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Abstract

The oxide scales formed on alloy 690 during it exppe to PWR primary simulated media at
325 °C for different periods of time, ranging betne24 h and 858 h, have been characterized
through XPS analysis. These results have been cechpathe data obtained on,Os,

NiCr,04, NiFe,O4 and Ni(OH) reference compounds.

This comparison leads to the following conclusiahsut the scale formed on alloy 690: (i)
the deconvolution of CPps/» core level spectra seem to show that the intexxide scale is
made of a mix of chromite and chromia, (ii) the letion of the height ratio between satellite
and principal peaks, on the Rps/; core level has highlighted the presence of nickel
hydroxide for all corrosion durations; and (iii) ¥Rnalysis can be used to study the kinetics
of nickel ferrite precipitation. In order to obtaarmore complete description of such oxide
scales based upon XPS measurements, referenceblaiacd on nickel ferrites and
chromites in which Fe is partially substituted tip &te needed.

The comparison of published data and referencerspeerformed in this work also lead to
conclude that core level fits are dependent oretiexgy resolution which can be achieved
with specific spectrometer and analysis procedurksrefore reference compound spectra
need to be recorded in the very identical analltoafiguration before dealing with results
obtained on corroded specimen.

Keywords:. nickel base alloys, PWR primary media, oxide scéRS$, chemical states, Ni
and Cr oxides reference spectra

1- Introduction

Nickel base alloys such as alloys 600 and 690vementaterials used in the manufacturing of
steam generator (SG) tubes in pressurised watetoregPWR). Under operating conditions,
these tubes are corroded in the PWR primary medienwater at high temperature (about
285-325 °C) and high pressure (about 155 bar) euntpboron, lithium, and dissolved



hydrogen. The oxide scale formed during this ceorophenomenon plays a key role in two
degradation processes well known by PWR operafipnsickel release from the material
during the corrosion process and its subsequentfion into radioactive cobalt in the
reactor core, thereby increasing the overall radioy of the primary circuit, and (ii) the
initiation of stress corrosion cracking (SCC) in &Bes which induces a decrease in SG
thermal exchange efficiency.

The oxide scales formed on nickel base alloys eegbts high temperature hydrogenated
water (ranging from 285 °C to 360 °C), in ordestmulate corrosion phenomena in PWR
primary medium, have always been described as tlayet structuré™™".

For very short exposure times (a few minutes) lofya00 at 325°C in hydrogenated water (2
mg/L Li, 1200 mg/L B, P(k) = 0.3 bar and pH = 7.1), Mactettal.!”! describe, mainly on
the basis of X-ray Photoelectron Spectroscopy (X&a)ysis, a duplex oxide scale composed
of an internal GiO; layer and an external layer comprised of Ni(@Hhese results are
consistent with those reported in Ref. [2] obtaibgdXPS analysis of alloy 600 exposed for 2
hours in aqueous water at 285 °C (B(H 1 bar and pH = 7).

For longer exposure times (100 hours) in high guritdrogenated water (P§H= 1 bar) at
360 °C, Angeliu and Wa¥ studied the oxides formed on model alloys, witmpositions
close to those of alloys 600 and 690, by XPS amdhdmission Electron Microscopy (TEM).
They reported the same type of duplex oxide s®d[€©H), surmounting GOs. For the same
exposure duration of alloy 600 in hydrogenated wat&25 °C (2 mg/L Li, 1200 mg/L B,
P(H,) = 0.3 bar and pH = 7.1), Machettal.'*! also observed, through XPS analysis, this
same type of oxide scale.

However, in an earlier paper, Macte¢tal.™™ studied, using Scanning Electron Microscopy
(SEM) and XPS techniques, the oxide scale formedllogy 600 in the same conditions for
exposure times ranging from 50 to 400 hours. THiseoved, (i) an outer layer composed of
well-defined octahedral crystals rich in Fe, amdain inner layer rich in chromium in which
Nc/Nni ratio is close to 2, which is in good agreemernhbhe presence of NigD,.

These last results are much more consistent withetbults published by Carretieal. ",
who have exposed alloy 690 to high temperature {891ydrogenated water (2 ppm Li,
1000 ppm B, P(p) = 0.2 bar and pH = 7.3) for durations ranging betw2¢ and 2160 hours.
The oxidized samples were studied employing afsehiaracterisation techniques including
SEM, TEM, XPS, Secondary lon Mass Spectrometry &Isihd Grazing Incidence X-Ray
Diffraction (GIXRD). The external oxide layer issigibed as being comprised of hydroxide
and NiFeO, or NiCrO4, depending on media saturation, while the inteoxade seems to be
Cr0s.

Others results obtained, by SEM, TEM, GIXRD and SIMainly, on alloys 608*% or 690
891 exposed to hydrogenated water at 360 °C (2 pprbddp or 1000 ppm B and P{H= 0.3
or 0.17 bar respectively in Ref. [8, 10] or [9])attewith an external scale made of Fe and Ni
rich spinel oxide and an internal oxide rich in These last papers are in good agreement
with the description made by Carregteal. .

It is clear, from the presented literature revidvat the nature of the passive film formed on
nickel-base alloys in PWR primary simulated mediatill a controversial subject and must
be further studied using a combination of char&aéon techniques in order to obtain a
satisfactory description.

In previous paper$*™3, we investigated the structure of the oxide lajermed on nickel-
based alloys (alloys 600 and 690) in PWR primargiome by SEM and TEM'**? as well as
by photoelectrochemical techniques (PE&) These studies have led us to propose an oxide
layer divided into two major parts: an externaldagomposed of nickel ferrite (i



2F&2+204) and nickel hydroxide, formed by precipitation phmend'? and an internal layer
mainly composed of a continuous spinel of a mixed and nickel chromite (INi

xF&Cr04). Furthermore, nodules of £J;, with a size about 5 nm, were uniformly
distributed at the interface between this intespahel layer and the alloy. A scheme of this
proposed scale is presented in figure 1.

