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INTRODUCTION

Context and objectives

The aim of the PhD work reported in the present usanpt was to contribute
developing novel tools in the field of photoelectiemical characterizations as applied to the
domain of High Temperature Corrosion (HTC) of met@hd alloys, which has nowadays an
high industrial interest (needs for increasing 8nte failure for services in more severe
environments) but whose complexity increases.

The latter complexity arises from oxidation meckams which are very sensitive to
service operating conditions of great diversity.also comes from the tuning of the
metallurgical parameters of the alloys, an incmegsipart of them being now
micro-structured, which permits technical progressesrmreases the difficulty of oxidation
studies. The thermal scales which are formed, whstsuctural and physiechemical
properties do control the corrosion process, arg tieterogeneous, both in their chemical
compositions and the thre#imensional spatial distribution of their comporsent

To characterize the properties of the oxidatioretay numerous more or less usual or
sophisticated techniques have been and are stitl, . anong them as energy—dispersive X—
ray spectroscopy (EDS) for elemental analysis, X~Raffraction (XRD) and Raman
spectroscopy.

PhotoElectroChemical (PEC) techniques, which hasenbparticularly developed at
SIMaP, are less commonly used in the HTC domainvéder, these techniques were already
shown to be able to provide, both at the macroscapd microscopic levels, interesting
results as concerns chemical and electronic priegedf the thermal scales, and to be
particularly sensitive to small differences betwsamples.

Nevertheless, it appeared interesting to furtherelig the experimental and analysis
tools of the photoelectrochemical techniques, tketanto account to the increasing
complexity of the oxidation layers. Three direcBomere chosen.

The first goal was to provide a photoelectrochehpesameters database for single or
mixed oxides which are present together in thesoales grown at high temperature on steels
and other alloys, i.e. hematite, chromia, and hieiehromia solid solutions (E&CrOs)
at several ratios, to help identifying these oxidaesthe thermal layers formed on
chromia-forming alloys.

The second goal was to develop and validate arnnatignesoscopic PEC set—up,

allowing to use, on selected samples areas o4@@Qm in diameter, all the tools available at
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the macroscopic scale; indeed, if photelectrochaeimimaging setups (1 pm spatial
resolution) have already been built and used, duke restricted number of available laser
lines, studies were restricted to a poor set ofghenergies.

The third goal was to contribute developing anddeting models and/or procedures to
improve the analysis tools of Photocurrent Energec®a (PES) used in the lab and the

literature.

Structure of the manuscript

The manuscript will be outlined as follows.

Chapter 1 will first give an introduction to highemperature corrosion
(thermodynamics, defects, oxidation reaction radad, diffusion phenomena). Then, previous
works in the literature on oxidation of metals abbys (for both ferrous and non—ferrous
materials) will be presented. Finally, principlesdaprocedures of photoelectrochemical

characterization will be given, and illustratedvioyrks reported in the literature.

Chapter 2 describes the materials and experimgatedures which were used

throughout the work.

Chapter 3 will focus on the photoelectrochemidaracterization of chromia, hematite
and some of their solid solutions. Firstly, phosatiochemical results on pure chromium
oxidized in different conditions will be presentethen several characterizations (XRD,
Raman spectroscopy, and PEC) of_Eer,O3; samples prepared by solid state reaction will be

reported.

Chapter 4 will first present the novel mesoscgpiotoelectrochemical tool and its
interest in the HTC field will be illustrated. Thethe performances of multiscale PEC
characterizations, and of the PES analysis modmsntsy developed in our group, will be
shown, for the cases of duplex stainless steel [dirdbased alloy oxidized in diverse
conditions, using complementary characterizatioress SEM/EDS, XRD, and Raman

spectroscopy.

Finally, general conclusions and perspectiveshéglhddressed.



CHAPTER 1
PHOTOELECTROCHEMISTRY AND HIGH TEMPERATURE: AN
INTRODUCTION

As stated in the preceding introduction, the aimtlo§ work was to enlarge the set of
photoelectrochemical tools available for charazteg semiconducting samples, focusing on
the case of thermal oxidation layers on metals amgtallic alloys. Considering that

photoelectrochemists are not necessarily familidgin the field of high temperature corrosion,
and, conversely, that photoelectrochemistry isysdtan usual characterization technique in
the latter field, this chapter intends to give bhat reasonable introductions to both scientific

domains, hopefully sufficient to follow the resuttthis work exposed in the next chapters.

In the first part of this chapter (1.1), an ovewief basic concepts and knowledge in high
temperature oxidation will be given, as regardsrtoelynamics, defects in solids, oxidation
reaction rates and diffusion mechanisms. In papgral.2 and 1.3, results reported in the
literature on the oxidation of ferrous and non des metallic alloys will then be presented.
The last part (1.4) will present basics of photoetechemistry as a characterization tool,
together with the results of photoelectrochemitatli®s previously reported in the literature

as regards stainless steels, pure chromium anoased alloys.

1.1 Basics theory of high temperature corrosion

High temperature corrosion generally covers dryragion processes in gaseous
atmospheres (oxidation). The latter processes @rerged by thermodynamics and kinetics.
The main phenomena taking place during reactiongmefals with oxygen (oxidation
mechanism) are presented in Figure 1.1. Initigly gas adsorbs on the metal surface as
atomic oxygen; then oxide nucleates and grows rim f@ complete thin film. Next, the layer
thickens, soon acting as a scale barrier to protectmetal from the gas. Scale growth results
from concomitant moving of electrons, oxide ionstah ions and oxygen diffusion through
the scale. As the scale grows up, cavities andatiacks may be created from generated

stresses, leading to failure of the scale.

One of the basic knowledge which helps understanthie growth mechanisms is that
of diffusion processes. Crystal structures of tlomstdered materials are also important
oxidation parameters. The following text will thueddress thermodynamics, defects,
oxidation reaction rates, and diffusion. The dstaf these subjects can be found in the

standard textbooks {4].
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Figure 1.1 A schematic illustration of some main phenomensiray while metals react with oxyg&h

1.1.1 Thermodynamics of high temperature corrosion
The simplest chemical reaction for the oxidatodnmetal, which is the reaction

of a metal, M, and oxygen ga®,, to form the oxideM xOy , may by written as:
XM + (%)o2 - MO, (1.1)

The Gibbs energy changAG, is the driving force for the reaction. At congtan
temperature and pressur&G can be expressed by the second law of thermodysaas
follows:

AG =AH-TAS (1.2)
where AH is the enthalpy of the reaction, T is the absobletmperature, and\S is the
entropy change. Spontaneous processes will talke plaenAG is negative. IfAG= 0, the
process is at equilibrium, and &G is positive, the reaction is thermodynamically aisifred,;

that is, the reverse reaction will proceed spordasly. The driving force oAG for reaction

(1.1) can be expressed in term of the standardsGhbrgy change!)GO:

am,0,
(am )X [anz)ylz

where the chemical activity, a, of each reactanpmduct is raised to the power of its

AG =AGY +RTI

(1.3)

stoichiometric coefficient, and R is the gas conista

In most cases, the activities of the solids (lseddd oxides) are invariant, i.e.
activities = 1 for pure solids, and for the relativhigh temperature and moderate pressures

usually encountered in oxidation reactions, theiviagt of oxygen gas, ag,, can be

approximated by its pressure. Therefore, at equilib whereAG = 0:
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0 _ Qprod
AG? = -RT In{p—} 0 +X2 RTInp, (1.4)

areact

where Po, is the partial pressure of oxygen. So, the equulibrpartial pressure of oxygen is:
2 AG°
Po, = ex{——] (1.5)

In solid solution such as an alloy, the partialan Gibbs energy of a substance
is usually called chemical potential, If 1 mole of pure A is dissolved in a massive of

solution, the Gibbs energy change for the mole of:A
AGA =pp -p2=RTIn g (1.6)
where u% is the chemical potential of 1 mole of pure A (#tendard chemical potential), the

chemical potentiali5 is the value in the solution, areg, is the activity of A in the solution.

Thermodynamically unstable oxides, metastabledassi are often formed in
gaseous corrosion systems. The Gibbs energy oimétastable oxide formation is less
negative than for a stable oxide, but in fact astalple oxide can often exist. For instance,
rapid kinetics can favor the formation of a lessbkt oxide on an alloy, an alloy AB could
oxidize to form oxide AO and BO, but if BO is matable than AO, then any AO formed in
contact with B should convert to BO by the reaction

B+AO - BO+A a.7)
Nevertheless, if AO grows rapidly compared with B the conversed reaction is slow, AO

can be the main oxide found on the alloy.

Thermodynamically unstable crystal structuresorides are also sometimes
found. A growing oxide film tends to try to aligts icrystal structure with that of the substrate
on which it is growing. This epitaxy can cause fibrenation of an unstable structure that fits
the substrate best. For example, the formation wbicc Al,O; replaces the stable

rhombohedral AIO; on aluminium alloys.

1.1.2 Defects
Defects or imperfections in crystalline solids ativided into three groups
according to geometry or dimensionality: point ad&fe line defects, and plane defects. In

oxidation processes, these defects may promoteahgport of species through the scale.
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1.1.2.1 Point defects
Point defects are associated with the missing @irtegular placing of
atoms in the lattice. These imperfections may lesgmted as vacancies, seiferstitials,

substitution and interstitial impurities.

Vacancy or vacant lattice siie the simplest of the point defects which
results from the missing of an atom (Figure 1.2(&@cancies are always present in all
crystalline solids, especially at high temperaturdgen atoms are frequently and randomly
changing their positions leaving empty lattice sifEhe existence of vacancies correlates with
the principles of thermodynamics as they incre&seentropy in the crystal. The number of
vacanciesN,,, increases exponentially with the absolute tentpszaT, as follows:

Ny =N ex;{ %) (1.8)

where N is the total number of atomic sit€}, is the energy required for the formation of a

vacancy, and k is the Boltzmann’s constant (k382 J/atom-K).

Self-interstitialis an atom of the same nature as the lattice aiesms
squeezed into an interstitial site as shows indeigu2(b). A self—interstitial atom being larger
than the interstitial site, a strong distortion p@ps in the surrounding lattice. The presence of

such a defect has a low probability, compared ¢oothe of a vacancy.

Interstitial and substitution impuritie@=igure 1.2(c) and (d)) are point
defects corresponding to the presence of foreigmst An interstitial impurity usually
consists of an atom which is smaller than a lattimen. It introduces a less distortion to the
lattice, is more common and more mobile, comparét the self—interstitial defect. For a

substitution impurity, the impurity atom replacelast atom in its site.

