Oxide spalling appeared during quenchitgy 5292 s oxidation. More significant
and scattered spalling was observed for longeratiad. Thus, the results showed that the pre-
breakaway oxidation kinetics and the time neededh® onset of breakaway oxidation were
not significantly modified by chemical compositieariations around the nominal composition
of Mb5rramatome CONsidering that breakaway oxidation corresponttedin increase in the
oxidation rate and to an hydrogen pickup highenth@0 wppm (for one-side oxidation), the
breakaway oxidation time was in all cases arour@)) corresponding to a weight gain of
about 10 mg/cr After the onset of breakaway oxidation, someedéfices were observed on
weight gains and hydrogen uptakes but, given theedsion of the results, no clear trend in the
effect of the chemical elements can be evidenced.

3.5. Microstructural observations

As discussed in Section 3.1, the time needed ®otiset of breakaway oxidation is the lowest
at 1000°C, at least for Zircaloy-4. Therefore, magtructural observations were carried out on
a selected number of Zircaloy-4 (batch 1) and-diaomdbatch 1) samples one-sided oxidized
at 1000°C and water quenched. In particular, tHevieng characteristics were studied: oxide

andoz(O) phase thicknesses, undulation of the metaleoixiterface, oxide microstructure and

microchemical partitioning within the oxide and tnederlying metal.

3.5.1. Oxide thickness and undulation of the metal-oxmerface

The oxide layer of Zircaloy-4 and Mamatomesamples respectively oxidized 5000 s and 5292 s
at 1000°C has completely spalled during quenchtogshorter oxidation, the oxide remained
adherent to the metal. For longer oxidation, theiopart of the oxide layer has delaminated
and spalled. Fig. 11 shows the thicknesses of txidedayer and thez(O) layer before the
onset of breakaway oxidation. The ratio determifrech data reported in [7] and [23] for
oxidation performed at 1100, 1200 and 1250°C instr@e facility are included in Fig. 11 for
comparison. The thickness of thg(O) layer provides information on the quantity aiygen
having diffused through the metallic substrate @meount of oxygen diffusing within the
underlyingpzr phase being low by comparison). On the one hanthel case of Zircaloy-4, the
ratio between the thicknesses of thO) layer and the oxide layer was nearly one. This
tendency was similar to those obtained at 11000 1&td 1250°C either for Zircaloy-4 or
M5rramatome ONe the other hand, in the case ofrMRtome theoz(O) layer was significantly
thicker (by approximately a factor 3 after 327Q $4@00°C) than the oxide layer.

The oxide thickness and the undulation of the metale interface were characterized from
optical micrographs of polished cross-sections filggerpendicular to the tube axis) by using
an image analysis procedure. A dozen of picturag waken for each sample along the tube
circumference, so that at least half of the cir@neice was examined. Fig. 12 shows the
average thickness of the oxide remaining at thepgasurface after quenching and the total
oxide thickness expected. This last quantity waduated by using the following relationships
between the oxide thickness, o, (in um) and the weight gaiw (in mg/cn?): tz,0, =
5.0758w for Zircaloy-4 andtz,.o, = 3.2543w for Mb5rramatome These relationships were
established from the pre-breakaway oxidation davavs in Fig. 11 for which the oxide did not
spalled (oxidation times up to 3270.8, weight gain lower than or equal to 10.9 mgfand
6.7 mg/cm for Zircaloy-4 and MBamatome respectively). The factor betwees).,, andw is
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significantly lower for M5 than for Zircaloy-4. Teishows that a larger fraction of the oxygen
having reacted with the material has diffused tgtothe metallic substrate in the case of
M5rramatome The fraction of oxygen having contributed to frewth of zirconia was smaller,
as illustrated in Fig. 11 shows that the oxide tayes thicker for Zircaloy-4 than for
M5Framatome fOr @ given oxidation time.

The undulation of the metal-oxide interface carcharacterized at various scales, from a few
tens of nanometers to a few tens of microns. Tilations examined here were those that
could be observed at low magnification (x10 in phesent study; Fig. 13). It was considered
that an undulation corresponded to a local vamatiboxide thickness larger than 10% of the
average oxide thickness. The local oxide thickneas measured from optical micrographs
every 4 um in average, by scanning one half sedidhe samples (a dozen of images were
analysed per half section). The amplitude and vesngth of the undulations at the metal-oxide
interface were determined from these measuremeigtsl(4). The results are shown in Fig. 15,
where error bars represent the standard deviahahe measurements. They are an indicator
of the homogeneity of the features of undulatioesiBes, the length of the metal-oxide
interfacel was measured. The elongation of the metal-oxiderface due to undulation
relatively to an interface of length that would not be wavy was then calculatgd; — 1. The
results are illustrated in Fig. 16. For Zircaloggfor M%ramatome Undulation of the metal-oxide
interface at the microscale appeared after apprabeiy 15-20 min at 1000°C, for oxide
thicknesses of about 30 and 15 um for Zircaloy-d BliBeramatome respectively (or respective
weight gains of about 6 et 4 mg/&m

In the case of Zircaloy-4, before the onset of kagay oxidation, the amplitude of undulation
continuously increased in the course of oxidatimanre or less proportionally to the average
oxide thickness (Fig. 15): the ratio between thege quantities remained around 20-30%.
However, the wavelength of the undulation did nailee much. The amplitude of undulation
was the highest after 5000 s at 1000°C (breakawmmation time, after which the oxide layer
has completely spalled during quenchirig), for a weight gain of approximately 10 mgfkem
and an expected oxide thickness of about 50 um @2y The amplitude was significantly
smaller after 7500 s oxidation (16 mgfcmeight gain and 80 um expected oxide thickness).
Standard deviation was high, revealing a certanmaldity of the undulation amplitude and
distribution. The elongation of the metal-oxidesrfidice due to undulation first increased during
oxidation up to 3270 s to reach about 20% and tleeneased (Fig. 16).