In PWR primary conditions, the thickness of theeintl scale varies from one nanometer to
several tens of nanometers depending on the expetainconditions (surface state,
duration...)"*® %% |n this range of thicknesses, XPS seems to beraiging way to
improve the description of this oxide scale.

Nevertheless, it must be remembered that in tips bf systemi.e. a mixture of different Fe,
Ni and Cr oxides, the interpretation of the shalp¥RS spectra, in terms of chemical state, is
complicated, notably by (i) the emergence of “shagésatellite peaks superimposed to the
primary structure of the N2p core level$'®?? and (i) the existence of a multiplet structure
on the Cr2p core leveld???. Indeed, after the photoemission of a core elactitere is a
finite probability that the ion would be left in axcited state. In the case of transition metals
(and notably for nickel), this excited state cop@sd to an electronic transition toward the
unfilled 3d shell. When the ion is left in this state, thedtiao energy of the photoelectron is
reduced by the energy needed for this electroartsition, which leads to the emergence of a
“shake-up” satellite at a binding energy highemntlize main peak. Multiplet splitting is the
consequence of interactions between the core etehtrle resulting from the photoemission
process (on th2p level in the case of first row transition metak)d the unpaired electrons
in the3d shell. These interactions can create a numbenalf$tates which can emerge on the
photoelectron spectrum. Moreover, for conductivéatseas Cr or Ni, there is an enhanced
probability that the emitted photoelectron losesekic energy by interaction with conduction
electrons. These losses are weak and result isyanmaetry of the main peak toward high
binding energy values.

In this context, the aim of this paper is, firststudy the structure of XPS spectra performed
on reference compounds of Ni and Cr oxide or hydi®and to compare the obtained results
with literature data. Then, XPS analysis will befpaned on the alloy 690 samples that have
been exposed to PWR primary simulated medium; teasgles have been previously
analyzed by TEM and PEE*%! Lastly, XPS results obtained on these sampldswil
discussed in the light of (i) those performed denmence compounds and (ii) samples
characterizations previously performed.

2- Materialsand methods
2-1- References compounds

Five reference compounds have been analyzed by XiBS\i(OH),, Cr0s, NiFe:0, and
NiCI’204.

The NiFeO,and NiCpO, powders used as reference samples were >99% pairgaan
respectively supplied by Alfa Aesar and loLiTec Ginfihese powders were characterized
by XRD and correspond respectively with JCPDS f##&6-0325 and #1-075-1728 (not
shown).



In order to make the gD3 reference sample, a chromium plate supplied byd@&dow
(99.99% in purity) was used. The sample, in thenfof 1 mm thick sheets, was mirror-
polished with SiC paper up to grade 1200, diamasteup to 1 pm and alumina gel
finished.

This sample was then oxidized for 6 hours at 90@ii@er a 1 bar Ar-20%£{mixed
atmosphere. The scale was analysed by GIXRD (rmwisthere) and identified as £
(JCPDS file #38-1479).

A nickel sheet supplied by Goodfellow, 99.999 %inity, was used to prepare dé ldnd
Ni(OH), reference samples. Plate samples, 1 mm thick, merer-polished with SiC paper
up to grade 1200, diamond paste up to 1 um, amdiadugel finished.

In order to make Nireference spectra, this type of sample is intredun the spectrometer
andin situ cleaned by Afr sputtering prior to XPS analysis in order to remtve native

oxide layer and any surface contamination.

For the preparation of a Ni(Oklleference sample, a nickel sheet was used askangor
electrode in a classical three-electrode electnmited cell. The reference electrode was a
saturated calomel electrode and the counter-etietn@s a platinum grid. The electrolyte
was a nickel sulphate aqueous solution (0.1 mYldontaining sodium hydroxide
adjunction (pH = 12). This solution was maintainedier an atmosphere of 1 bar & 90

°C. The open circuit potential was measured to {8MISCE and the working electrode was
then anodically polarized at -100 mV/SCE for 24 dsoWnder these conditions the stable
solid phaseB-Ni(OH), ?¥, is expected to grow at the surface of the worldlegtrode. This
reference sample was only analysed by XPS becduke thinness of the grown oxide scale
and the obtained results were compared to litezadata.

2-2- Corrosion tests performed in PWR primary simulated medium

The Ni base alloy used in this study is the all®Q.dts composition is given in table 1.
Coupons (3 20x 2.5 mm) were mechanically mirror-polished with fi&per up to grade
1200, diamond paste up to 1 um and alumina gellfed. Specimens were rinsed in an
ethanol-acetone binary mixture in ultrasonic batt dried.

Seven corrosion durations were investigated (2BH, 66 h, 164 h, 304 h, 406 h and 858
h). All corrosion experiments were performed at 325under 155 bar in a recirculation
autoclave with a flow rate of 17 L*hThis testing device has previously been detailed
Ref. [12]. The aqueous solution contained 2 pphidih (LIOH) and 1000 ppm boron
(H3BOg) in equilibrium with a hydrogen overpressure &%t 0.02 bar. This overpressure
ensures a dissolvedidoncentration of 1.3 10mol.L™* at 325 °C (corresponding to a molar
fraction of 3.4 10) and a low oxygen content §& 10 ppb).

The recirculation loop used in this work is equiggpéth ion-exchange resins. The aim of
this device is to maintain the concentration ofatliet cations in the liquid phase as low as
possible to avoid precipitation. Their efficiensymuch dependent on the temperature.
Optimizations have led to their use at 20 °C. Hosveexperiments with two durations (164
h and 858 h) were carried out under so-called “dgrdaonditions”j.e. at 32 °C,
temperature for which the ion-exchange resinsiefiicy was lower.