5. 000000000

\S%XDOOO @
OOO00 SO0

0. OO000000

O00000-®
Slelelele] Teie
OOO000CO0

Figure 1.2 Schematic illustration of point defects in crystda) vacancy (b) self—interstitial (c) interistit

impurity and (d) substitution impurity
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1.1.2.2 Line defects
Line defects or dislocations occur from a misaligmtnof atoms, and
are mainly divided into edge dislocations and scdestocationsEdge dislocationgFigure
1.3(a)) are made up of an extra plane or half—ptdra@oms which terminate their edge within
the crystal.Screw dislocationgFigure 1.3(b)) correspond to distortions introeldidy a shear
stress. Most dislocations in materials are nevargoenly edge or screw dislocations, but a
combination of both types are always presented.

(a) Burgelzs vector (b)

Dislocation —(IR=R=g
line

Dislocation <7~
line ("J )
Burgers vector, &

Figure 1.3 Schematic of linear defects of crystals (a) ediglcation and (b) screw dislocatiBh

1.1.2.3 Plane defects
Plane defects are two—dimension imperfections é&atat the interfaces
between homogeneous regions of the material. Theeglassified as external surfaces, grain
boundaries, twin boundaries, stacking faults, dmbp boundaries.

1.1.2.4 Defect structure of ionic oxides
In ionic crystals, the bonding is provided by couloforces between
positive and negative charges which commonly pmwvmbint defects in structure. The
imbalance among charges tends to balance itselihamtain charge neutrality and its
stoichiometry. The main defect structures of ioowades which lead to an ionic conductivity

are Schottky defects and/or Frenkel defects.

A Frenkel defecfFigure 1.4(a)) is a pair made of a cation vacaauy
of an interstitial cation. The smaller ion, defelt cation, is displaced from its position to an
interstitial site. It creates a vacancy defecttatoriginal site and an interstitial defect at its

new location. Since anions are larger than catibmsdifficult to form an interstitial anion.

A Schottky defecFigure 1.4 (b), is a pair of anion and cationarases
in the proper ratio necessary to maintain electegtrality. The defect forms when oppositely
charged ions leave their lattice sites, creatingamaies. The ions must diffuse into the

appropriate adjacent vacancies to allow mass ta@asid ionic electrical conductivity.

Both defects are implied for ion diffusion in theide growth process.

7
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OoOoQ00O0000
@— 00000
Yj@ o0

Figure 1.4 Schematic of defect structure of ionic oxides:Kenkel defects and (b) Schottky defects

1.1.2.5 Defect structure of semiconductor oxides
The defect structure of semiconducting oxides @adibided into three
categories that is p—type, n-type, and amphoté&he schematics of ionic arrangement in

some semiconductor oxides are illustrated in Figuse

A p-type oxidds a nonstoichiometric compound withetal cation
vacanciesor oxygen interstitials According to the growth of metal—deficient oxidegh
predominant defects of metal cation vacanciespeatdiffuse in the lattice by exchange with
these vacancies. Charge neutrality in the lattscenaintained by the presence of electron
holes or metal cations of higher than average ipestharge. The electronic current is due to

positively charged electron holes.

An n—type oxidecould be a cation interstitial metal-excess oo@ni
vacancy. Ann-type cation interstitial metal-excessgide contains interstitial cations, in
addition to the cations in the crystal lattice. @jganeutrality is established through an excess
of negative conduction electrons, which promotecteleal conductivity. Ann—type anion
vacancyoxide contains oxygen anion vacancies in the ahysttice. Current is passed by

electrons, which are present in excess to estatitialge neutrality.

Amphoteric oxidels a nonstoichiometric with either a deficiency of

cations or a deficiency of anions, depending oretamental composition.

Figure 1.5 Schematic of ionic arrangements in some semicdndoxides: (a) p—type NiO, cation vacancies
are indicated as open squares. Th& Bhtions are shaded, and (b) n—type Z@Dion vacancies are indicated as

open squares; Zrions are shadéed



Chapter 1 Photoelectrochemistry and high tempegatorrosion: an introduction

1.1.3 Oxidation reaction rate

1.1.3.1 Linear oxidation reaction rates
If the metal surface is not protected by a bawfeoxide, the oxidation
rate usually remains constant with time. The liradation rate is presented as:

dx
dt L (1.9)

where x is the mass or thickness of oxide formed, the time of oxidation, and_ks the
linear rate constant. The rate constant is a fanobf the metal, the oxidation atmospheres
composition and pressure, and of the temperatategidation of eq. (1.9) gives the linear
oxidation equation as follows:

x =kt (2.10)

Linear oxidation is to be expected if the PillingeBvorth ratio, the
ratio of the volume of oxide formed to the volumg roetal consumed, is less than 1.
Situations which can occur in this case are suclokilization or meltage of the oxide, scale
spallations or cracks due to internal stressedpmnation of non—protective oxide on the

metal.

1.1.3.2 Logarithmic and inverse logarithmic reactiates
Logarithmic and inverse logarithmic kinetics is albyobserved at low
temperature when only a thin oxide film is form&dansport processes across the film are
rate determining, electric fields across the filaing the driving force. The oxidation equation
in logarithmic and inverse logarithmic cases isegivin equations (1.11) and (1.12)
respectively.
X = kg log( at+3 (1.11)

L -b-k logt (1.12)
X

where kg, Kj, a, and | are constants. Due to the difficulties to make smagasurements in

the thin film range, it is very difficult to diseninate between logarithmic and inverse

logarithmic oxidation rates.

1.1.3.3 Parabolic reaction rates
Parabolic kinetics is usually observed when thdusibn of ions
through a compact barrier layer of oxide is ratataling, the chemical potential gradient
being the driving force. As the oxide becomes taickhe “diffusion distance” increases, and
the oxidation rate slows down. The rate is inverggbportional to the oxide thickness as
written in eq. (1.13) and the parabolic equatiordn (1.14) is obtained after integration.
9
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k
ax_Xp (1.13)
dt X

k
x2 = 7'% (1.14)

where kp Is the parabolic rate constant.

Hence the logarithmic (or inverse logarithmic) be tparabolic oxidation rates
should be found where the protective oxide coverrttaterials, whereas the linear oxidation
rate present where the failure of protective oxddeurs or the non—protective oxide forms.

1.1.4 Diffusion

Diffusion is a transport phenomenon in which p&tanove (in a random way)
using their own thermal energy: no bulk motion (geetion) is required. The rate of global
movement of the particles depends mainly on teniperaand on the sizes/masses of the
particles. According to the phenomenological Ficldes, the flux of diffusing particles is
proportional to the gradient of concentrations, endirect from higher to lower concentration
zones. Diffusive equilibrium is reached when theaamtration of the diffusing substance in
the two compartments becomes equal. Diffusion itenals provides gradual mixing; in a
phase with uniform temperature, no other exteroalds acting on the particles, the diffusion
process would ultimately lead to complete mixing.

Diffusion can be mainly classified agerdiffusionwhen a foreign atom diffuses
in a host matrix andelf—diffusiorwhen the diffusing atom is of the same naturéhasatoms

of the host matrix.

1.1.4.1 Diffusion mechanisms
In solids, the diffusion of particles may occur vmcancy diffusion or
interstitial diffusion. Particles motion may digttine lattice during the displacement.

Vacancy diffusior{Figure 1.6(a)) is the interchange of an atom fieom
normal lattice position to an adjacent vacantdatsite. Indeed, the presence of a vacancy is
necessary, and the diffusion rate is a functiothefnumber of vacancies which depends on
temperature. Since diffusing atoms and vacanciebasge positions, the diffusion flux of
atoms is in the opposite direction of the one oftawmies. Both self—diffusion and

interdiffusion may be observed.

Interstitial diffusion(Figure 1.6(b)) involves migrations of atoms from

interstitial positions to a neighboring one whishempty. So, the atoms must have a smaller

10
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size than that of the host atoms, adequate tantiit the interstitial site. This mechanism is

usually found for interdiffusion of impurities.

Apart from vacancy and interstitial mechanisnmterstitialcy
mechanisntan take place. In the interstitialcy mechanidre, interstitial atom pushes one of
its neighboring atoms on a regular lattice posifitio another interstitial position, and then

occupies the site of the displaced atom.

000000000
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00000 {000
000000
COEI00000
00000000
000000000

Figure 1.6 Schematic of diffusion mechanisms: (a) vacanéfiyision and (b) interstitial diffusion

1.1.4.2 Steady-state diffusion
In steady—state conditions, the rate of mass teangbually expressed

as the diffusion flux (J) is proportional to thegaéve gradient of concentration%(z)
X
according to Fick’s first law as follows:

3=0% (1.15)
0x

where D is diffusion coefficientp is the concentration of diffusing species whicltimse

independent, and x is the position in the solidsgha

1.1.4.3 Nonsteady—state diffusion
The most of practical diffusions are nonsteadyestdhat is the
diffusion flux and the concentration gradient amngoparticular point in a solid vary with time
(), resulting in a net accumulation or depletidntlee diffusing species. A nonsteady—state
diffusion can be described by the partial differ@néquation of Fick’s second law as below:
‘Z—f = Dgxig) (1.16)
1.1.4.4 Factors affecting on diffusion
Diffusion rates and diffusion coefficients depemtdmany factors such
as the nature of the diffusing species, the tentpexathe defect concentrations, crystal

orientations, and nature and concentration of imtipsr The diffusing speciesvidently
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influence the diffusion coefficient: for instandeetdiffusion coefficient associated to carbon
interdiffusion is greater than the one of self+Bfbn in iron. The latter comparison also
illustrates that the rate of diffusion via vacascigelf—diffusion of iron) is lower than via
interstitial mechanism (interdiffusion of carbon).

The diffusion coefficient exponentially increasesthw increasing
temperatureaccording to the following Arrhenius equation:

D =D, ex;{ %) (1.17)

where Dy is a temperature—independent pre—exponentialrfaGlg is the activation energy

for diffusion, R is the gas constant, and T isdbsolute temperature. The activation energies

(Q) of interstitial diffusion are much lower tharetones of vacancy diffusion.

When considering two systems, &d $, at the same temperature, if
the chemical potential of;Ss greater than the one of &;>,), an energy flow will occur
from § to S because the fact that the system always prefevseleergy and maximum
entropy.

The diffusion coefficient in rather stoichiometrmompounds can
usually be assumed to be proportional todkéect concentratianThe diffusion coefficient
can also depend oaorystal orientationin noncubic crystals while it is independent of

orientation in cubic crystals.

Impurities which perhaps come from the alloy before oxidatar
from gas phase during oxidation, always exist grital oxides. They affect the diffusivities
in the oxide, and consequently the oxidation refes.example, in p—type oxide such as NiO,
any substitutional cation with a valence greatamntithe Nf* ion tends to increase the
concentration of cation vacancies which also tend#crease the diffusivity of Ki cation

through the oxide.