In the case of MBamatome ONCe the undulations have appeared, their andplifirst rapidly
increased during oxidation but did not evolve mafferwards (Fig. 15), to remain close to
5 um (10-20% of the average oxide thickness). Thelitude of undulation was smaller than
that obtained for Zircaloy-4, expect after 7500xgdation for which they were close to one
another. Although if progressively increased durmxgdation, the wavelength of undulation
was smaller than in the case of Zircaloy-4. Furtigee, as illustrated by the smaller standard
deviations, micro-scale undulations at the metal@xwere less variable and more
homogeneously distributed. The elongation of théalvexide interface due to undulation was
approximately 5% and was thus significantly smalamn that determined for Zircaloy-4 (Fig.
16).

Finally, it must be pointed out that the wavelengftthe undulation of the metal-oxide interface
and the size of thez(O) grains near this interface had the same orderagnitude.

Author Preprint 11



3.5.2. Morphology of the oxide layers

Fig. 17 (a) illustrates typical observations of sg@ections of Zircaloy-4 and M&mnatome
samples oxidized about 30 min at 1000F.€. pefore the onset of breakaway oxidation). They
revealed micro-cracks parallel to the metal-oxitterface and interfacial decohesion between
the oxide and the metallic substrate near the nsgid delayed oxidation (see Fig. 14). Such
cracks were not detected for shorter oxidation sinh@nger and wider cracks were observed
for longer oxidation times. A network of cracks gl to the metal-oxide interface was
observed at about 20 um from the interface witténaxide sublayer that has remained adherent
oNn M5rramatomeSamples oxidized approximately 15000 s at 10061G. L7 (b)). In the samples
oxidized 5000 s, cracks perpendicular to the csueiace were detected after quenching in the
delayed oxidation regions of the oxide sublayéf atiherent to the metal (separation of oxide
crystallites). Micrographs revealed cracks perpeuldr to the metal-oxide interface within the
az:(O) layer, mainly in the advanced oxidation regiofisese cracks probably formed during
cooling as a result of the internal stresses aatamtiwith the phase transformations and the
mismatch of the thermal expansions of the diffeqg@mises/layers constituting the cladding
material oxidized at HT [30]. However, the prefarainocation of these cracks may illustrate
that these internal stresses are heterogeneoushandhis heterogeneity is related to the
undulation of the metal-oxide interface.

Fig. 18 and Fig. 19 give examples of micrographsthed fracture surface of samples
mechanically tested after oxidation and coolinge hicrographs focus on the zirconia layer
(mainly intergranular brittle fracture). Outer ainder surfaces of spalled oxide fragments are
also shown in some cases. The inner surface apghked oxide sublayer (oxidation of 5000 s
and more) showed an egg-box-like structure (thieeedsional representation of the
undulation of the metal-oxide interface observegamples cross-sections).

Pre-breakaway oxide layers (oxidation times shdhan 5000 s) formed at 1000°C showed a
columnar structure. The crystallites were mainliemied perpendicular to the metal-oxide
interface. The development of such a microstruasipgimarily driven by the minimization of
the stresses within the oxide [33]. Overall, a Emcolumnar structure was observed for the
oxide layers having completely spalled during qiremg after 5000 s and 5292 s at 1000°C,
for Zircaloy-4 and Mb5amatomerespectively (Fig. 18 (a)). Cracks perpendicutatite oxide
surface (called radial cracks) were evidenced witie oxide in the advanced oxidation
regions.

In the case of Zircaloy-4 oxidized for 7500 s a@QT (Fig. 18 (b)), crystallites of the oxide
sublayer still adherent to the metal after quengkere oriented perpendicular to the undulated
interface between the spalled oxide sublayer ardrésidual adherent oxide sublayer. This
orientation may result from preferential growthediions of crystallites according to the
heterogeneous stress field near the undulated 1metdé interface, or from strong deformation
of oxide grains during oxidation or quenching. Gajlges of the oxide sublayer adherent to the
metal were oriented perpendicular to the outer@sigiface, without clear link with undulation
of the interface between spalled and adherent subtayers. Examination of the inner surface
(egg-box-like structure) and the outer surfacenefdpalled oxide sublayer revealed a network
of radial cracks in front of areas where the oxide the thicker. A few radial cracks were also
evidenced within the adherent oxide sublayer.

In the case of MSamatomeOXidized for 9500 s at 1000°C (Fig. 19 (a)), oxidgstallites appeared
less columnar and wider within the spalled oxid@ayer than within the one that has remained
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adherent to the metal. Furthermore, micro-crackallghto the metal-oxide interface and radial
cracks were observed within the oxide sublayerrdwbroken off.

After 14551 s oxidation at 1000°C and quenching.(EB (b)), the oxide sublayer formed on
M5rramatomethat has remained adherent exhibited more numertacks and intergranular
micro-pores, and shorter and wider crystallitedetayed oxidation regions (where decohesion
was observed) than in advanced oxidation regiorecks parallel to the metal-oxide interface
were also observed.