2-3- Oxide scale characterizations



Two SEM have been used for the observation of fidecscales: a LEO 1450VP and a Karl
Zeiss 1525 equipped with a Field Emission Gun (FEG)

XPS analyses on reference compounds and corrodgalesawere carried out with
Thermofisher Escalab 220i XL and 250 Xl using a owdmomatic Al Kx source (10 mA, 20
kV). Due to an important charge effect the powadéenence samples were analysed using a
charge compensation flood gun. The instrument \alisrated to the silver Fermi level (0 eV)
and to the8ds/, core level of metallic silver (368.3 eV). ThelSsignal for adventitious

carbon was used to correct the charge effect. TB#GEH component of Asspectra was

fixed at 285.0 eV. The analysis zone was ~ 1x2*fiemthe monochromatic source. The pass
energy for overview and high resolution spectra &#@& eV and 20 eV, respectively. The data
processing was performed using the commercial Aagensoftware. For the fitting procedure,
a Shirley background has been used and Lorentzears$tan (L/G) ratio was fixed at 30 %.

3- Results and discussion

The data collected in the literature on the2@s», Ni-2ps» and Oiscore levels, as well as

the results obtained by analyzing the same corddedn reference compounds or corroded
samples are presented in this section in ordetetotify the chemical state of Cr, Ni and O in
the oxide scale formed. The chemical state of e, @resent in the oxide, was not
investigated, neither on B, core level because of the overlapping of nickel &ugeaks

due to acquisition conditions, nor on 2s;» core level because of the lack of published data.
Nevertheless, the acquisitions of @@/, core level of Fe have been used in order to compare
(i) the relative intensities of Fe on XPS speatréi) precipitation phenomena observed by
SEM for different exposure durations (see subse@i2-2).

3-1- Comparison between literature data and XPS analyses performed on reference
compoundsfor theidentification of chemical state on Ni-2ps2, Cr-2ps;, and O-1s core
levels

Besides the binding energy (BE), many differenapagters have been used for the analysis
of XPS spectra in order to differentiate two compaal These parameters include, but are not
limited to: (i) mathematical parameters definingasymmetric peak, (ii) the full width at half
maximum (FWHM) of a peak, and (iii) the peak intiénsatios observed on the same core
level, expressed as the part of one peak in tlakdota of a core level envelope or the height
ratio between two peaks.

In this section, the comparison of reported dateriged to binding energies and peak
intensity ratios because the FWHM values stronglyeshd of the spectrometer and
implemented acquisition conditions. However, wheynametric peaks were used in order to
fit XPS spectra, particularly in the case of theatie Ni or Cr core levels, this factor is
mentioned even if the peak shape parameters pedlisiare not reported.

Moreover, for all peak positions reported in therkture and discussed below, the C-C/C-H
component of Cksspectra was fixed at 285.0 eV when this datumdationed in the cited
article. When it is not the case, this is cleadyiced in the text.

3-1-1- Identification of the chemical state on the Ni-2ps, corelevel for different nickel
compounds



The study of chemical state on the 2\iz, core level is difficult because of the emergerice o
satellite peaks superimposed on the primary streafithe spectrd 1¥2% The use of
multiplet structures for assignment of Bjp-spectral profiles has also been reported,
particularly in the case of nickel oxide or hydmbed®®: 24-2°!

In order to compare with literature data discussede in details below, N2ps/, core level
spectra recorded in this work on various referammapounds are shown in figure 2.

From Refs. [20, 24-25], the spectra of metallikelccan be fitted using 3 peaks: a main
asymmetric peak at 852.6 eV which represents rqu8mPo of the total area of the core
level, and two broader satellites peaks with BE 8¢aeV and 6.1 eV above the main
contribution, respectively for the minor (less tha#o of the total area of the core level) and
the major (ranging between 12 to 15 % of the tatah) ones.

The spectrum obtained here for metallic Ni is shawfigure 2(a). The NRps,» main peak
(BE at 852.6 eV) highlights an asymmetry on théntbnding energy side and is linked to a
shake-up satellite peak (6.3 eV above the mairribanion). The fitting parameters found on
this spectra (BE, asymmetry of the main peak, sitgmatio between the main and the
satellite peaks) are consistent with literaturedblievertheless, only the satellite peak found
at roughly 6 eV above the main peak component bas bsed in the fitting procedure. It can
be pointed out that depending on the parametestodé the asymmetric main peak, the
minor satellite reported in literature can be cedeoy the main contribution.

The spectra of NiO can be fitted using a multigketicture of five peaks. The two highest
peaks with regards to BE€. 864.2 and 866.5 eV) each represent less than #téé ¢otal

area of the core levEf~*°. Regarding the three main contributions, they pdait 853.9 eV,
855.6 eV and 861.1 eV. Furthermore, by considesimy the spectrum envelope of tBgs»

core level, the 853.9 eV and 855.6 eV peaks foduublet of peaks, with two identifiable
maxima, on spectra reported in Refs. [20, 24] wkiwbms to be characteristic of the presence
of NiO.

Considering (i) this distinctive characteristic gngithat NiO growth on nickel base alloys
exposed to primary water is not expected at the@utnation of dissolved hydrogen studied

in this work, no reference compound of this oxidesvanalyzed.

As for NiO, the Ni2ps, core level of NiFgO, have been fitted with a multiplet structure of
five peaks®: two minor peaks at 864.9 eV and 867.2 eV (leas #9% of the total area of

the envelope for each one) and three main oneshv@aked at 854.7 eV, 856.2 eV and
861.6 eV. By comparison with the case of NiO, tive¢ main peaks are shifted toward higher
BE and the envelope of the core level publisheiegingeret al.?® for NiFe;0, exhibit a
partial superimposition of the peak componentsbdt BeV and 856.2 eV leading to a
shoulder toward high energies on the spectrumeaasdf the NiO doublet of peaks.