Short—circuit diffusion the diffusion along grain boundaries and
crystalline defects, provide lower activation enesgor diffusion. In metals, diffusion along
dislocations is more important than volume diffusioelow about one—half of the absolute
melting point. At high temperatures, volume diffusi predominates in both metals and

oxides.

12
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1.2 Oxidation of ferrous alloys

The use of metals and alloys at high temperatiways faces with oxidation/corrosion
issues. Stainless steel, a ferrous alloy contaiatigast 10.5% chromium, is widely used for
high temperature applications because of its esdmary corrosion resistance. Not only
chromium but also nickel and molybdenum are allowatth iron to improve the corrosion
resistance of steels, whereas nitrogen can incne@shanical strength and enhance pitting
resistance. According to their crystalline struet@nd strengthening precipitates, stainless
steels are divided in five categories: ferriticstamitic, martensitic, duplex, and precipitation—
hardening. A protective layer is generally formenhtaining always chromia (€D3). Other
oxides which are often encountered in the layeriame oxides (wistite FeO, magnetite
Fe;04, or hematite F£3). The latter chromium and iron oxides usually aleo found as
solid solutions especially with the corundum stuoet (Fe_CrOs). In this work, duplex
stainless steel, consisting of ferritic and ausiegrains, will be studied. Hence the oxidation

of ferritic, austenitic, and duplex stainless steglbriefly reviewed in this section.

1.2.1 Ferritic stainless steel
Ferritic is a stainless steel which mainly congsosf iron and chromium and has
a very low nickel content. The alloying element gbhistabilizes the ferritic phase is
chromium. Ferritic stainless steel is a ferromaignetaterial with the body—centered cubic
(BCC) crystal structure. It exhibits low in duagliand work hardenability but high in yield

strength and stress corrosion cracking resistance.

Oxidation of ferritic stainless steel at high ferature was broadly studied. The
resulting common knowledge is that oxidation depgema many factors such as the chemical
composition of alloys, and the oxidizing atmosphéeenperature, and time. The kinetics of
oxidation often exhibit a parabolic law, oxides ithp growing up at the initial stages and
becoming stable as the protective oxide is fornfemyever the kinetic rate can turn new
growing up when the protective oxide is spalling-§6 Thermal oxide type and structure
certainly depend on various parameters however blobedral forms of chromia (&Ds),
hematite (FgDs), hematitechromia solid solution (ReCrOs), and of the spinel
manganesechromium oxide (MnGiO,) are generally observed. Some parameters of sitere

for the oxidation process of ferritic steels aresgnted below.

1.2.1.1 Effect of exposure time and temperature
Oxidation time and temperature are well-acknowlddtge affect the
oxidation kinetics. The oxide thickness generatigreases with time and a higher oxidation

rate is found when increase the oxidation tempegateor instance, in the study of P. Jian et
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al. [6], temperature dependence of the parabolé canstant is reported for oxidation in air.
In addition, this paper proposed a schematic vieaxa@e scale formation (Figure 1.7), based
on XRD/SEM/EDS characterizations, showing a dugeixle microstructure with MnGO,

on top of C$03. An anomalous temperature dependence of the oattant for intermediate—
Cr contents (~10-12%) steels for oxidation in stesas reported by J. Zurek et al. [9].
Oxidation rates did not steadily increase with @asing temperature due to the formation of a
thin protective oxide layer at higher temperatame] a rapidly growing up of less—protective
oxide at lower temperature, whereas increasingtéhgerature increased oxidation rate in

steels with higher or lower Cr contents.

MNCr,0, O: %2 O O

¢ i ‘ ¢ CraOg

Mn cations Cra+ S
I o
Fe-16Cr alloy Fe-16Cr alloy Mn-depleted zone

1
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Figure 1.7 Schematics illustration of oxidation processethefFe—16Cr alloy in alf!

The initial stage of oxidationf ferritic stainless steel AISI 430 under
O,/H,O/N, at 1273 K was studied by I. Saeki et al. [10-THle oxidation was rapid at the
initial stages, and then decreased, but not foligwhe parabolic equation. Time dependence
of the scale morphology was demonstrated, andag shown that the thermal oxide was
composed of corundum oxides of (FeOg An oxidation model was proposed as in Figure
1.8 [11]. Fe-rich oxide was lunched at the veryiahistage and it turned to a Cr—rich oxide
when time increased. Spinel oxides appeared dfeerfdrmation of corundum oxide. The
outer oxide composed of spinel oxide with a smatloant of corundum oxide [10]. A.
Srisrual et al. [12] reported the initial stageridation of AlSI 441. The Fe—rich corundum
oxide was formed at the very early stage, and thered to a Cr—rich oxide, a spinel oxide of
MnCr,O,4 being present on the top of the layer. Cr conitermbrundum oxide increased with

time and temperature.
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Figure 1.8 Schematic illustration of the initial oxidationqeess of stainless steel 430 ig-8,0—-N,
at 1273 KM
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1.2.1.2 Effect of alloying elements
Alloying elements are parameters influencing dlgectthe

characteristics of the alloys and of their therordtles. The study of I. Saeki et al. [13] is an
example of the researches which were performederetfect of the manganese content, in
the case of the initial oxidation of stainless k&0 at 1273 K in @N, atmosphere. The
influence of different amounts of Mn (0.09, 0.3&da0.9 mass%) on the oxidation
mechanism was investigated. For the lower Mn cdnt@mly corundum oxide was formed.
The structure and the composition of the oxide gbednduring the first 30 seconds (Fe-rich
corundum oxide was lunched at the start and thendasereplaced by Cr in the oxide after the
formation of a thicker and more compact oxide), Hreh became constant (oxide grew up at
the surface by sintering and recrystallization hed briginal nuclei without the formation of
new nuclei). For higher Mn contents, the first ti@nt stage was similar, except for
differences in morphology and for the presencenabater spinel oxide which nucleated from
pre—existing corundum oxide. Moreover Mn increasieel oxidation rate at steady state
because of the rapid diffusivity of metal ions tngb the spinel oxide.

1.2.1.3 Effect of gas compositions
The effect of hydrogegas in the oxidizing atmosphere was reported by
E. Park et al. [14]. Hydrogen containing atmosphmm@moted a Cr—rich oxide layer on the
surface. The oxidation process was proposed as thebone illustrated in Figure 1.9 showing
an Fe—rich oxide at the beginning, and then the&bion of a duplex oxide layer, with an Fe—
rich outer layer and an Cr—rich inner layer. Theldx oxide turned to a Cr—rich mono—layer

with increasing time.

Oxidation time at 800°C, t (sec.) 5

t=0 t=230 t=60 t=90 t>120
P A Y LD L . iy
A A 4 & T r T T
Metal |= = =) =
Cr-depletion zone [ Fe-rich oxide [ Cr-rich oxide [ Interface oxide

Figure 1.9 Schematic of the oxidation process of a polished15 at.% alloy surfaéé’

The effect of the oxygen partial pressuneas also studied, and for
instance, reported by Anette N. Hansson and M.8almers [15]. The study presented the
influence of the oxidation environment on the seataphology and on the oxidation rate for
Fe—22Cr alloys. Thermal oxide layers consisted afoMO, on top of C§Os. The wrinkle of
the oxide morphology was the result from the growsfitess which was formed higher at
higher oxygen partial pressures.
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A whisker oxide, which was suggested to grow byaxg diffusion of
cations along a tunnel surface inside the whiskees observed in #H,0 while being
absent in air/BD. Lower oxygen partial pressures provided a slowéte growth because of
the lower oxygen anion diffusion. Other researcflg$-11] reported that increasing the

oxygen partial pressure promoted Cr—rich oxide JevRe—rich and spinel oxide was resisted.

The influence of water vapavas widely studied. A. Galerie et al. [8]
studied the oxidation of ferritic stainless stemd dound that the parabolic oxidation rate was
higher in water vapor than in oxygen, affectingederated failure of the protective chromia
scale. The report of Z. Yang et al. [16] also famli®n the effect of water vapor and found
that adding water vapor in the atmosphere resuitedcleation and growth of hematite in the
scale, in accordance with a previous work of owugr[12] which showed that the presence

of water vapor in atmosphere yielded®gin the thermal oxide layer.

1.2.2 Austenitic stainless steel
Austenitic stainless steels are obtained by addusgenite stabilizers, commonly
nickel, but also manganese and nitrogen. The drgsiacture is face—centered cubic (FCC).
Austenitic stainless steels are a nhon—ferromagnadierial. Interesting mechanical properties
such as high ductility and excellent toughness adoined. Due to the limitations to the
increase of Cr content, Mo is also added to improwgosion resistance. Oxidation of
austenitic stainless steel indeed depends on évseameters as in the case of the ferritic

ones. Some studies on the influence of the ladienfs are presented now.

1.2.2.1 Effect of exposure time and temperature

L. Dong—sheng et al. [17] reported on the tempeeatiependence of
the oxidation of an austenitic stainless steel §6li11Cu3AI3MnNDb). Oxidation was done in
air at 700°C, 800°C, and 900°C. It was again shdkat the higher oxidation rate was
obtained at the higher temperatures. At 700°C &@@f®, oxidation followed the parabolic
law and a dense oxide film was obtained, mainly posed of hexagonal XDs;, FeOs;, and
of a small amount of Cr oxide at 700°C. At 900°: bxide film started to delaminate, and
was composed of (Cr,F£); and of the spinels CuCrMn@nd Fe(Cr,AQO,. J. A. Poston Jr.
et al. [18] also reported an oxidation temperatarel time dependences, using X-ray
photoelectron spectroscopic (XPS) to trace the emygenetration depth in oxides grown on
Fe—-16Cr—16Ni—2Mn—-1Mo-2Si austenitic stainless stéridation was conducted at 973 and
1073 K with exposure times of 25, 100, 193, 436 a@00 h. Surface and near surface
rearrangements following oxidation resulted in gioe of high Cr concentration on all

oxidized samples. The presence of Cr, Mn, Fe andaMbe initial oxidized surface indicated
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that the oxide film formed is not exclusively,Og. Temperature and time dependence 30 O
penetration depth was observed. The penetratiotih degignificantly greater for the samples
oxidized at 1073 K and was generally found to imseewith increased exposure times up to

436 h, no increase in depth being then observeudaet 436 and 700 h exposure times.

The initial stage of oxidatiof austenitic stainless steel AISI 304 at
1273 K for up to 1 h was studied by |. Saeki et[&8], together with the one of ferritic
stainless steel AISI 430 in the same conditionse Hitially formed oxide on AISI 304 is
only an iron—rich corundum-type oxide. In the lasémge, the oxide was composed of an
inner layer of chromium-rich corundum oxide with amer mixed layer of corundum and

spinel oxides. A similar reaction is also postulati® take place in the oxidation of AISI 430.