In summary, Fig. 20 illustrates the typical postdikaway oxidation microstructure of the oxide
and the underlying metal. After quenching, the Isglasublayer of post-breakaway oxides and
the adherent sublayer of these oxides in the délaymlation regions exhibited more numerous
cracks and micro-pores, and shorter and wider @ltiges, than either the pre-breakaway oxide
layers (oxidation times lower than approximatel9®8) or the advanced oxidation regions of
the sublayer of post-breakaway oxides that hasiremdadherent. Finally, one should keep in
mind that the observations were made after co@imymechanical testing, during which some
of the pores and cracks that have been observedavayformed.

3.5.3. Distribution of alloying elements

Chemical microanalysis was performed by EPMA ondvarse cross-sections of Zircaloy-4
and M%ramatomeSamples oxidized 3270 and 7500 s at 1000°C amdghenched. In the case of
Zircaloy-4, iron and chromium were mainly concetddainto the priofiz- layer and the
concentration of tin was higher in the/(O) than in the priofz layer, as expected after
oxidation at 1000°C (but not for higher oxidati@mperatures) as discussed in [34]. Fig. 21
and Fig. 22 show that tin was heterogeneouslyibligerd within the oxide and the underlying
az(O) phase, with a certain microchemical continuty both sides of the metal-oxide
interface. Tin concentration within ther(O) layer varied between approximately 0.8 and 1.6
wt%, around the tin mean content of the alloy (#t%) (Fig. 21). At 1000°C, diffusion of tin

is slower than that of other alloying elements slogver by far iz than infz [35][36]. This
explains the partition of tin observed in the metale average periodicity of fluctuations in tin
concentration was about 30 um for both 3270 s &) 8 oxidation times. This distance of
diffusion was consistent with the free mean patleutated for tin at 1000°C [35][36]. The
average wavelength of the undulation of the metale interface was of the same order of
magnitude (Fig. 15 (b)). It appeared that unduretibthe metal-oxide interface and distribution
of tin within the oxide and the metal in the vit¢ynof this interface were correlated.

The ratio between the atomic concentrations oétid zirconium was nearly the same at both
sides of the metal-oxide interface (Fig. 22). Samitin concentration within the metallic
substrate was measured in average for both 320 %00 s oxidation times. It appeared that
the tin concentration within the oxide layer formadter 3270 s at 1000°C was slightly lower
in the outer part of the layer (about 0.6 wt% & &t% in average) than near the metal-oxide
interface (approximately 0.9 wt% or 0.3 at.%).

A “line” very rich in tin parallel to the metal-ode interface was observed at a dozen of microns
from the interface within the oxide layer formedeaf7500 s at 1000°C. In this “line”, tin
concentration was higher than 13 wt% (maximal vahgasured with a spatial resolution of 1
Km), oxygen content was the same as in the rélseafxide and zirconium content was slightly
lower. Tin concentration was lower between the fiie” and the outer surface of the remaining
oxide sublayer than below the “tin line”. This ‘@hrich in tin may have resulted from the
accumulation of tin precipitates (tin diffuses melawly than oxygen within the oxide and the
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metal, and the solubility of tin in the oxide isrydow) until these precipitates were molten
when the tin concentration was high enough. Thie tgf “line” rich in tin has already been
observed for oxidation performed at other tempeest{37][38]. It seemed that it did not have
a significant effect on the overall oxidation kiiest

In the case of MBamatome as illustrated in Fig. 23, the prifgr layer was enriched in niobium
(Bzr-stabilizer) after oxidation at 1000°C. As obsertedtin in Zircaloy-4, the distribution of
niobium in the oxide and the,(O) layer of M&ramatomesamples oxidized for 3270 and 7500 s
at 1000°C was heterogeneous (niobium depleted zaltlesiated with zones enriched in
niobium), with a microchemical continuity on eith&ide of the metal-oxide interface. The
partition of niobium in the metal is related to thi#usion of niobium which is slower than that
of other elements and slowerdg than infz: as already reported in [41], in zirconium alloys
containing niobium, thin layers @f: enriched in niobium grow together with coarseelzyof
az(O) depleted in niobium during oxidation at HT. Akown in Fig. 23, the niobium
concentration within the oxide and the underlyingtatlic layer varied (around 0.9 wt%
average value) between approximately 0.1 and 14 (highest value measured with a 1 pm
spatial resolution) with a modulation period of ab80 pum. This wavelength was consistent
with the free mean path estimated for niobium [36]] The amplitude of modulation was
larger for niobium in MBamatomethan for tin in Zircaloy-4. Undulation of the mktxide
interface seemed to be correlated with fluctuatibniobium on both sides of the metal-oxide
interface.

The amplitude of modulation in niobium concentratwithin the oxide was smaller after
3270 s than after 7500 s at 1000°C. However, it nearly the same within the metallic
substrate for both oxidation times and was almostla within the oxide and within the
metallic substrate of the sample oxidized for 7500

In the two-phasez(O) + Bz layer, at a few tens of microns from the metaldexinterface, the
niobium concentration diminished when moving awawf this interface, proportionally to the
inverse of the oxygen concentration. The niobiumteot was almost zero in the metal when
the local oxygen content was approximately 2-2 %wh the oxide, zones enriched in niobium
(niobium concentration higher than 1 wt%) represeérabout 15% of the whole oxide surface.
In the two-phaseiz(O) +pz layer, the surface fraction of the phase enricimediobium
(concentration above 1 wt%) and depleted in oxy@encentration lower than 1.9 wt%) was
between 10 and 20%; this fraction logically inceshgvhen going away from the metal-oxide
interface.