It can be interesting to note that in 1975, Mclatgnd Cook*®! published a less accurate
spectrum for the N2ps/» core level of NiFgD, which exhibits only two peaks: a principal
contribution at 855.3 eV and a satellite band ghér BE (evaluated at roughly 862 eV on the
basis of the published spectrum, but this lastezédunot reported in the original article). It

can then be supposed that the satellite compodentified in Ref. [18] matches with the
broad one reported at 861.6 eV in Ref. [25]. Ingame way, the main contribution reported
in Ref. [18] (855.3 eV) can correspond to the tvadtiplly superimposed ones (respectively at
854.7 eV and 856.2 eV) identified by Biesingerl.”*>. This last remark should explain why
spectra obtained on a same compound can be fiitadwere or less peaks in the literature,
depending, in this case, on the energy resolusso@ated with the spectra acquisition.



With our energy resolution, five peaks can be dgtished on the N2ps/, core level

recorded on the NiE;®, reference compound (figure 2(b)): (i) two paryiadluperimposed

one at 855.3 eV and 856.8 eV resulting in a shouteard high energies on the envelope,
(ii) a broader shake-up satellite peak at 862.@e¥ (iii) two minor contributions at 865.7 eV
and 868.0 eV respectively. These results are inativgood agreement with the literature data
mentioned above.

The methods of deconvolution reported in literattoacerning the fit of NiGO, spectra also
differ in the many published works. In Refs. [26;2%e Ni-2ps» core level of this oxide is
fitted with two peaks: a main contribution whichaged in the 856-856.5 eV range (note that
in these two articles, the BE of the C-C/C-H comgaarof C 1s spectra is not reported) and a
satellite one between 5.1 eV and 5.35 eV abovetineipal peak. These articles also
reported the height ratio of the satellite to pipat peaks, which ranges from 0.71 to 0.74.
For the same compound, Biesingeal.’* propose a fit using a multiplet structure of six
peaks, with three minor contributions at 854 e\]..26&V and 866.2 eV (respectively 7 %,
2.3 % and 6.1 % of the total area of the core )emetl three main peaks: (i) two at 856.0 eV
and 856.7 eV which are highly superimposed and geararrespond to the principal peak
reported in Refs. [26-27] and (ii) one at 861.5veMch could correspond to the satellite peak
reported by the last authors.

Furthermore, on the spectrum published by Biesirgat.!*®, two features of the envelope
could be useful in order to distinguish between iz and other Ni oxides: the partial
superimposition of the 854 eV and 856 eV peaks feadshoulder toward low energies on
the spectrum, whereas the minor contribution atB6¥ is well separated to the one at 861.5
eV and produce a slight but clearly observable @edgher energy values.

The figure 2(c) shows the Nips/» core level recorded on Nigd, reference powder. The
proposed curve fitting method uses only four cdmitiobns, rather than the six peaks proposed
by Biesingeret al.’?®: two main peak components located at 856.4 e\B&id7 eV
(corresponding respectively to the main peak ardrihjor shake-up satellite) and two minor
ones at 854.2 eV and 866.3 eV in BE. This fittinggedure seems to adequately reproduce
the two characteristic features of a NiGy envelope spectrum: (i) a shoulder toward low
energies on the main peak and (ii) a slight secbradte-up satellite above 866 eV. It can also
be noted that the height ratio of the major sagetb the main peak measured in this work
(0.65) is consistent with those reported in Re16:-27].

For Ni(OH),, Machet?® reported a deconvolution with two peaks: the nuaie at BE
ranging from 855.7 eV to 857.4 eV and the satefigak always 5.8 eV above. It is
interesting to note the value of the height rafithe satellite to principal peaks reported in
this work (0.3).

Mansour and MelendréS" have also reported a deconvolution with two pdakshe Ni-
2ps12 core level of Ni(OH),yH,0O, in which the principal component varying betw&&b.5

eV and 856.2 eV whereas the satellite one rangomg 861.2 eV to 861.8 eV, depending on
the hydration state y of the hydroxide.

Moreover, a finer deconvolution have also been psed, taking into account multiplet
splitting on the Ni2ps/. core levef?*?in order to fit the Ni(OH) spectrum. This fit is made
of six peaks: four minor peaks at 855.1 eV, 85%/9860.7 eV and 866.7 eV (each
representing less than 7% of the total area oétivelope) and two major contributions
exhibiting BE of 855.9 eV and 861.7 eV which cotdgdpectively correspond to the principal
and satellites peaks in the deconvolution using tmb peaks reported above.

A two component deconvolution procedure has beed ta fitting the Ni2ps» core level
spectra recorded on the Ni(QHayer (figure 2(d)). The major peak is found &t value of



856.2 eV whereas a shake-up satellite appears/saba@ve. The height ratio of the satellite to
the main peak is equal to 0.28 and well agrees thétvalue reported in Ref [28].

In order to summarize, rather than to deal witihalenging complete multi-component curve
fitting, the interpretation of th2ps/, core levels of reference Ni compounds and it corapa
with existing literature data allows us to emphasiZzew key deconvolution parameters or
spectral features that can be used in order tdifgemrious Ni chemical states in a mixed
oxide scale.

Although the BE values of the main peak cannotdezluo distinguish Ni(OH)rom

NiCr,O4 because they are too close, this parameter aftawhe differentiation between
metallic Ni, NiFeO4, and the two compounds mentioned above (figure 2).

In order to distinguish between Ni(OHnd NiCpO,4 or a mix of these compounds, the height
ratio of the major satellite to the main contrilbatimay be useful; this parameter is very
different for these two species (roughly 0.3 antifor Ni(OH), and NiCpO,4 respectively). In
addition, the presence of a weaker satellite pealkral 866.3 eV may also indicate the
presence of NiGOs.

3-1-2- Identification of the chemical state on the Cr-2pz, corelevel for different
chromium compounds

The spectra of metallic chromium can be fitted ggin asymmetric peak with a BE value of
574.4 eV or 574.5 eV according to works publishg®kesingeret al.'*! or Halada and
Clayton®?.

From Refs. [22, 25], the Gp;3» core level of Cr(OHycan also be fitted with a single but
symmetric peak, ranging from 577.3 eV to 577.6 egahding on the hydration state of the
compound.