1.2.2.2 Effect of alloying elements

Chemical compositions are key factors in oxidatidmmetals. G. Cao
et al. [20] compared the corrosion resistance @ferdint austenitic stainless steels, i.e.
stainless steel types 316 and type 310, and AIG®HS in supercritical C@at 650 °C and 20
MPa for 3000 h. Alloy 800H (32 wt.% of Ni and 21.%tof Cr) exhibited the best corrosion
resistance followed by type 310 (21.5 wt.% of Nd &b wt.% of Cr) and type 316 (12 wt.%
of Ni, 17 wt.% of Cr, and 2.5 wt.% of Mo). The difence in corrosion performances was
related to the compositions and morphologies ofatkides. For 316 stainless steel, the outer
layer consisted of large equiaxed graineddze(magnetite) and an inner spinel FgQy
layer. For the 310 stainless steel, Cr—rich oxiagets CyO3; and Ci JFe 703 improved
corrosion resistance. For Alloy 800H the superiorr@sion resistance stems from the
formation of oxide layers of multiple stoichiomesiincluding, GiOs, Cr 4Fe 703, FeCpOs,,
and Ni 4 Fe 704, FeEMnO,4, and AbOs. A very thin SiQ layer was also observed for type 310
stainless steel and Alloy 800H (known for its potitee qualities). The oxidation of Alloy
800H and stainless steel type 310 followed a difuscontrolled growth parabolic law.
Stainless steel type 316 exhibited a higher oxidevth rate with more oxide spallations.
Discontinuous islands of carburized regions wergeoled underneath the oxide layers which
appeared to promote delamination of oxide layemfrthe alloy substrate. Hence the
difference in chemical compositions led to the afiéht oxidation mechanisms, providing
diverse kinetic rates and oxide types, that absbuaffected to corrosion resistance of
materials.

Apart from the different grades of stainless stted, influence of other
alloying elements was also reported. For instamuereasing of thenitrogen content in

austenitic stainless steel contributed to imprdwe dorrosion, erosion and corrosion—erosion

17



Chapter 1 Photoelectrochemistry and high tempegatorrosion: an introduction

resistance [21]; moreover, it promoted a homogeseawicrostructure and decreased the
charge carriers which affected the protecting dadtenic properties of the oxide layer [22].
Increasing either the chromium or nickel contenédayled the accelerated corrosion and

spallation in austenitic stainless steel [23].

1.2.2.3 Effect of gas compositions
The presence of water vapor was shown to acceldratexidation of
austenitic stainless steel, leading to a fasteskanway oxidation [24]. Adding oxygen gas in
atmosphere also accelerated scale growth, whenbagsed oxides were formed [25]. The
increasing of partial pressure of nitrogen in the gixture could produce thermal layers with
higher hardness and adequate corrosion resistab6p [n the oxy—fuel-combustion
atmosphere (fuel gases and pure oxygen) [27], @ngappressure of Sprovided the higher
depth of corrosive attack on samples; besidesegasing the partial pressures of carbon

dioxide led apparently to rapid and massive intlecagbon enrichment in the oxide scale.

1.2.3 Duplex stainless steel
Duplex stainless steels (DSS), consisting of plases of ferrite and austenite,
are mainly composed of iron and chromium with loasrounts of Ni, Cu, and Mo. A higher
corrosion resistance and mechanical propertiesrisup® those of ferritic and austenitic
stainless steels, are obtained by the balanceeofettitic and austenitic phases. As ferritic
materials, DSS are ferromagnetic materials. Coinegrthe thermal properties, DSS have a
higher thermal conductivity and a lower thermal axgon coefficient than the austenitic

stainless steels.

Oxidation of DSS was shown to depend on the mpelements and on the
oxidation environment. Different metallurgical \asles of both ferritic and austenitic phases
also strongly affect the oxidation of individualagrs. Generally, Cr, Mo, and Si preferably,
presented in ferritic phase while Fe, Ni, and Mefgrably presented in austenitic phase
(these elements play a role as ferritic and austestabilizers [28—29]). Oxidation of DSS is
commonly observed to be parabolic [30-31].

1.2.3.1 Effect of exposure time and temperature
Iron oxide and chromium oxides are the maimrita oxides which can
be observed on the oxidized duplex stainless $@BE5S). The temperature dependence of
the oxidation of duplex stainless steel 2205 wasnted by C. Donik et al. [32-33]. Below
300°C, small increases in temperature above roanpdeature resulted in increasing the
amounts of iron oxides and reduced the ratios odroflum oxides on the surface, with the

formation of almost pure Fe oxides. Above 400°C toenposition of the oxide layers
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changed, the ratio of chromium oxide on the suriaceeased. Iron enriched oxide on the
surface together with increased ratios of oxideclmfomium in depth and at the interface
between oxide and bulk material were observed & m@lperatures.

1.2.3.2 Effect of alloying elements
The oxidation at 1220°C of three kinds of duplexirdess steel, one
standard alloy and two super alloys, was investiydiy L.—F. Li et al. [31]. Superalloys
presented a lower oxidation rate both in the pdmaband linear regimes, whereas the
standard alloy showed a dramatic growth up to aealy oxidation by forming nodules.
Moreover the thickness gfoxide layer is slightly higher on the standardykhan in super

alloys.

As concern the effect of the microstructyrethe difference in
metallurgic compositions and crystal structuresultein the growth of different thermal oxide
on individual grains. Consequently, the oxidatiesistances of ferritic and austenitic phases
in DSS are different. A. Bautista et al. [34] skedlaustenitic and ferritic steels, together with
their duplex stainless steel produced by powderalegy. Ferritic stainless steel showed
higher temperature corrosion resistance than tseeaitic one, due to the Ni content which
promotes the formation of a poorly protective NiBgphase and hinders the formation of a
continuous protective @D; layer. For the duplex stainless steel sample,résestance to
oxidation was greater when the alloy had a higleecgntage of ferrite. The higher oxidation
resistance in ferritic phase was confirmed by tloekwof M.A.E. Jepson et al. [35] where
UNS S32101 was oxidized in simulating propane castibn at 1000°C. For an hour
oxidation time, a thicker oxide formed on the ficrphase while the oxide thickness turned
to be higher on the austenitic phase for longedabon times (2 hours). EDS maps showed
that oxide on ferritic always consisted of an intagter of a chromium manganese oxide and
of an outer layer of manganese oxide, whereas xige an the austenitic grains exhibited
craters in which an outer iron rich oxide and anemchromium rich oxide together with
mixed internal oxide and voids (Figure 1.10). Arestistudy reported on a thin and dense
protective chromium enriched oxide film preferelyiformed on ferrite while a thicker and
less protective oxide formed on austenite [31].
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Figure 1.10Schematics showing the oxidation of polished S324fter oxidation at 1000°C in simulated

propane combustion produétd

1.2.3.3 Effect of gas compositions
The influence of theoxygen partial pressuran the oxidizing
environment was reported by D. Kempf et al. [3@)eTthin oxide film developed on duplex
stainless steel UNS S31803 (DSS 2205) oxidized@t®& under secondary vacuum for 1 h
was investigated. The oxideas thicker on the austenitic than on the ferpti@se. Orboth
phases, the oxide film was composed of chromiumtatoing speciesincreasing oxygen
partial pressure, chromium oxide was found on hgithses whereas iron oxide was only

detected on the austenitic.

1.3 Oxidation of non—ferrous metal and alloy

This part focuses on the oxidation of non—ferrmegerials i.e. pure chromium metal
and nickel-based alloys. Since,Of and AbLO; are the main protective oxides at high
temperature, the study of oxidation of pure chramican give us more understanding in
oxidation of chromia—forming alloys. Nickel and itdloys are practically important to
modern industry because they are highly resistantdrrosion in many environments,
especially in basic (alkaline). They are widelydig® high temperature corrosion applications
such as in petrochemical industries and nuclea@toea

1.3.1 Pure chromium
Oxidation of pure chromium was broadly studieddimerse environments to
understanding how chromia grows depending on skfaa@rs. Chromia, GOs, is the stable
oxide of chromium which is generally found at higdmperature, whereas chromium
hydroxide and nitride can be observed in some ¢omdi. The oxidation kinetics was also

20



Chapter 1 Photoelectrochemistry and high tempegatorrosion: an introduction

investigated. More or less parabolic and/or logamit oxidations laws were generally found
when a protective oxide was formed, depending orp&zature [37, 38], surface finish [39],
and/or gas composition [40, 41]. For instance,stively of K.P. Lillerud and P. Kofstad [38]
on pure chromium oxidized from 800°C to 1100°C régab a logarithmic law at 800°C while

the parabolic law was shown above 900°C.

1.3.1.1 Effect of exposure temperature
As expected, temperature directly affects the didarate of pure
chromium. 1. V. Oryshich et al. [37] oxidized 97.58%arity chromium (obtain from powder
metallurgy methods) in a temperature domain rangiogn 900°C to 1400°C. The parabolic
oxidation law constant was found up to 1100°C, wherthe oxidation rate increased at

higher temperatures.

1.3.1.2 Effect of gas compositions
The presence of nitrogen in oxidizing gess shown to promote nitride
components in the thermal scale [40, 42]. E.I. sdeslrini and V. Brusic [40] oxidized Cr
thin films in oxygen gas and nitrogen gas from 4D®3 600°C. All oxidized samples always
revealed the stable oxide of ;Og but nitride was observed above 450°C. The amooits

both compounds increased with oxidation time atestiperatures.

The effect of the presence of water vapalways an interesting issue.
Y. P. Jacob et al. [42] presented the effect ofllsamounts of water vapor on the isothermal
high—temperature oxidation of powder—metallurgi@M) chromium in argon/oxygen and
nitrogen/oxygen which contained 20 % of oxygen.ahgon/oxygen, water vapor slightly
increased the oxidation rate and was the main oxggeirce for the oxidation process. The
presence of water did not influence the type ofekos and growth mechanism of oxide
formation on pure chromium. In nitrogen/oxygen, #dddition of water vapor reduced the
oxide growth rate by about 50%. The mass transpwthanisms responsible for the

formation of an oxide layer did not change.