4. Discussion
In the 1980’s, Leistikow and Schanz [9][10] suggdst mechanism of breakaway oxidation at
HT. However, to date, there is still no consensufieé precise mechanisms responsible for the
phenomenon.

4.1.  Morphology, porosity and cracking of the oxide

The oxidation kinetics and the hydrogen pickupleneed to the characteristics of the oxide:
grains morphology, cohesion between grains, dersity location of pores (resulting from
clustering of vacancies for example) and crack® rfEsults presented above have shown that
breakaway oxidation at HT is associated with bathange in the oxidation kinetics from sub-
parabolic to nearly linear and a high hydrogen pickaction (several tens of percent). Thus,
breakaway oxidation is related to a loss of protecess of the oxide layer in the course of
oxidation. The examinations presented in Sectibn@erformed after oxidation at 1000°C and
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quenching (the microstructure of the oxide was abiyp modified during quenching), showed
that this loss of the protectiveness of the ox&et can be related to the numerous cracks and
micro-pores found after breakaway oxidation.

Before the onset of breakaway oxidation, dissammatif water and reduction/recombination of
hydrogen may occur at the outer surface or wither“dense” existing oxide but far from the
interface with the metal, so that the potentialeascof hydrogen to the metal (by solid state
diffusion) would be limited. The amount of hydrogarthe metal-oxide interface would remain
too low for the metal to absorb hydrogen. At thege, the hydrogen content in the oxidized
material would remain low in average, a few tova fens of wppm typically. However, if steam
is injected at HT on the metal with no pre-oxiderified before or during heating to HT), a
transitory hydrogen absorption may occur beforer@egtive oxide layer has formed [8].
Additionally, based on the authors’ knowledge, iishbe mentioned that such transitory
hydrogen uptake may also depend on the outer stkema potential brief temperature
overshoot...

At the onset of breakaway oxidation, it may be as=u that dissociation of water and
reduction/recombination of hydrogen mainly takecplat the vicinity of the metal-oxide
interface. This presupposes that steam has aazdhe wicinity of the metal-oxide interface
through a network of open pores and/or intercoretectacks in the oxide (transport in the gas
phase)This network of interconnected defects may act‘@ydrogen pump” [8][39]: because
of the oxidation of the metal, the partial pressafrgaseous hydrogen in pores and cracks near
the metal-oxide interface would increase, leadmgn additional hydrogen pickup, if it is
assumed that the hydrogen absorbed by the metaéscdrom the dissolution of gaseous
hydrogen (so that the solubility of hydrogen in thetal is proportional to the square root of
the hydrogen partial pressure, following the Sitverlaw). Due to the resulting pressure
decrease within these cracks, steam would be “sugg&again. The hydrogen pickup would
thus significantly increase. In theory, this pracesuld be repeated until the hydrogen content
in the metal is in equilibrium with the hydrogenga pressure in the atmosphere.

There is no certainty that steam can access tlesfooacks at the metal-oxide interface (where
the oxide is therefore delaminated from the metatjeed, in this case, the metallic side of
pores at the metal-oxide interface would re-oxidigénich was not clearly evidenced.
Furthermore, steam oxidation of the metallic swefamy impede hydrogen pickup. Thus, it is
possible that gaseous hydrogen is generated ddbe pores at the metal-oxide interface and
migrates through the oxide to join these pores. @tidation of the metallic side of the cracks
at the metal-oxide interface would take placelater stage of the breakaway oxidation process.
It would be associated with a decrease in hydr@gekup fraction, which seems to occur a few
hundreds of seconds after the breakaway oxidatamsition (Fig. 8). Afterwards, there is
possibly a second generation of pores/cracks anttal-oxide interface.

It may seem surprising that more numerous porescaacks parallel to the metal-oxide
interface were observed in delayed oxidation regjipa. where the oxide is the thinner) than

in the advanced oxidation regions. It can thereff@assumed that these pores and cracks were
not interconnected and/or have formed during quegchather than during oxidation. This
suggests that the oxide was more brittle in delayedation regions and/or that the accelerated
transport of oxygen and hydrogen species to thalnve these pores and cracks would be
counterbalanced by a decelerating effect of higbempressive stresses or particular
characteristics of the oxide in these zones.
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Oxide morphology appeared to be linked to undutatibthe metal-oxide interface as well as
oxide damage: oxide crystallites are shorter ardkmvith a larger density of micro-pores in
the spalled sublayer and in delayed oxidation mgiof the adherent sublayer of post-
breakaway oxides than in pre-breakaway oxide lagems the advanced oxidation regions of
the adherent sublayer of post-breakaway oxidess& bbservations are consistent with those
made in [40] for Zircaloy-4 oxidized at 1000°C, shiog, on average, larger grains, better
defined and less tortuous grain boundaries and mareerous micro-pores in post-breakaway
oxide layers than in pre-breakaway oxide layergh\dirger grains and flatter grain boundaries,
the grain boundary surface area and thereforentkeface energy are reduced and the overall
energy is minimized. This change in grain morphglatpy result from the reduction of the
stress level locally. It can be assumed that #nesgort of hydrogen and oxygen species is made
easier in oxide layers with this morphology. In i#idd, pores are likely to coalesce and form
cracks along grain boundaries. Larger and moreagqdigrains are expected to promote the
formation of such cracks. Besides, there may bea@umulation of oxygen in delayed
oxidation regions due for example, as discussed, lett a barrier effect of either domains where
zirconia is monoclinic near the metal-oxide intedaor pores when they are not connected.
This would lead to further embrittiement of theasiand making its cracking easier.