The case of GO3; deconvolution is more controversial. Some worlsilek a single and
asymmetric peak with a BE value between 576.3 &td7ee V%33 whereas other studies
use a multiplet structure, involving 3 to 5 peakyrder to fit the Ci2ps/» core level of this
0Xide[21-22, 25].

For NiCrO,, Sloczynskiet al.*” propose a deconvolution using a single peak af/556
(note that the BE of @s peak component for the adventitious is not replinehis article),
whereas Biesingeat al.**> ?° |ike for CrO; or FeCsOs,, fit their spectra by considering
multiplet splitting.

For the purpose of this studye( to use XPS in order to better identify the différerides
composing the multilayered scale formed duringabreosion of nickel-base alloys in PWR
primary medium), it is interesting to compare the2@;, spectral fitting parameters

published in Ref. [25] for GO3, NiCr,O, and FeGiO,, especially because they have been
obtained in the same analytical configurationalt @e seen in table 2, that multiplet structure
of 4 or 5 peaks has been used to deconvolve tletrapmvelope of these oxides. It can be
pointed out that the comparison of these deconmuistfor the three oxides mentioned above
only exhibit slight differences in BE and assodiatentributions to the total area of the Cr-
2p32 core level. It can also be seen that the fRe€rO, spectra does not involve a fifth
peak, in contrast to those ofOgand NiCpO,; for this last two oxides the fifth peak is only
a minor contribution which need a high resoluticquasition to be evidenced. Although these
data may be used in order to differentiate betwberXPS spectra recorded on chromium



sesquioxide and nickel or iron chromite, it cardifécult, depending on the energy

resolution achieved, to identify each compound mixture of these corrosion products when
basing analysis uniquely upon the Z}x;, core level.

The comparison of curve fitting of &3 and NiCpO,4 Cr-2psz/, core level spectra recorded on
reference compounds is shown in figure 3. Evehdbtetical modeling of Gupta and S&h

%I predicts a larger number of final states constituthe multiplet splitting structure, the
energy resolution, in this work, does not allow ske@aration of all these final states. The
choice of the peak number used to fit the envestymelld be coherent with its shape. It is for
this reason that in this work the most simplifiesive fitting method has been chosen. In
order to represent the asymmetrical broad peakesbfamultiplet split Cr(lll) species,
evidenced in figure 3, a minimum of 3 peaks is eedd fit the resolved envelope shape. The
comparisons of (i) the BE values, (ii) the shapéhefenvelopes, as well as (iii) the area ratios
between the 3 peaks seen in figures 3 (a) anad(lEO; and NiCpO, respectively, leads to
the conclusion thapdakdlpeak2is the unique fitting parameters of &z, that allow a

separation of these two oxides by XPS analysid) thié¢ energy resolution achieved in this
work. However, in the case of a mixture of thesapgounds, and particularly for samples
corroded in PWR primary media (for which carbonteomnation and/or water adsorption are
expected to be higher than in the case of refereomgounds), it can be difficult to achieve a
clear separation of these two oxides.

3-1-3- Identification of the chemical state on the O-1scorelevel for Ni and/or Cr oxides
and hydroxides

Except in the case of NiO, for which a minor peakponent (2 % of the total area of the O-
1score level) was identified at 533 eV and attrilue absorbed £or H,0 42 whatever
the data considered for the deconvolution of thes©ere level of Ni and/or Cr oxides, at
most two peaks were used for fitting. The mi&irt*?* or single!® 2" contribution peak in

the 529.5-530.4 eV range is attributed to latticggen. The second peak reported by
Biesingeret al.?* 2**lshows a BE value in the 531.1-532.1 eV range arglattebuted by
these authors to defective sites within the oxigstal whereas other works dealt with
hydroxide specie$®. It could be pointed out that for all Ni and/or &tides considered, the
contribution of this second peak to the total arethe O4dscore level ranges between 20 %
and 40 %.

The O4score level spectra for gD3,NiFe0, and NiCpO, obtained on reference oxides are
presented in Figure 4(a), (b) and (c) respectivd$yobserved in literature data, a major
contribution is found at a binding energy of aro&@3@ eV for the various oxides. A second
contribution at higher binding energies side i® geesent (at 532.0 eV). This contribution is
attributed to adsorbed OFf’ or organic oxygen due to contamination.

The spectra obtained on Ni hydroxide can also lbemelved with two peaks: a mai} or
single[*® 242> ZVlcontribution with a BE ranging from 531.0 eV tol53eV is attributed to
hydroxide ions whereas the appearance of a minmapoaent, peaking at 532.4 &% and
attributed to HO, depends on the hydration state of the compound.

It is also the case for Cr(Okl¥or which a main peak is evidenced in the 531349 eV
range and a minor one (exhibited BE varying frord.B3V to 533.6 eV) is attributed to
hydrationt?® 2]

The O4sspectra (Fig. 4(d)) for Ni(OH)eference compound is fitted, in this work, using a
single contribution at 532.0 eV which enables tygasation on A= core level between
lattice oxide and hydroxide.



Even if the main peak component oril®eore level could allow for the differentiation
between oxides and hydroxides when analysed separat the case of a mixture of

corrosion products, the overlap between the hydmgeak and the second peak of the oxides
makes it very difficult to differentiate one compmblifrom another. In this last case, in order

to help with the identification of these produdtss intensity ratio between these two peak
components, as well as the appearance of a thirilcotion at higher BE (due to the

hydration of hydroxides) could bring informatior@ncerning a possible compounds mixing.