S. Henry et al. [43] also presented the effect aftew vapor on
oxidation of pure chromium. Oxidation was performsd900°C in oxygen and in water
vapor. The duplex structure of L formed with an equiaxed internal subscale and a
columnar external subscale, more easily observableater vapor, growing by the opposite
transport of chromium and of oxide/hydroxide iolmsaddition, another study [44] reported
that the presence of water vapor in atmospheredcwoprove a scale adherence because
water vapor promoted oxide formation at the scadtdminterface thereby suppressing

excessive growth of existing voids.
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The effect of oxygen partial pressuvas studied by M. Michalik et al.
[45]. Growth rates of oxide scales were highemoin4pG, gases than in high—p@ases. The
scales formed in the low—p@ases showed substantially better adherence dodabing,
than scales formed in the high—p@ases. These differences in growth rate and ad&ere
could be correlated with differences in size anthtmn of the in—scale voids formed during

the isothermal exposure.

1.3.1.3 Transport mechanism of oxygen
To understand the diffusion mechanism taking placexidation of
pure chromium, oxygen was traced investigated bSSin a study of C. Brunner et al. [46].
Oxidation was performed in two stages: the firagstused®O isotope while the second stage
used*®O, at 900°C. Results showed that the formatiorhefgecond oxide layet®Q layer)
occurred by diffusion of chromium from the bulkdhgh the already grown oxide layé?Q
layer) and reaction of these chromium atoms withigex from the gaseous phase. Hence, it

was concluded that thermal oxides developed byiffigsion of chromium (or cation).

1.3.2 Nickel-based alloys
Nickel-based alloys are important materials foustdy because of their ability
to resist to a wide variety of severe operatingdtiions involving corrosive environments,
high temperatures, high stresses, and combinatibtigese factors. Nickel and its alloys are
ductile and tough, and have a good corrosion gesist Due to the nearly complete 3d
electron shell of nickel, large additions of allegielement can be used before encountering
phase instabilities. Because of this, nickel alldaslesign a wide variety of alloys, running

them as needed.

This part briefly reviews the oxidation of nickekd®ed alloys, emphasizing on
the case of Inconel-690 which not only has a gawtbsion resistance but also appears to be
less vulnerable to the stress corrosion crackintpy690 is now widely used as structural
material for steam generator tubes in pressuriza@mreactors (PWRs) due to its superior
corrosion resistance compared to the one of Alley. 6

Chromia is always detected on the oxidized alloffase with other oxides or
hydroxides depending on oxidation environments raethllurgy conditions. In the literature
[47, 48], it is generally proposed that in the @idn mechanism, Cr rich oxides form
initially through solid—state reactions, and tharaNd Fe diffuse outwards and combine with

the originally formed Cr rich oxides to producersgioxides in the outer layer.
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1.3.2.1 Effect of exposure temperature
The temperature was shown to have effects on tlde axature and
structure. For instance, oxidation of Inconel-69@&ir was reported by G.C. Allen et al. [49]
who showed that a layer formed essentiallg-e€r,O3; at room temperature, while at 600 K,
the formation of a duplex oxide film with a thinteu layer of iron (lll) oxide and an inner

mixed chromium, iron, nickel oxide was observed.

1.3.2.2 Effect of alloying elements
Chromium is the main alloying element which is gailg added to
Ni—based alloys to enhance the corrosion and st@sssion cracking behavior. A study of
F. Delabrouille et al. [50] on the effect of theramium content was launched for alloys
containing chromium concentrations ranging from wWt% 30 %wt. This range covered the
composition of the industrial alloys 600 (15%Cr)Jda#90 (30%Cr). The oxide scales were
grown in simulated PWR primary water conditions d@hd characterizations of the oxide
scales were performed by SEM, TEM and SIMS. A sdtenof the observed oxide structure
for nickel-based alloys with chromium content abd@86 was proposed (Figure 1.11). In
case of lower chromium content, numerous filamentye presented on top and the
chromium rich oxide layer was not continuous. Ihcalses, increasing chromium content in
alloys resulted in an increase of chromium conitethe protective oxide scale and a decrease

of the oxide thickness.

Another sample of the study of the influence obyhg elements was
reported by T. M. Angeliu et al. [51]. The influegscof chromium, carbon, and yttrium on the
nature of the surface film formed on nickel-bas#dya was investigated after 100 h of
exposure to high purity, deaerated, hydrogenatderved 360°C. The chemical composition
of an ultrahigh purity (UHP) alloy of Ni-17Cr—9Fe8030C was altered by varying the Cr
content, doping with C, or ion implanting Y. XPSdaB8TEM provided information on the
chemical composition, structure, morphology, andkifiess of the surface film. Increasing
the chromium content from 5 to 17 %wt dramaticatliyanged the surface film from
predominantly Ni(OH) to CrOs, whereas increasing the Cr content from 17 to 3@ @éd
not significantly modify the type, distribution, dnickness of the oxide phases formed. This
suggested that a critical chromium concentrationtrofled the formation of GOz;. The
addition of carbon increased the film thickness @ndmoted the formation of Ni(OHl)
possibly by an increase in the diffusion of Ni grdn enhancement of the surface activity of
the Ni atoms. Yttrium implantation (up to 2.4 %aoduced similar film thickness and
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composition profiles. Yttrium was reported likety promote the formation of €93 by acting

as nucleation sites for the similarly structuredbahia.
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Figure 1.11Schematic illustration of the oxide structure akied for nickel based alloys with chromium

contents above 10% oxidized in simulated primarteweonditiong®”

1.3.2.3 Effect of gas compositions
For example, dissolved oxygen in simulated primester reactor

increased the intergranular attack (IGA) sensytioit Alloy 690TT (thermally treated) [52].

1.3.2.4 Effect of crystallographic orientation

Orientation dependenaaf the oxidation rate was only evident for short
oxidation times as reported by L. P. Bonfrisco amdFrary [53]. Oxidation of nickel was
done at 700°C in air, EBSD and optical profiler lgg@ being used to investigate the thermal
oxidation layer. The oxidation rate was strongliated with surface orientation; the slowest
oxidation rate was found on (111), followed by (Pahd (001). Furthermore the oxidation
rate was shown to increase as the surface normedtidin deviated away from <111>. The
relative influence of the crystallographic orierdat on the oxidation rate decreased with
increasing oxidation times. The surface oxide theds differences among grains again
decreased with increasing oxidation time. For oahatimes greater than 30 minutes, no

effect of orientation on oxidation rate could béedéed.

Grain boundariesaffect the oxidation resistance. P. Xu et al. [64éd
grain boundary engineering (GBE) to modify the graoundary characteristics of alloy 690,
and then oxidized these samples in supercriticaémat 500 °C and 24 MPa. GBE samples
showed better oxide layer compared to the as—redesample. XRD results indicated that
nickel oxide, chromium oxide, and spinel oxide wire three main types of oxides that form
on as—received and GBE alloy 690. As illustratedrigure 1.12, three distinct regions were
identified on the oxidized surface. Only at randgrain boundaries, chromium oxidation was

24



Chapter 1 Photoelectrochemistry and high tempegatorrosion: an introduction

found as a flake, leading to formation of thick,@g layer on the surface and chromium
depletion underneath. The chromium oxidation wasbated to fast chromium diffusion
through random boundaries and mechanically deformegibns. In addition, orientation—

dependence could also be observed from the diffeséde shapes in flat and rough regions.

Figure 1.12Typical morphology of oxides that form on alloyO6&fter exposure to SCW. This figure shows the
images for the TMP35 sample after 4 weeks SCW axpod he region highlighted in blue box is relatyviéat
and marked as “flat region”, the region highligldtin blackbox is relatively rough and marked as “rough
region”, and the region highlighted in red consisf agglomerateftbkes most of which formed at grain
boundarie$™!

1.3.2.5 Effect of surface finish
Z. Zhang et al. [52] reported that surface finishonly affected the
oxide morphology but did not affect the corrosiater As illustrated in Figure 1.13, a triple—
layer oxide film formed. The intermediated layetiwa loose sheet-like oxide was found on
the ground surface while a needle—like oxide wasenled on the electropolished surface.

lonic exchange
Re-deposition

Dissolved

Outmost layer:

hig oxide particles, (Ni, Fe)(Fe, Cr),0, .
Hydroxides(4 )

M{OH),,M=Ni, Cr, Fe

Re-deposition

Outer layer:

Needle-like or sheet-like oxides,

(Ni, Fe)(Fe, Cr), 0y,

External oxidation

" | Inner layer:
NiQ, Cr 0, ,
Internal oxidation

Diffusion shortcut
Matrix

Figure 1.13 Schematic drawing for the growth of oxide films Alloy 690TT with different surface conditions
in 1500 mg/L B + 2.3 mg/L Li solution with 1.40 éfSTP) Q/kg H,O at 325°C and 15.6 MP¥
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H. Leflaix et al. [55] presented the influence absurface defects on
oxidation of Alloy 690 in PWR primary water. Micrtogctural observations and NRA
measurements underlined the role played by defattthe crystallinity of the continuous
oxide spinel layer, on the nucleation of,Gs nodules and on the oxidation rate. The higher

defects concentration seemed to modify the oxygi@msebn in the oxide scale.

M. Sennour et al. [56, 57] reported the influentswface defects on
the formation of passive film of Alloy 690. TEM ai8EM revealed on oxide layer with the
structure illustrated in Figure 1.14. The influerafealloy surface defects was underlined in
two main consequences. Firstly, the growth kinetit$he internal spinel rich in chromium
increased with the surface defect density. Bediugts when the defects density increased, the
oxide scale became more finely crystallized. Selyonthe quantity of GiOs; nodules
increased with the number of surface defects, ftegeathat the nodules nucleated

preferentially at defect locations.

Ni(OH)z, y H:O

PN
W i N
/ ,

Nij1.¢FexCr:0a

Ni base alloys

Figure 1.14 Schematic view of the oxide scale that formsmtythe exposition of Ni-based alloys in PWR

primary watef®”)

1.3.2.6 Transport mechanism of oxygen
For understanding the transport mechanisms of axygeough the
corrosion product scales formed in the primarydflan Alloy 690 [55], corrosion tests were
also conducted in a sequential exposure und€t®®) and H(*®0). SIMS depth profile
evidently indicated®0 and*?0 at inner and outer layer. The presencé’©fat near surface

revealed outward diffusion of cationic species.

1.4 Photoelectrochemical characterization in higbkemperature oxidation application
Photoelectrochemistry (PEC) takes benefit of thetgvoltaic effect at a semiconductor/
electrolyte interface, firstly discovered by Becmpid58] in 1839, and thus also sometimes
called “Becquerel effect”. First experiment wasqmg silver—chloride in an acidic solution
and illuminated it while connecting it to platinugfectrodes; providing a photovoltage and a
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photocurrent. Whereas photoelectrochemical issueee vetudied since the 1940s [59],
photoelectrochemical techniques were applied toracterize the properties of thermal
oxides, only in the last few decades [60].