4.2.  Stresses in the oxide layer

As shown in Section 3.5, the location of crack$imithe oxide layer is related to the undulation
of the metal-oxide interface. On the one handctlagks parallel to the metal-oxide interface
within the oxide layer are preferentially locatedhe delayed oxidation regions, where metal-
oxide delamination is also observed. On the otlamdhradial cracks tend to form where the
oxide is the thickest.

Internal stresses are generated within the oxiddgtametallic substrate during oxidation [30].
They result from the strains associated with oxager growth, oxygen diffusion through the
metal, Bzr to az(O) phase transformation or phase transformatiomir@gbnia, for example.
These stresses are not yet well known to the asltkoowledge for oxidation temperatures as
high as 1000°C. However, they are expected to g d@dferent from those reported for
oxidations carried out at lower temperatures, a@uarger diffusion of oxygen into the metal,
greater viscoplasticity of the metallic phases jps®lido-viscoplasticity of zirconia in particular
[30]. The amplitude of internal stresses in thedeXiayer is expected to decrease, at least on
average, during oxidation [30].

The undulation of the metal-oxide interface propatdsults from minimization of strain
energy. It is therefore likely to be associatede ¢time one hand, with stress levels lower in
average than those expected for a metal-oxidefatmwithout undulation, but also, one the
other hand with more heterogeneous stress fiel@f§4[d. Compressive stresses in the oxide
in the directions parallel to the oxide outer scefare expected to be the highest in the delayed
oxidation regions, where radial stresses are peswihile they are negative in the advanced
oxidation regions. The locations where cracks amcbbesion were observed are consistent
with such stress fields, assuming that cracks fpampendicular to the maximum principal
stress, as expected for brittle materials. Furtibeemrhigher compressive stresses may result in
slower oxygen diffusion through the oxide [44] (duea decrease in oxygen vacancy mobility
[45]) and thus limit the oxidation rate. In thaseaoxygen diffusion would be more difficult in
the delayed oxidation regions, where the compressinesses are expected to be the highest,
and the undulation of the metal-oxide interface Mdae then accentuated.
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The observations suggested that the undulationeoiitetal-oxide interface is connected to the
size and the crystallographic orientationu@fO) grains and therefore to the crystallographic
orientation of zirconia crystallites.

The undulations at the metal-oxide interface hasmaller amplitude and are closer one from
another in the case of Mamatomethan in the case of Zircaloy-4, and the associeledgation

of the metal-oxide interface is smaller. Thus, iaymbe assumed that the level and the
heterogeneity of stresses generated near the methd-interface during oxidation at 1000°C
are smaller for MBamatomethan for Zircaloy-4.

4.3. Oxide phases and stoichiometry

The outer surface of the oxide layer formed at Hg ldack or dark grey before breakaway
oxidation and exhibits a whitish/light grey appeer@ after breakaway oxidation. This colour
change, which affects the outer surface of the ebdt not necessarily its bulk, is often
associated with the oxide stoichiometry: sub-stoictetric (by oxygen deficiency) zirconia
formed at HT is generally black while stoichiometzirconia tends to be more whitish [46].
Therefore, breakaway oxidation is associated witbhange in oxide stoichiometry: pre-
breakaway oxide may be sub-stoichiometric whilet4bosakaway oxide (or at least its outer
surface) would be stoichiometric. The increase toickiometry may be related to
heterogeneities in chemical composition, stresgaarmkidation rate, in particular close to the
oxide-metal interface. The oxide stoichiometry (@& vacancies) may influence the diffusion
of atoms through the oxide, the stability of theeania tetragonal phase or the oxide plasticity,
or both.

At 1000°C, the oxide layer is constituted of a met of the monoclinic phase of zirconia
(thermodynamically stable at this temperature) Hredtetragonal phase (metastable at this
temperature) [29]. Indeed, the tetragonal phaseziafonia can be stabilized at lower
temperatures in the presence of anion vacancigsof43ome chemical or doping elements
[48][49], compressive stresses [49][50] or smafktal size [48][51][52]. The volume fraction
of the tetragonal phase of zirconia is generalbBatgst near the metal-oxide interface, where
the oxide grains are the smallest [53][54] andcthrapressive stresses are the highest [50][55],
and it diminishes during oxide growth [55]. The&gbnal phase of zirconia can be destabilized
during oxidation [56] due to reduction of compregssstresses, increase of oxide grain size or
recombination of defects in the oxide. The tetrajdo monoclinic phase transformation of
zirconia is associated with strong lattice distors and a significant volume expansion, which
can locally generate additional stresses and induwv phase transformation of zirconia, and
the formation of pores (probably at grain boundgrier even cracks within the oxide. The
undulation of the metal oxide-interface and thesrmjeneous distribution of pores and cracks
in the oxide layers suggest that the tetragonaidnoclinic phase transformation of zirconia is
heterogeneous near the metal oxide-interface.