As it can be seen in subsections 3-1-1, 3-1-2 aheéB3a lot of spectral fitting parameters can
be used for the study of the chemical shifts on Xp&tra recorded on Ni and/or Cr oxides
and hydroxides. Even if the published data disaisb®ve exhibit some of these parameters
which seem to be relevant in order to distinguistwieen considered compounds, the
diversity of parameters reported could lead to gsimig issues when a mixture of corrosion
products is analyzed. Moreover, the comparisoratd dollected in the literature and
reference spectra performed in this work seemsitteace that core level fits are dependent,
in a particular study, on the energy resolutionclitéan be achieved with specific
spectrometer and analysis procedures. That is bdfgre dealing with results obtained on
corroded samples, the acquisition of reference cumg spectra performed in the same
analytical configuration is needed.

3-2- Application to alloy 690 corroded in PWR primary conditions

The XPS analysis of the oxide scale formed on @ corroded in PWR primary simulated
water have been led for all exposition durationesgtigated (24 h, 48 h, 66 h, 164 h, 304 h,
406 h and 858 h). Through XPS spectrum deconvaistit has been found that the set of
corrosion durations can be separated into thresesa one duration from each class will be
further discussed in detail. The results obtairedHree characteristic exposure durations (24
h, 164 h and 858 h) on the €ps/», Ni-2ps;2 and Odscore level spectra are presented in
subsection 3-2-1. In the subsection 3-2-2, whicddeith the interest of XPS analysis for
studying nickel ferrite precipitation phenomenansaesults obtained on 12ps, and Fe
2pi2core levels are discussed for the entire set obsx@ times.

3-2-1- Evolution of the oxide scale when increasing the exposition time

The figures 5, 6 and 7 show respectively the ewatubdf Cr2psz,, Ni-2pz, and Oiscore
level spectra of alloy 690 samples, before expoandewith increasing immersion duration in
PWR primary simulated medium.

The Cr2pz2 and Ni2psz, core level spectra recorded on the surface of &89 samples
before immersion are reported in figures 5(a) afal. 8 hey exhibit respectively high Cand
Ni° contributions, which is consistent with the thirmes$ the native oxide film (roughly 2 nm
from Ref. [15]). Moreover, the shape of the 2\, core level, characterized on figure 6(a)
by a sharp and asymmetric peak linked to a saaliucture (6 eV above the main peak) is
typical of metallic nickel, indicating that thiseghent is excluded from the native oxide layer.
It can also be noted that the 8w/, core level spectrum recorded on this sample nieeddd

a multiplet structure (at higher BE) to the’ €omponent in order to fit the shape of the
envelope. This result indicates that the nativéesisamade of chromium oxide and excludes
or limits the presence of chromium hydroxide atMexv level (see subsection 3-1-2).

As the chemical state of Fe was not investigatetktails, the presence of this element in the
native oxide film cannot be excluded.



The O4dsspectrum presented on figure 7(a) exhibits 3 dmutions: (i) one peak component
near 530 eV corresponding to oxygen in the oxitteet (i) a minor one at roughly 533.4 eV
which is the consequence of water contamination(géiiithe most intense one near 532 eV,
despite the absence of hydroxide compounds. Tsi®lzservation highlights the weight of
absorbed OH or organic oxygen, due to contaminatiiothe O4iscore level balance, in the
case of thini( e. few nanometers) oxide film analysis.

Figures 5(b) to 5(d) summarize the evolution of2@4, core level spectra recorded on
corroded alloy 690 with increasing immersion dunatiAccording to the decrease of th& Cr
peak intensity, the thickness of the oxide scatesiased with time. On the basis of literature
data and reference spectra discussed in subsécfie?y the curve fitting parameters used to
interpret Cr2ps/, core level presented on figure 5 (and particulbyy: to l,eakoarea ratios,
which range between 0.56 and 0.62) suggest thatdlde scale is composed of a mix of
chromite and chromia.

The general evolution of Ndp;/, core level spectra presented on figures 6(b)dd 6(
corroborate the growth of the oxide scale thickrmestuced from figure 5: with increasing
immersion time, the signal due to Ni containingd®sg and/or hydroxides increases in
intensity replacing the one due to metallic nickel.

After 24 h of exposure to PWR primary conditiomsaddition to the metallic contribution, a
second main peak at 856.2 eV linked to a sataliitecture (peaking at 861.8 eV) can be
evidenced. Considering the values of BE discussadlbsection 3-1-1, these two peaks seem
to exclude the presence of nickel ferrite and caatlributed to the formation of nickel
hydroxide and/or nickel chromite. Considering theasured height ratio of the satellite to
principal peaks, it appears that those componemisat be assigned to the growth of Ni(QH)
only. Indeed, the measure of this ratio is equél.85 which is an intermediate value between
those found for NiGO4 and Ni(OH) reference compounds (0.65 and 0.28 respectively),
corroborating the coexistence of these two nickeitaining products on the corroded alloy
surface. Moreover, this value is closer to the hieigtio obtained from Ni(OH)than those
measured on NiGO,. This could be a consequence of the Ni hydroxig@@nderance in the
mixture of corrosion products and therefore migtglain why the minor peaks (peaking at
854.3 eV and 866.3 eV), emphasized by the pdgreference spectra, are not evidenced on
figure 6(b).

From the corresponding Gscore level spectrum reported on figure 7(b), Hrge
predominance of the contribution located around &32nay be equally related to a main
formation of Ni hydroxide compared to chromite mualso, at least partially, due to the
balance between the contamination and the thirvfabe oxide layer, as emphasized in the
case of the initial surface state. It can be addatithe Ni(OH) seems not to be hydrated: no
contribution of water is noticed on theX3spectrum.

In order to fit the Ni2ps/, core level spectrum obtained on alloy 690 samgfes 164 h of
immersion, a supplementary contribution is needsdt can be seen on figure 6(c), compared
to the case of samples immerged 24 h (figure 6{)s contribution emerges at a BE of
855.0 eV, close to the main peak component repdotetthe NiFeO, reference compound in
subsection 3-1-1 and corresponding probably t@ppearance of nickel ferrite. As it is
discussed more in details in subsection 3-2-2,dbilusion is consistent with the

monitoring of the recirculation loop, during thigroosion test, under “damaged conditions”
(see subsection 2-2-2 for details) leading to aedese of ion-exchange resins efficiency.