Photoelectrochemistry can be used as a charaatienzool, in—situ [61, 62] or ex—situ
[63—66], at either macroscopic or microscopic saler semiconducting materials such as
the numerous metallic oxides, sulfides, and casidieprovides the optical and electronic
properties such as the bandgap and semiconducyipg, tout also possibly energetic
parameters of the semiconductor/electrolyte interfauch as the energy positions of the
surface conduction and valence bandedges. A brerétical background of PEC will be
now presented (the details can also be found insthedard textbooks [67—69]). Then
applications of photoelectrochemistry to high terap&e corrosion studies will be illustrated.

1.4.1 Basics of photoelectrochemistry
1.4.1.1 Band model of a semiconductor

Figure 1.15 shows energy band models of solidsddd/iin three
categories as conductor, semiconductor, and irsul@he highest occupied energy band is
called thevalence bandand the lowest empty energy band is callecctreluction bandin a
conductor, the highest energy band is not fully upeed, therefore it represents also
unoccupied energy band. The valence and condubtmls are separated by a forbidden
energy gap, E the so—calledbandgap Ec = Ec—Ey, where k and E are respectively the
energies of the top of the valence band and ofbibitom of the conduction band. The
distinction between semiconductors and insulatemsains ambiguous; roughly, materials are
said semiconductors when electronic conduction lwarreached, in given condition, and
insulators when not.

Electrical conduction in semiconductors can origgna movements of
negative electrons in the conduction band or oftpashole of electrons (or simply: holes) in
the valence band. Electrical current can be catmedither electrons in the conduction band
or holes in the valence band, or by both kindshafrge carriers. Mobile charge carriers can
be generated by three different mechanisms (Fiduté) i.e. thermal excitation, photo—
excitation, and dopingfhermal excitatiorcan promote an electron from the valence band to
the conduction band if the bandgap energy is saffity small compared to kT. In case of
photo—excitatioran electron can be promoted from the valence barnlle conduction band
when the incident photon energy exceeds the bandgegrgy. Doping is a process
introducing new energy levels into the bandgap. ibgpgan be effected by either disturbing

the stoichiometry of the semiconductor or by subBtig a foreign element into the
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semiconductor lattice. Far-type dopingccupied donor level tare introduced at energies
near the conduction band edge. Electrons from tredlevel are readily promoted to the
conduction band by thermal excitation. Electronshi@ conduction band outnumber the few
thermally—generated holes in the valence band;djenarent is carried mainly by negative
charge carriers. Likewisg—type dopingcorresponds to the formation of empty acceptor
levels (E) near the valence band edge. The acceptor leragdselectrons from the valence
band, creating positive charge carriers. Semicaiodsi@are commonly described as n—type or

p—type to indicate the pre—dominant charge carrierdoped semiconductors are referred to

as intrinsic semiconductors.
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Conduction band
& :
3 Cloidneicm bz Conduction band
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Figure 1.15 Energy bands in solids
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Thermal generation Photoexcitation Doping

Figure 1.16 Mechanisms of charge carrier generation in sendigotors or insulatofé!

The Fermi level (B, which for electrochemists represent the
electrochemical potential of the electron in thdidsphase, lies near the middle of the
bandgap for an intrinsic semiconductor. Dopingtshiie Fermi level with respect to the band
edges; n—type doping results in a shift eft@vards k& while p—type doping shiftsfEnearer

to By.

Intrinsic n-type p-type

Figure 1.17 Typical Fermi level positions in intrinsic, n— apdtype semiconductors
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1.4.1.2 Semiconductor/electrolyte contact at iapiiim (in dark)

When a semiconducting material is put in contathan electrolyte (a
redox solution), an electrical potential gradieatdablished at the interface. The potential
profile across the semiconductor/electrolyte irsteef may be illustrated as in Figure 1.18.
Depending on the redox Fermi level (the electrodhahpotential) of the electrolyte with
respect to the conduction and valence surface lgaledeof the semiconductor, transient
charge transfers may lead to mainly three situatiah equilibrium. A flatband situation,
where there is no potential gradient in the sendoetor, and which is obtained when the
Fermi redox level equal the flatband potential & tsemiconductor. Otherwise, a band
bending is created in a region near the surfacéh@fsemiconductor in contact with the
electrolyte. This band bending corresponds eitbedepleting or accumulations of majority
charge carriers in the latter region, which is ¢fiere called space charge layer. The depletion

situation for both n— and p—type semiconductoiustrated in Figure 1.19.

Potential

g () |

—Xu 0 Xso

Figure 1.18 Galvanic potential profile across the semiconduetectrolyte interfac&”. dsc and®,, are the
potentials in the semiconductor and the electro®sc ¢ is the galvanic potential difference between

semiconductor and electrolytege@and X, are the space—charge region and double layemitgsk respectively.
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Figure 1.19 Band bending corresponding to depletion condustiona semiconductor in contact with an

electrolyte

The different space charge situations may be ditaireed on the same

interface, by changing U, the electrochemical pimpplied to system. The polarization
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situations for semiconductor—electrolyte interfaees presented in Figure 1.20 wherg U
represents flatband potential.

U = Uy : At this situation, the semiconductors (bothame p—
type) no band bending is obtained.

U>Ug: for n-type semiconductor, the concentration of
electrons at the surface is reduced, leadingdepetion regionFor p—type semiconductor,
holes accumulate at the surface, leadingcimumulation region

U< Uy : for n—type semiconductor, the surface conegioin of
electrons in the conduction band is enhanced, gimyianaccumulation regiorof electrons
at surface. In case of p—type semiconductalgegletion regiorof hole is promoted. Roughly
analyzed, these schemes imply that, in dark cawdifi high reduction (oxidation)
electrochemical currents may be expected for tieeraalation of electrons (holes) situations

of n—type (p—type) semiconductors, because elexiftovies) are the n—type (p—type) majority

E E
E; Conduction band Conduction band
Er Ee
(a) Eo E,
Ey Ep E,
Valence band Valence band
z 0 0 z
n-type p-type
E E
. Space charge layer
tepletion of electrons,
e >
Ec ]
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(b) g E;
By ] ‘ By
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Figure 1.20 Schematic of band bendings in a SC contactindeatrelyte for both n— and p-type
semiconductor: (a) at U =glfb) at U >}, and (c) atU < |y
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charge carriers. Conversely, show holes oxidatreduction) electrochemical currents are
expected from n—type (p—type) SCs in depletion ttanrgs, for holes (electrons) are minority
charge carriers in n—type (p-type) SCs. In facemiconductor/electrolyte junction behaves
as a Schottky diode.

1.4.1.3 Semiconductor/electrolyte contact untlemination
lllumination of semiconductor/electrolyte interfacley photons having
energies () larger than the bandgap JE will generate electron—hole pairs in the
semiconductor. Applying an adequate potential #® gbmiconductor allows these electron—
hole pairs to be separated by the electrical figldthe space charge region. The
photogenerated majority charge carriers are driegrards the bulk of the semiconductor to
the external circuit whereas the minority photogetezl charge carriers are driven to the
surface where they are transferred to adequate igaiecies in the electrolyte. This generates

an additional electrochemical current, the so—dadleotocurrent

The schematics in Figure 1.21 illustrates such ggioe of
photocurrents. In the case of an n—type semiconduetectrons are driven to the external
circuit while photoholes are driven to the elegtte) resulting to an anodic photocurrent. In
the converse case of a p—type semiconductor, aeleatron in conduction band transfers to
redox species, leading to a cathodic photocurfagtire 1.22 illustrates anodic and cathodic
photocurrent vs potential curves for n— and p—-G&#&s.reasonably doped SCs, photocurrents
are generated only when the applied potential ghdn (resp. lower) than the flatband
potential in case of n-type (resp. p-type) semiootad, that means when the

semiconductor/electrolyte junction is in depletemnditions.

E¢

EiSh VZ‘./ &”7

e E
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semniconductor electrolyte @] semiconductor

n-type p-type

Figure 1.21 Generating mechanism of the photocurrent; grayvemite circle represent electron and hole

respectively.
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Figure 1.22 Photocurrent density, and dark current densitydepend on the potential in 0.2

mol[Em>H,S0;: (a) n-GaAsand (b)p-GaAs®

A simple but robust model of the photocurrents vpasposed by
Gartner and Butler model [71, 72], assuming no recombinations of fi®togenerated
electron—hole pairs. The photocurregtis proportional to the photon flug and is affected
by the relative ratio between the width of the gpeltarge layeWsc, the penetration depth of
the photons in the semiconductor represented bintleese of the absorption coefficiemc,
and the mean diffusion length of the minority clesrgarriedcc according to the equation.
Briefly speaking, all photons absorbed within aafise equals t¥Vsc + Icc create electron—
hole pairs whose minority carriers will be transéerto the electrolyte and thus participate to

the photocurrent, which thus follows equation (}.18

ion = I{l exp(dsc mVsc)} (1.18)

1+agclce

For conditions where agcWy-<<1 and ag:lc<<1, the photocurrent may be
approximated by:
on =1ollrscW sc (1.19)

From theMott—Schottkytheory of Schottky diode, the width of the spatarge layer in

depletion conditions may be written as:

2
W, = \/ eol‘;‘gzc(u-ufb) (1.20)

where Nc represents the majority charge carriers concentrgassumed to be equal to the

doping level) of the semiconducta, is the electron charge (1.608221L0°° C), ¢ andgare

the relative permittivity of the semiconductor ahd permittivity of the vacuum respectively.

32



Chapter 1 Photoelectrochemistry and high tempegatorrosion: an introduction

Substituting the value dfVsc in eq. (1.20) in the expression igf in eq. (1.18) allows to

account for the shapes of the photovoltammograonstiated in Figure 1.22.

Substituting the expression ¥kc in eq. (1.20), it comes:

. 2
i = |0a3c\/e0|8\f° (U-Uy) (1.21)

CcC

It is usually accepted that the absorption coedfitidepends on the light energw, h

according to equation (1.22):

(hV'EG)n
dgc = constT (1.22)

with n = 0.5 for allowed direct band to band tréinsis, and n = 2 for allowed indirect band to

band transitions.