The smaller oxide thickness at which breakaway atkd occurs in the case of M&natome
compared to Zircaloy-4 may be due to a higherahifiaction and a lower stability of the
tetragonal phase of zirconia in the case ofriMawme due to the effect of some alloying
elements (tin and niobium in particular). Baek dedng [12] observed that the lower the tin
content, the better the resistance to breakawadat®n under steam at 1000°C. They proposed
that the effect was related to the destabilizadiaihe tetragonal phase in zirconia and to a faster
cracking of the oxide layer in the presence of Tine influence of these alloying elements on
the stabilization of the tetragonal phase of ziragrobably does not rely on a direct effect but
rather on the resulting oxygen vacancies conceotratithin the oxide [45].
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4.4.  Distribution of chemical elements in the oxide

A spatial redistribution of tin in Zircaloy-4 andobium in M5amatomewas evidenced at the
microscale in the oxide and the underlying mettdrabxidation at 1000°C. Microchemical
modulations in the oxide probably inherit from thetallic substrate which, at the same time
as the oxide starts to form, transforms intodf€0O) phase with a partition of some chemical
elements (tin and niobium in particular) at thenoscale. These microchemical heterogeneities
may cause heterogeneities of structure and stortiy in the oxide layer formed on the
microchemically heterogeneous pri{O) phase. It is likely that there is also segriegadf

tin and niobium in oxides formed at temperaturgghér than 1000°C, at which no breakaway
oxidation is observed, but in that case it can $mimed that chemical segregation does not
have an effect on the structure of zirconia, reimgitetragonal.

The undulation of the metal-oxide interface appgdoebe correlated to the microchemical
modulations in its neighbourhood. Given the presiassumptions, this undulation could result
from phase and stoichiometry heterogeneities in dkigle layer, themselves related to
heterogeneities of chemical composition. Furtheendhe undulation of the metal-oxide

interface may generate heterogeneous stressesaaations of oxygen diffusion through the

oxide, which may enhance structure and stoichiontedterogeneities in the oxide layer.

The mechanical properties of the oxide and the liieetaubstrate are likely to depend on the
local chemical composition. For example, the rastdported in [57] showed that an increase
in niobium content reduced the creep ratpoht HT. Therefore, in the case of Mdmatome the
mechanical properties of niobium enriched and orydepleted3z: layers (the partition of
oxygen is the opposite of the distribution of nigh) and niobium depleted and oxygen
enricheduz(O) zones are probably not the same. This particoierostructure should have an
effect on stresses and may contribute to the smatl@ulations at the metal-oxide observed in
the case of MBamatomein cOmparison to Zircaloy-4, which shows a contasiaz(O) layer
without Bz phase platelets. The mechanical properties obaziecdepend on its stoichiometry
and therefore on its (local) chemical compositleor. example, sub-stoichiometric zirconia can
show (pseudo-)superplastic properties at HT [58].

4.5. Suggested mechanism for breakaway oxidation

Breakaway oxidation around 1000°C is probably tbasequence of a relatively complex
coupling between several physicochemical and mecalaphenomena. Fig. 2&chematizes
the relationships that may exist between the patenmiand the properties that may influence
the occurrence of breakaway oxidation. Severalofacare more or less directly linked to
stresses, either as a soureeg(gradient of vacancies within the oxide, epitaxywsen
zirconium and zirconia, phase transformation) oaamnsequence Q. stability of zirconia
tetragonal phase, transport of oxygen through #ingeo oxide cracking).

On the basis of the results and the assumptiortshdnze been previously presented, the
following mechanism of breakaway oxidation arou@@Q°C is proposed:

* Oxide layer formation and partition of chemicalretnts: water is dissociated at the
material outer surface, oxygen diffuses throughrietal leading to the formation of
both az(O) and sub-stoichiometric, principally tetrago(&tructure stabilized because
of large stresses, sub-stoichiometry and smalhgjaeirconia, with partition of some
chemical elements over a few microns.

« Growth of a two-phase (tetragonal and monoclinicania) sub-stoichiometric oxide:
oxygen anions diffuse from the outer surface torttetal-oxide interface where the
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chemical reaction takes place, leading to oxidentto Columnar crystallites grow
perpendicular to the metal-oxide interface andrtk&e increases in the course of
oxidation, due to a decrease of stresses in plticGompressive stress levels and
density of vacancies are larger in the vicinitytleé metal-oxide interface than at the
outer surface. Thus, from a certain thicknessottide layer may be mainly constituted
of monoclinic zirconia in its outer part and ofrégjonal zirconia near the metal-oxide
interface, at least since tetragonal zirconia lddeen destabilized by any factor.

* Heterogeneous phase transformation of zirconia:ctlgstallographic orientation of
zirconia crystals is linked to that of the undemtyoz(O) crystals and to the stresses
generated during oxidation. In addition, the oxidkerits from the microchemical
heterogeneities of the metallic substrate. Thuespttide is constituted of micro-zones
with different chemical compositions, structurespsities of vacancies, stoichiometries
and mechanical properties. These heterogeneitgesther with those of the metallic
substrate lead to heterogeneity of the stress iiretde oxide. In zones where stresses
are the lowest, the oxide crystallites are the sestrand the density of vacancy is the
lowest (zones depleted in tin for example), tetredozirconia transforms into
monoclinic zirconia. This martensitic transformatiprogresses heterogeneously and
the strains that result from it, together with tbemation of pores by recombination of
vacancies (mainly near the metal-oxide interfadcegrain boundaries and/or at the
boundary between zones where zirconia is monockmd tetragonal, monoclinic
zirconia tending to be less sub-stoichiometric ttedragonal zirconia), generate stress
concentrations. The formation of pores can be ptethby these stresses.