The value of the height ratio of the satellite tmpipal peak (0.39 on figure 6(c)) seems to be
also in agreement with the presence of nickeltierAs reported previously in subsection 3-
1-1, NiFeO,, NiCr,O4 and Ni(OH) present their major satellite structure at rought/same
BE. The overlapping of these shake-up structurdeertteem undistinguishable in the case of
a mixture of these compounds but lead to variatadribe satellite to principal peak height
ratio, depending of compounds proportions in thetone.

Considering the increase of this height ratio cormap&o the case of 24 h immersion, it can be
concluded that the balance of oxide species inerabthe expense of nickel hydroxide, but
the respective roles of the chromite growth and¢hete precipitation on this rise cannot be
distinguished.

The increased oxide proportion in the scale ofaian products formed on alloy 690 after
164 h of immersion, compared to the case of 24posxre test, is corroborated by the
respective evolution of the balance between thiedabxide and the hydroxide contributions,
highlighted by the comparison of Gcore level spectra reported on figures 7(b) ahd (c

For the alloy 690 samples corroded during 858 halth@contributions are no more observed
on the Cr2ps2 and Ni2ps/2 spectra (see figures 5(d) and 6(d) respectivéhg oxide layer is
thicker than the depth analyzed by XPS. The peakesbf the N2ps;, spectrum is quite
similar with the one reported on figure 2(c) foe tNiFeO, reference compound. This last
point is in good agreement with SEM observatiopored in figure 8 and discussed in
subsection 3-2-2, which bring out a large increzdsoth the number of nickel ferrite
crystallites per surface unit and the crystallige sfor this corrosion test.

Nevertheless, samples exposed 858 h to PWR prisnaylated media have been well
characterized by TEM in a previous stutf: It has been showed that the oxide scale is at
least composed of 3 oxides: nickel ferrite, irod arckel mixed chromite and discontinuous
nodules of chromia along the oxide/alloy interfagse.metallic contributions are not
evidenced on figures 5(d) and 6(d), it can be sap@dhat chromia is too deep in the oxide
scale to be measured by XPS, leading to the capaltisat the contribution of the oxidized
chromium emphasized on figure 5(d) is due to tles@mnce of chromite in the oxide scale.
Therefore, the peak at 856.3 eV on the2Nir, core level (figure 6(d)) seems to be also
partially due to the presence of chromite. The Ihieigtio of the satellite to the 856.3 eV peak
is equal to 0.61, which is close to the value regabfor NiCrO, in subsection 3-1-1, but not
high enough to exclude the presence of nickel hydeofrom the corrosion products layer.
Even if the contribution of lattice oxide is the imane, the appearance of two minor peak
components at roughly 531.5 eV and 533.5 eV orOHis core level spectrum (figure 7(d))
may be in agreement with the presence of hydratdeirhydroxide but could be also the
consequence of the sample contamination.

The comparison of core level spectra recorded loy 800 corroded samples to reference
data discussed in subsection 3-1 leads to sevararks. The deconvolution of @ps/, core
level spectra seem to show that the internal ogodde growing on alloy 690 exposed to PWR
primary simulated medium is made of a mix of chrienaind chromia.

Moreover, the interpretation of Nips» Spectra highlights some key points about the eater
oxide layer. The height ratio between satellite pnidcipal peaks on the Nips/, core level
seems to be useful in order to characterize a nmckel-containing corrosion products. In
this study, this parameter allows evidencing thesence of nickel hydroxide whatever the
corrosion duration, while previous works led by TERor PEC*®!, on the same samples,
have not permitted to obtain this result. The pneseof this hydroxide in the external layer
seems to be also corroborated by the deconvolofi@ls spectra.



The fit of the Ni2pz/» core level seems to permit equally the highligith nickel ferrite
precipitation.

Nevertheless, a slight difference in the princypedk BE is evidenced between the case of
corrosion products formed on alloy 690 and the Mizeeference spectrum (855.0 eV and
855.3 eV respectively). As discussed above, thenpeaks emphasized on N}Ox
reference spectra are also not yet evidenced artrapecorded on oxidized alloy 690
samples. These could be some consequences offérenite in composition between
reference compounds and the ferrite and chromiiéetefely formed on alloy 690, in which
Fe is partially substituted to N3, To clarify this point, the effect of Ni substiton by Fe
on the shape of N2y, core level need to be investigated on referenogpooinds of Ni-
oFer+20sand NiFeCr04, for different z and x values. The lack of sucterence data
does not allow at the present time any more acew@tonvolution of NBps, core level
spectra, in the case of corrosion products formredlloy 690 exposed to PWR primary
media.

3-2-2- Evidencing of the precipitation of nickel ferrite by XPS

The precipitation of nickel ferrite during the aosion process of the alloy 690 in PWR
primary environment lead to the formation of wedfided octahedral crystals, which can be
easily evidenced by SEM observatidht 12 Nevertheless, XPS can be useful in order to
study the kinetics of this precipitation, becausdlows for a mean quantification, although
relative, at a scale (roughly 1 inwhich is consistent with the description of getlieed
corrosion phenomena. The aim of this subsectiom verify if variations in the 855.0 eV
peak intensity (observed on the R/, core level of alloy 690 corroded samples) can be
correlated with those of the nickel ferrite quantit

SEM observations carried out on alloy 690 samptpesed to PWR primary medium for
different durations are reported in figure 8. Omtirworking conditions of the ion-exchange
resins during corrosion tests (see subsection pr2s2ilt in the presence of only few
crystallites of nickel ferrite on the surface ofrgdes, as seen on micrographs recorded after
24 h and 406 h exposures (figures 8(a) and 8(bp@nthe recirculation loop is monitoring
under “damaged conditions”, figures 8(c) and 8&dprge increase of both numbers of
crystallites per surface unit and crystallite sazre observed. The precipitation ofNi

2Fe2+204 is then strongly linked to the efficiency of ioreiange resins, but seems to be also
bound to immersion time, when comparing figure9 &{&8(b) and 8(c) to 8(d).