Thus at constant potential,

2

= const{ Iv - Eg) (1.23)

For direct transitions:

1/2

= const{ v - E;) (1.24)

For indirect transitions:

The linear relations in eq. (1.23) and (1.24) aemgyally used to
determine the band gap energyg, Brom photocurrent vs photon energy i.e. from

photocurrent energy spectra measurements wherptie potential is fixed, by the value of

1/n
i
the intercept o{phl—] = 0 with the energy axis. In the following chapteitsg tturves
0

. 1/n

Ioh (v . _

(I—j =f(E) will be referred as linear transforms.
0

From eq. (1.21), at a known constant wavelength ptioton energy or
square of the photocurrent would be proportionah&applied potential, as follows:
iz = C(U-Upy) (1.25)
when C is constant. It turns out that, in the #tare, the flatband potential was rarely, but
sometimes indeed successfully estimated by exia#ipal at ish =0, whereas the linear

transforms were widely successfully used, at leasingle component.
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1.4.2 Interpretation for photoelectrochemical cheaterization
In high temperature oxidation studies, the photdedehemical technique is
mostly used at the macroscopic scale to charaetetectronic and chemical properties of the
oxidation layers. Results obtained from PEC charaations generally take benefit of both
photocurrent vs applied potential curve (photowvaltzograms), and photocurrent vs photon
energy curves (photon energy spectra). Photovol@agnams tend to get informations about
the semiconducting type and the flat band potemtighe oxide, while, the PES intend to
assess the oxide bands gaps. Typical examples ©fd@E/es and of their analysis will be

presented in the next paragraphs.

1.4.2.1 Photocurrent vs potential curve
The shapes encountered for photovoltammogramsyrarel near the
ones expected from the Gartner—Butler model predeabove and illustrated in the case of
single crystals in Figure 1.22. Real materials sasloxidation layers, even when consisting
of a single semiconducting material, exhibit phaltemmograms with various shapes,
deviating from the Gartner—Butler model.

This feature is mainly due to the fact that photegated electron—hole
pairs may recombine directly or via various kindslefects in the material, in the bulk, in the
space charge layer or near/at the surface. Fig2@ illustrates shape changes induced on
photovoltammograms by field—sensitive recombinatiam the space charge layer [73], i.e.
when considering that the photocurrent is due éoptiotons which have been absorbed in the
space charge (Gartner—Butler), but have creatatrete-hole pairs which did not recombine,
and that the electron—hole pairs recombinationgni@n the electrical where they have been
created, and thus of the distance to electrodeseurf

Particular V—shaped photovoltammograms (when thdutus of the

photocurrent is plotted on the y—axis instead adlgebric value) may be encountered [74],
signing more insulating samples, who may give batlodic and cathodic photocurrents
depending on if the applied potential is above eiow the flatband potential. Figure 1.24
[73] illustrates how such V—shaped curves can haindd, with different values for the bulk
recombination rates: one considers that all thetgatsoabsorbed in the semiconductor of
thickness d may participate to the photocurrenttierelectron—hole pairs are all created in a
region where a constant electrical field, but #tnabnstant recombination rate exists.

The shapes of the photovoltammograms obtainedgh temperature
corrosion (HTC) studies thus can be roughly caiegdrin 3 typical patterns. The shape was

the photocurrent increases with increasing apiateéntial, signs a globally n—type behavior
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of the semiconducting layer. A shape was the phwtent decreases when increasing the
applied potential refers to p—type behavior. Th& e where photocurrents exhibit a V-
shape corresponds to an insulator. For instaneem#éd oxides grown on duplex stainless
steel in diverse atmospheres and exposure timeemer the different in semiconducting
behavior as in Figure 1.25 which (a), (b), andof&sent the n—type oxides, the p—type oxides,

and a mixed behavior of insulator (V—shape) angpe-bxides respectively.
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Figure 1.23 Shape changes induced on photovoltammograms ldy-diensitive recombinations in the space

charge layel®. |QY| was quantum vyield.
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Figure 1.25 Typical examples of photovoltammograms obsermddTC studies (a) n—type semiconducting
behavior (b) p—type semiconducting behavior andn@)lating behavior. These curves were obtaingtism
work from duplex stainless steel 2205 sample oridiiin diverse atmospheres and oxidation times.riidwuli

of the photocurrent are plotted on the Y-axis.

1.4.2.2 Photocurrent vs photon energy curve
Photocurrent energy spectra (PES) are used to sassaslgaps of

semiconductors, more or less directly for sampta#aining more than one semiconductor.
The bandgap value is one of the signatures of aceeductor. Numerous oxides, sulfides,
nitride, carbides, have been studied in the litemt by photoelectrochemical or other
techniques, and their bandgap values have beentedpalthough for some of them the
reported values are rather dispersed. Furthernbameigap values of such components may
be estimated from extensive thermodynamic data 7[/5- Assessing bandgap values
“present” in thermal scales gives thus access @octiemical nature of the oxides present.
Bandgap data are usually determined using therlimaasforms of the PES spectra. Figure
1.26(a) and (b) show an example of a PES andniésititransform, respectively. Since these
spectra obtained from a pure;Os pellet, it was not difficult to find the bandgapowever, if

a scale formed on alloys, the complexity of thertte scale always introduces more than one
contribution to the photocurrent, resulting in mdréicult bandgap assessment. Figure 1.27
illustrates linear transforms of spectra obtainexinf an oxidized duplex stainless steel at
different applied potentials. Both plots reveal t@mbination of photocurrent, several of
components, which is confirmed by the influencehaf applied potential on the shape of the
spectra. The latter trend being possibly an adgentharacterization performed for not all the
oxides will be photoelectrochemically active at albplied potentials. Complementary

characterizations via other techniques are oftefopred to confirm PEC results.
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Figure 1.26 Photocurrent vs photon energy curve (a) and lim@asforms plots (b) obtained from a pellet of
pure CgO3. PEC was performed in 0.1 M,8I0, at —-800 mV vs MSE.

15 e e

~3.0eVv

Photon energy / eV Photon energy / eV

Figure 1.27 Linear transforms plots evaluated from data gfle stainless steel 2205 oxidized in water vapor
for 5 minutes. PEC was performed in 0.1 VB, and the potentials applied at (a) —300 mV and(lm)V vs
MSE.

1.4.3 Photoelectrochemical imaging
In the previous sections, the photoelectrochemit@racterizations presented
have been performed by illuminating the semiconaluon a large surface area, so they are
calledmacroscopic photoelectrochemical characterizatidPisotoelectrochemical imaging is
a photoelectrochemical mapping on a selected suréaea using a monochromatic light
(laser) focused spot. PEC image gives informatidoua the spatial distribution of
heterogeneity on the surface. The resolution isiabam. Since this technique provides local

information on small surface area, it is calleatroscopic photoelectrochemical

PEC imaging of semiconducting oxide was initiallpposed by Butler [78, 79]
who performed a photoelectrochemical mapping ofipasfilms on titanium. Microscopic
photoelectrochemical has been performed on vanmaterials such as titanium [78-82], iron
[83], stainless steel [84-85], and zirconium [8G-8&t constant applied potential, the

intensity of photocurrent signal is a complex fumetof diverse variables as film thickness,
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photon energy, light intensity (photon flux), anshétics of charge transfer at the passive
film—electrolyte interface. Analysis of PEC imagemsist in analyzing the local amplitudes
of the photocurrent varying the applied potentiat ahe photon energy when recording
different images (however, lasers offer only feweB). Notice that photocurrent can be
delivered from all kind of oxides which have bangdeelow the photon energy of the probe
hence photocurrent could be issued from more thenaxide in the case of high photon
energy. For instance, Figure 1.28 shows photoelelaémical images of an oxide scale grown
on Zircaloy—4, which revealed the locations of@®g Cr.O3;, and perhaps (K€ri1).0s on

the selected surface area.

Type | Type ll
FEQOS F8203+ (IFEXCH_;;)gOg + Cr203
¥ g .
» .
-
A 2.41 eV B:2.73 eV
» ..
Type lll = 30umE
G = 40nAn -
OnA 3

C:3.51eV D:3.72eV

Figure 1.28Photoelectrochemical image of the oxide scale gratv¥70°C during 1 h in oxygen on Zircaloy—4
(applied potential: 0 V/IMSE). Image 2X®20um, point spacing gm. A: laser energy 2.41 eV, B: laser
energy 2.73 eV, C: laser energy 3.51 eV, D: lasergy 3.72 e\,

1.4.4 Applications of photoelectrochemistry in tb&idation of stainless steel
In case of the oxidation of stainless steel, thérlagers containing mainly
oxides of chromium and iron were generally observesing various characterization
techniques. Other compounds such as hydroxidesjest and carbides were also detected,
depending on metallurgy variables and oxidation daons. From the survey of
photoelectrochemical studies of the oxidation afrdéss steel (ferritic, austenitic), bandgap
and semiconducting type data of the compounds grawthermal layer could be obtained,

they are summarized in Table 1.1. These informatiodicate that F©; is seen an n-type
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semiconducting oxide, whereas 0, an amphoteric oxide, can behave as p— or n—
semiconducting depending on the nature of the baséerials and on the oxidation

conditions.

Photoelectrochemical imaging was also applied tioliped stainless steel, for
instance by A. R. J. Kucernak et al. [88] which dusthe in situ scanning laser
photoelectrochemical microscopy technique to inthgeheterogeneities of surface chemistry
around sulfide inclusions in stainless steel (Fegli29). PEC image supported the hypothesis
that the adsorbed sulfur resulted in acceleratéthg and showed a detrimental effect of

sulfide inclusions.

Table 1.1 Semiconducting type and bandgap of componené&sthet on stainless steel oxidized in diverse

conditions
Materials Oxidation conditions Components | Semiconducting | Bandgap| Ref.
detected in thermal type (eV)
layer
AISI 441 T =650°C and 850°C Fe0; n 1.9-2.0| [12]
Atmosphere: Fe,_CrOs n 24-2.7
synthetic air or 20%40 in Cr,0; n 3.0
N2
AISI 316L | In solution of NaOH and Fe oxide n [89]
50 24
pH 8, T = 350°C and Cr oxide o
pH 10, T = 320°C
AISI 441 and| T = 900°C (Thermobalance) [90,
AISI 430 Py, = 150 mbar, Ry =1 bar Cr,0O4 (close to) 35 44]
Insulator
R0 =150 mbar, RBa=1 Cr,0s n 3.0
bar
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(a) (e)

()

(c)

(d)

100,

Figure 1.290ptical and SCALPEM images of stainless steelinol/dni NaClQ, soon after polarizing at 1.1
V (NHE) (t = 0) and after 2 h at this potentiaE(2 h): (a) optical image at 442nm, t = O; (b) opktimage at
442 nm, t = 2 h; (c) as (b) but at 633 nm; (d) defa(b); (e) “lock in” photocurrent image, t = Beam scan

speed 200 ms/line, 140 s/frame, 442 nm, intensigutation frequency 3 kHz, beam intensity 80" photon/s,
image range 0 (full black) to 20 nA (full whiteJ) (direct” photocurrent image, t = 0, 30 ms/liri, s/frame,

full black is —20 nA, full white 20 nA; (g) “diretphotocurrent image, t =2 h; (h) detail of (&}