* Heterogeneous oxide growth and local saturatiooxiygen: oxide growth is slower
where zirconia is monoclinic (due to the lower difilvity of oxygen through it) and
pores that are not interconnected are numerousdbaffect against oxygen transport).
Furthermore, it can be assumed that the local tivlaate depends on the local
chemical composition and the crystallographic deagan. The metal-oxide interface
thus appears undulated. Where the oxide layereighimnest, the oxide tends to be
saturated in oxygen so that it is closer to stoictatry and more brittle than where the
oxide is thicker. On the one hand, the undulatibthe metal-oxide interface leads to a
reduction of average stresses along hoop and dikedtions. On the other hand, it
causes radial stresses and is an additional sotimmechanical heterogeneities.

* Local micro-cracking and decohesion of the metadlexinterface: micro-cracks
parallel to the metal-oxide interface and decohesb the oxide and the metallic
substrate initiate at pores, primarily where oxgtewth is retarded. Indeed, at this
location, zirconia tends to be monoclinic, stoichedric, more brittle and porous, and
itis loaded in tension along the radial directiohis damage of the oxide and the metal-
oxide interface induces relaxation and redistrdoubf stresses in the oxide.

* Oxide cracking, acceleration of oxygen and hydrogr@msport and absorption of
hydrogen: under the effect of stress relaxatioajngr become coarser where oxide
growth is retarded. Zirconia mainly tetragonaliont of zones where the oxide is the
thickest is susceptible to transform into monoclimirconia. Stresses in these regions
become positive along hoop and axial directiongli&@aracks propagate in the zones
and interact with cracks parallel of the metal-exidterface, preferentially located
where the oxide layer is the thinnest.

* Steam can then reach more or less directly thaityoof the metal-oxide interface via
cracks, acting as short-circuit transport pathsaBee of the faster transport of oxygen
through the oxide, the oxidation rate increasesvarage. Due to microchemical
partitioning and to stress and oxidation rate logfeneity, in particular close to the
metal-oxide interface and to pores and cracksp#ige is progressively saturated in
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oxygen (filling of vacancies) and becomes stoictetm. It then appears whitish. As a
result of oxidation, the partial pressure of gasebydrogen near the metal-oxide
interface increases and hydrogen is absorbed bynttal. The pressure within the
cracks then decreases so that hydrogen can emtargth them again. This self-
sustaining process leads to a continuous hydrogéom

* A fresh oxide sublayer may start to grow more ssldirectly after oxide cracking and

decohesion of the metal-oxide interface. The olodatate is faster where the existing
oxide sublayer is the thinnest. At these locatitimsre are a lot of cracks parallel to the
metal-oxide interface and the oxide crystallites\aider, better organized and have lost
their adherence to the metal, so that the tranggfoaxygen and hydrogen species
though the oxide and their access to the metaleoixiterface are made easier. Under
these conditions, the undulation of the metal-oxigkerface first diminishes then
becomes the opposite of the undulation of the faaterwith the prior oxide sublayer:
oxidation is enhanced at locations where the oxidawvas earlier delayed. The new
oxide sublayer rapidly losses the protectivenelsadtwhen it started to grow, under the
effects of the previously discussed phenomesag. destabilization of tetragonal
zirconia, formation then coalescence of pores aacks in the oxide).

* Finally, the global oxidation and hydrogen pickupetics appear to be nearly linear.
This mechanism is rather consistent with the orsydated by Leistikow and Schanz in the
early 1980’'s [9][10]. It is supported by additioredperimental evidences and provides new
insights into the potential effects of microchenhiveterogeneities in particular.

5. Conclusions
The breakaway oxidation of low tin Zircaloy-4 anb®matomealloys when oxidized under
flowing steam (at atmospheric pressure) has begiest

Oxidation tests performed at various temperatuedsden 950 and 1050°C with holding times
between 55 and 15000 s have shown that the oxidatfoM5eramatome before breakaway
oxidation was slower than that of Zircaloy-4. Aatiog to visual examination and to weight
gain and hydrogen content measurements, breakawdsgtion of Zircaloy-4 occurred for
oxidation times shorter than 15000 s at 950, 9860%and 1025°C. The incubation time needed
for breakaway oxidation was the lowest at 1000°@ sxcreased when deviating from this
temperature: it was about 9500-15000 s at 950°©05®00 s at 975°C, 5000-5500 s at
1000°C and 9500-15000 s at 1025°C. The highereimpérature within this range the larger
the weight gain at which breakaway oxidation ofcloy-4 occurred: it was around 8-
11 mg/cnt at 950 and 975°C, 13-14 mg/¢rat 1000°C and 25-34 mg/énat 1025°C. No
breakaway oxidation was evidenced at 1050°C. Tkaltse about breakaway oxidation of
Zircaloy-4 at 1000°C were similar whether the ciaddsample was oxidized on both its outer
and inner surface or on its outer surface only.

M5rramatome(from the most recent batch tested) two-sided ip&al did not show breakaway
oxidation at 950, 975, 1025 and 1050°C for timestad5000 s. It has nonetheless been
suggested that breakaway oxidation occurred afiproximately 15000 s at 1025°C, for a
weight gain of 15 mg/cf The resistance to breakaway oxidation ofM&iomeat 1000°C was
even higher for the most recent material batchas tbr the one tested in the early 2000's.