The relative evolutions of the intensity of the tdyution at 855.0 eV on the Nips/, spectra
and the Fe&2p,, complete area, for all investigated immersion sjae reported on figure 9.
There are in good agreement with SEM observatitrestwo exposure times which exhibit
the maximum proportions of both contributions cep@nd to the damaged working
conditions, corroborating that the precipitatiomafkel ferrite is emphasized during such
experiments. These results highlight the relatignbktween the concentration of Fe and Ni
cations in the media and the growth of the exteorale layer as previously evidenced in a
former work*?,

However, it can be pointed out that the completa af the Fe&p,» is not only linked to
ferrite precipitation, but that part of this areanecessarily due to the iron contained in the
alloy and in the internal oxide scale (mainly mafl&li;.,Fe.Cr.Oa). In contrast, the
variations in the 855.0 eV peak intensity seemetaiseful for studying the kinetics of ferrite
precipitation, even if the detection limit of tpeenomenon is lower by XPS than by SEM



(on figure 8(a), few crystallites were observedle/nio ferrite-associated peak was evidenced
on the corresponding Nipz, spectra).

4- Conclusions

The aim of this work was to evaluate the contrimutdf XPS analyses to the description of
oxide scales formed on nickel base alloys expos@dNR primary media, having been
previously characterized by SEM, TEM and PEC.

Those corrosion layers are made of a mixture adesxiand hydroxides and the deconvolution
of Cr-2pz/2, Ni-2ps;2 and O1score level recorded on such samples need to praliity

perform spectra on reference compounds.

Indeed, the comparison of data collected in tleediure and reference spectra performed in
this work seems to evidence that core level fissdapendent of the energy resolution which
can be achieved with specific spectrometer andyaisgbrocedures. A lack in reference data,
recorded under the same analytical configuration|ctlead to confusing issues when a
mixture of corrosion products is analyzed.

The comparison of core level spectra recorded loy 800 corroded samples and reference
compounds lead to several conclusions.

() The deconvolution of C2ps/, core level spectra suggests that the internal
oxide scale is made of a mix of chromite and cheomi

(i) The study of the evolution of the height ratio vice¢n satellite and principal
peaks, on the N2pz/» core level has highlighted the presence of nickel
hydroxide for all the corrosion durations. Thisuleésias not yet been clearly
evidenced by TEM or PEC characterizations carrigddaring former studies
using this same set of samples.

(i)  The precipitation of nickel ferrite during the cosron process can be
evidenced by the variations in intensity of a plealated at a BE of 855.0 eV
on the Ni2ps/, core level. Such variations allow using XPS aredyt® study
the kinetics of this phenomenon, with a measuréopeed on roughly 1 mfn
I. e.at a scale which is consistent with the descniptibgeneralized corrosion
phenomena.

It must be emphasized that, even if this XPS sturiygs complementary elements to those
obtained in our previous works, a more completemason of these oxide scales seems to be
achieved, through the use of better adapted referemmpounds. Indeed, in nickel ferrite and
chromite formed on Ni base alloys exposed to PWRany medium, Fe is partially
substituted to Ni. The use of reference compouhd @,Fe2+,Osand Nip)Fe.Cr04, with
different z and x values, could improve the oxidale description based on XPS results.
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Tables

Ni Cr Fe C Co Mn Al Ti Cu Si S P

50.31 29.20 9.94 0.018 0.014 0.31 0.13 0.27 <0.00227 <0.0005 0.007

Table 1: Composition (in wt%) of alloy 690

BE for Peak 1 BE for Peak 2 BE for Peak 3 BE for Peak 4 BE for Peak 5
Compounds (eV) (eVv) (eV) (eV) (eV)
ta% ta% ta% ta% ta%
Cr,0s 575.9 576.9 577.7 578.7 579.1
36 35 19 8 5
NiCr,04 575.4 576.4 577.2 578.3 579.4
35 34 18 9 4
576.1 577.2 578.1 579.1
FeCrOs 41 39 13 7 -

Table 2: Binding energies (BE) and contributionshef associated peak to the total area of
the core level envelop&ao), for the fit of the Cr 2p, spectra of GOs, NiCr,0O4 and
FeCrO,, from Biesingeet al.[25]



Figures captions

Figure 1. Schematic view of the oxide scale thah®during the exposition of Ni base alloys
in PWR primary water [11-13].

Figure 2: Curve fitted NBps/, spectra of reference (a) metallic Ni; (b) NiBg (c) NiCr,O4
and (d) Ni(OH) compounds.

Figure 3: Curve fitted CPps/; spectra of reference (a) g and (b) NiCsO, compounds.

Figure 4: Curve fitted Qs spectra of reference (a) Ox; (b) NiFeOys; (c) NiCr,O4 and (d)
Ni(OH), compounds.

Figure 5: Curve fitted CPps/, spectra of alloy 690 corroded at different expegimes in
PWR primary coolant conditions.

Figure 6: Curve fitted NBps, spectra of alloy 690 corroded at different expegimes in
PWR primary coolant conditions.

Figure 7: Curve fitted (s spectra of alloy 690 corroded at different expegimes in PWR
primary coolant conditions.

Figure 8: SEM observations of the surface of a9 after different exposure times and for
different ion-exchange resin working conditionsbjeexposed to PWR primary simulated
water at optimized working conditions, for 24 h éad 406 h (b); (c-d) exposed to PWR
primary simulated water in “damaged conditionst, ¥64 h (c) and 858 h (d).

Figure 9: Evolution of the proportion associateth® Fe2p,» and nickel ferrite N2pz,
peaks as function of the immersion time of allo@ @ PWR primary medium at 325 °C.
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Figure 3
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Figure 4
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Figure 5
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Figure 7
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Figure 8
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