Furthermore, the results about the breakaway aridadf M5rramatome depended on the
oxidation type. For the former batch, breakawaydation was observed after 15000 s, for a
weight gain of about 12 mg/&nin the case of two-side oxidation and after al®@0-5500 s,
for a weight gain of about 8-9 mg/énin the case of one-side oxidization. The newasttp
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did not show any sign of breakaway oxidation fargs up to 15000 s in the case of two-side
oxidization while it exhibited breakaway oxidatiafter approximately 9500 s at 1000°C, for a
weight gain close to 11-12 mg/énin the case of one-side oxidation.

One-side oxidation tests associated with postigsirogen content measurements were
performed in steam at 1000°C on N&atomeSamples with various contents of Nb (0.87 and
1.25 wt%), Fe (195 and 715 wppm), O (500, 930 a&DIwppm), S (14 and 41 wppm) and
Hf (62 and 487 wppm). The results showed that tieebpeakaway oxidation kinetics and the
incubation time needed for breakaway oxidation weot¢ significantly modified by the
chemical composition variations investigated. Afteg onset of breakaway oxidation, weight
gains and hydrogen uptake data were scattered.

It was shown for both alloys that the fraction gtllogen absorbed by the material was very
high (at least 50%) at the onset of breakaway dxideand then decreased to a few tens of
percent for longer oxidation times. Microstructuskervations were performed on Zircaloy-4
and M%Sramatome SaMples (batches from the early 2000’s) one-sioedized at 1000°C.
Breakaway oxidation occurred for an average oxidekhess of approximately 50 um for
Zircaloy-4 and 25 um for Mfamatome but for comparable oxidation times, the oxidatoretics

of M5rramatomdoeing slower. After quenching, post-breakaway exayers showed locally more
numerous cracks and micro-pores, and shorter ather\erystallites, than pre-breakaway oxide
layers. Post-breakaway oxide layers spalled pbrt@ completely during quenching. The
metal-oxide interface appeared undulated (undudamplitude of a few microns) after 15-20
min oxidation at 1000°Q,e. well before breakaway oxidation, for an averagel®@xhickness

of approximately 30 um for Zircaloy-4 and 15 pm K&Brramatome The micro-scale undulations
at the metal-oxide interface were, in averagepwklr amplitude, closer one from another, less
variable and more homogeneously distributed inddme of MBramatomethan in the case of
Zircaloy-4. Chemical microanalysis revealed micedssegregation of tin in Zircaloy-4 and of
niobium in M&amatomeduring oxidation at 1000°C, with a certain contipwf the chemical
modulations on either side of the metal-oxide iisig®. The undulation of the metal oxide-
interface seemed to be correlated to the distobuti tin and niobium within the oxide and the
metallic substrate.

On the basis of the results obtained, a mechanidimeakaway oxidation around 1000°C has
been postulated. According to this mechanism, dballdestabilization of tetragonal phase of
zirconia would be the initiator. This phase transfation would be heterogeneous due to
microchemical partitions and/or to crystallograph&terogeneities in both the metal and the
oxide. The succession of events (heterogeneousg gxawth, local saturation in oxygen, local
oxide micro-cracking, decohesion of the metal-oxiderface, oxide cracking) that would
result from this phase transformation would lealireakaway oxidation. Nevertheless, further
work must be done to verify some of the assumptiomorder to explain the differences
between materials in particular.
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Fig. 17. FEG-SEM micrographs of transverse cross-sectiorssuoiples one-sided oxidized at 1000°C and water
quenched: (a) Zircaloy-4 (batch 1) oxidized 2198%,M5eramatome(batch 1) oxidized 14551s (outer part of the
oxide layer spalled and therefore not visible).
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Fig. 18. FEG-SEM fractographs of fragments of oxide spatladng quenching or Zircaloy-4 (batch 1) samples
fractured at room temperature after one-side oatiin for (a) 500& and (b) 7508 at 1000°C and water
guenching.
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Fig. 20. Schematic representation of the cross-sectioneofitaterial quenched after breakaway oxidation under
steam at 1000°C.
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Tablel

Nominal chemical compositions of the studied matsrin.c.: not communicated).

Sn Fe Cr Nb (0] S Hf Zr

(Wt%) (Wt%) (Wit%) (wt%) (wt%) (wppm) (wppm)
Zircaloy-4 1.3 0.2 0.1 - 0.13 21 51 balance
M5Framatome - 0.03 - 1.0 0.14 17 53 balance
M5 high Nb - 0.02 - 1.25 0.12 8 36 balance
M5 low Nb - 0.02 - 0.87 0.12 5 36 balance
M5 high Fe - 0.07 - 1.02 0.16 11 44 balance
M5 low Fe - 0.02 - 1.00 0.16 14 50 balance
M5 high O - 0.02 - 0.97 0.17 13 56 balance
M5 low O - 0.05 - 0.98 0.09 6 58 balance
M5 verylow O - n.c. - n.c. 0.05 n.c. n.c. balance
low S / high O - 0.03 - 1.00 0.17 14 44 balance
high S / low O - 0.03 - 0.99 0.13 41 42 balance
low Hf - n.c. - n.c. n.c. n.c. 62 balance
high Hf - n.c. - n.c. n.c. n.c. 487 balance
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