1.4.5 Applications of photoelectrochemistry in tb&idation of pure chromium
Oxidation of pure chromium at high temperature wadely studied as exposed
on preceding section but photoelectrochemical tegcles were quite rarely used. In a
previous works [90, 91], our group reported on plelxi CrO3 structure (an equiaxed internal
and a columnar external) for pure chromium oxidiz#d00°C. In pure oxygen gas, the
internal CpO; revealed the bandgap of 3.0 eV and n—-semicondubimavior whereas the
external C§Os indicated the bandgap of 3.5 eV and p—semiconagittehavior. Photocurrent
energy spectra obtained from oxidized pure chromawenpresented in Figure 1.30. In pure
water vapor, both GO; parts were reported to behave n—type while banegeppointed at
3.0 eV and 3.53 eV, repectively. Hence@yis an amphoteric oxide and the presence of
water vapor can modify the semiconducting behawwbr oxide from p— to n-type.
Photoelectrochemical images performed on the oselizhromium were presented (Figure
1.31). PEC images evidently showed the differefed®/een chromia scales grown in water
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vapor and in oxygen. In water vapor, photocurremese uniform due to the good metal—
oxide contact. In oxygen, photocurrents presentedzones (in grey and in white), the white
zones corresponding to areas of stress relaxattdhadherent to the metal, but with many
dislocations acting as electron—hole recombinagites.
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Figure 1.30(a) Photocurrent spectrum measured in 0.1 MSigfor a CpO; scale (~ Jum) formed by thermal

oxidation in 150 mbar of water vapor at 900°C.4h)l (c) Determination of the values of the two bgags™

0 ym

Arbitrary Unit

Figure 1.31Photoelectrochemical image of the oxide scale growpure chromium at 900°C in 150 mbar of

(a) water vapor and (b) oxyg€H

The passive film formed on pure chromium at roomgerature also presented a
bandgap of anhydrous £J; at 3.5 eV with a p—semiconducting behavior, whe@gOH}
was revealed with the bandgap at 2.5 eV [92]. Feuntiore, the linear correlation between the
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bandgap values of chromium oxi—hydroxides and tldemsity was pointed out, and this
suggested a bandgap of 2.95 eV for CrOOH. Fin&ly,Goodlet et al. [93] reported the
dependence of the substrate nature on the semicmglibehavior of GOs; by sputtering
Cr,03 films on different substrates. After heat treatma&ind50°C for 2 h, GO; film formed
on chromium revealed p—-type behavior while@zrfilm formed on iron substrate revealed

both p— and n—type behavior due to the diffusiomaf into chromium oxide.

1.4.6 Application of photoelectrochemistry in tlogidation of Ni—based alloys

Semiconducting properties of thermal oxides forraealloys 690 and 600 were
also characterized by photoelectrochemical teclesigiiable 1.2 summarizes some results.
Generally, the oxide grown on Ni—based alloys wg®N), or Cr(OH} or mixtures of both
with bandgap at 2.2 eV — 2.3 eV, 0 with bandgap at 2.9 eV and 3.5 eV, and_Ni
xFeCr,04 with bandgap at 3.9 eV — 4.4eV. These oxides cdddave as n— or p-type
depending on the nature of the based alloys [9d]anthe oxidation environments [94-97].
In Alloy 600 and Alloy 690, the pH of the environmevas reported to not change the duplex
character of the film but affected the proportidrchromium oxide and of iron oxide in the
film in correlation with the semiconducting behav[84]. Similarly dissolved hydrogen in
environment influenced the semiconducting type Whilsanged from n—type at lower content
of hydrogen to insulating behavior at higher coh@inhydrogen [97]. The effect of ZnO in
the aqueous solution on the semiconducting behasfiooxide layer on Alloy 600 was
reported by S. Zhang et al. [95, 96]: the additcdnZnO resulted in an untypical n-type
semiconductor at anodic polarization with a negashiift of the flatband potential compared
to the one of the oxide films on Alloy 600 withaZnO addition.

Photoelectrochemical imaging was also applied doal analysis, for instance
on Ni—based alloys corroded in PWR primary medi8].[9The distribution of nickel
hydroxide and/or nickel ferrite on Alloy 690 corextl for 858 h was shown (Figure 1.32)
together with the distribution of €D; (Figure 1.33 and Figure 1.34). Apart from the
information about the oxides distributions, the gma in Figure 1.31 showed possibly the
influence of oxidation time, with increased quaesitof CpOj3, attributed to increased average
photocurrent intensity. In addition, the effectanystalline orientation of the alloy grain on

the growth rate of GO3; was also revealed by the images in Figure 1.34.
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Table 1.2 Semiconducting type and bandgap of film compandetected on Ni—based alloys oxidized in

diverse conditions

Materials Oxidation conditions Components | Semiconducting Bandgap | Ref.
detected in thermal type (eV)
layer
Alloy 600 T =900°C, in air condition Ni(OH), or 2.2 [88]
Time=3h Cr(OH), or mixed N
n—p transition
of both -
(not specific)
Cr,03 2.9
NiCr,04 3.9-4.1
T =288°C, P=7.2 MPa, Ni(OH), or 2.2
Time = 100 h Cr(OH);, or mixed N
n—p transition
of both B
(not specific)
Cr,0O4 2.9and 3.5
Nil_XFQ(Cf204 4.1-4.4
Ni—30Cr T =900°C, P =1 bar, in aif Ni(OH), or n 2.3 [91]
Time=3h Cr(OH)s, or mixed
of both
Cr0s3 n 2.9
NiCr,O, Insulator 4.1
Alloy 690 PWR primary conditions NiFe,O4 n 2.2 [91]
T = 325°C, P = 155 bar, Cr,03 n 2.8 and 3.5
Time = 48h up to 858 h Ni1_FeCr,0, n 4.1

0.87 nA I

1.87 nA

200 x 200 pm?
point spacing of 1 um

Figure 1.32Photocurrent intensity mapping of Alloy 690 sanspderroded in PWR primary medium during 858

h performed with an applied potential of 50 mV/M%iEd a wavelength of 454.5 nnv(h 2.7 eV)®
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(a) (b) (¢)

2000 = 200 um? 500 = 500 pm? 200 % 200 pm?*
point spacing of | wm point spacing of 1 pum point spacing of 0.5 um

Figure 1.33Photocurrent intensity mapping of Alloy 690 sanspierroded in PWR primary medium during (a)

48 h, (b) 406 h and (c) 858 h performed at a piateot 50 mV/MSE and a wavelength of 351 nm 3.5 eV)
[98]

(a) {b)
200 x 200 um? 200 x 200 pm?
point spacing of | um

Figure 1.340Optical image (a) and associated photocurrenngite mapping (b) of Alloy 600 sample corroded
in PWR primary medium during 858 h performed witbadential of 50 mV/MSE and a wavelength of 351 nm
(hv = 3.5 eV)™

1.5 Concluding remarks

From the informations given in the preceding sedjoit clearly appears that high
temperature oxidation of metallic alloys, and matrly of microstructured ones, exhibits
mechanisms depending on numerous and diverse paranas concerns as well the nature
and structure of the bulk and the surface of tHeyaitself, as the oxidation operating
conditions. Thermal layers formed on the alloysyweiten are rather complex. On the one
hand, several primary, binary, ternary oxides areoantered in the scales together with
solutions of these oxides. On the other hand, lieental scales are spatially heterogeneous
both in thickness (e.g. duplex structures) andrddlie (e.g. presence of oxide nodules,
heterogeneities due to microstructure or chemicéléterogeneous underlying metallic

matrix).

Investigations in the HTC domain therefore needate benefit of a large panel of
experimental  elaboration,  multiscale  charactermrati and  modeling  tools.

Photoelectrochemistry is one of these tools. PEGoagh being not yet very common in the
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HTC community, was already shown to be an intengstool at both macroscopic and
microscopic levels (see paragraph 1.4), and has pasicularly developed in our research
group at Grenoble INP — SIMaP.

In the latter group, Profs A. Galerie, J.—P. Patid Y. Wouters decided a few years ago
to focus specific efforts (and particularly my owhD work) on the development of novel
photoelectrochemical measurement and analysis, ttwlsetter adapt these techniques to the
increasing complexity of the thermal scales encengak today. The goals assigned to my PhD

work were therefore the following:

— to build a bandgap and semiconducting type datadoés solid solutions of iron
and chromium oxides at different ratios, by elaboga these solutions from
hematite and chromia powders by solid state reactmd investigating them by
PEC;

— to contribute developing, and to validate experitakyy a set—up allowing complete
photoelectrochemical investigations (photovoltamraots and photocurrent energy
spectra) of sample surface areas of typically 8Q+#h in diameter, which would be
complementary of the macroscopic and imaging phett®chemical set—ups, and

was never reported before;

— to contribute developing and validating tools tgmove the usual analyses made up
to now of PES as well in our group as in the wor&ported in the literature.

The next chapters will be devoted to the resultaiabd in this context.
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CHAPTER 2
MATERIALS AND METHODS

This chapter deals with materials and sample patiosus, and with the characterization
techniques used in this work. The chemical commrstare indicated in this part, together
with the oxidation conditions. The characterizatpart focuses on the photoelectrochemical
technigues which are the core of this work. Thegetdeveloped in our research team can
work at three scales: the macroscopic, the micfmsc@and for a first time, the mesoscopic
scales. This set—up is described, and the photoetéemical procedures used are reported.
Moreover the novel model which was developed tafitl analyze photocurrents vs photon
energy spectra is presented. As regards complemecteracterizations, i.e. scanning
electron microscopy, X—ray diffraction, and Ram@ecroscopy, as they are well-known,

they are only briefly presented.

2.1 Materials and sample preparations

The experiments are mainly divided into two patte study of chromia and iron—
chromium oxides solid solution, and the approvatie mesoscopic photoelectrochemical,
set—up and the fitting model through applicatiomsiigh temperature corrosion. In the first
part, chromium oxide was obtained by oxidizing pefgomium metal sheets whereas a
hematite—chromia solid solution (Eg€rOs3) was prepared by mixing powder of hematite
(Fe0O3) and chromia (GO3) at various ratios. In the second part, the peréorce of the
mesoscopic photoelectrochemical set—up developethifo work is first demonstrated in the
case of the characterization of oxidized duplexktas steels. Then oxidation layers formed
on duplex stainless steel and nickel-based allayplaotoelectrochemically studied at several
scales and the obtained photocurrent—energy spaaranalyzed by the novel model stated

above.

2.1.1 Pure chromium oxidation
The metal sheets of 99.7% pure chromium with 2 nrtinickness are supplied
by Goodfellow. The impurities percentage in theahate listed in Table 2.1. The sheets are
cut to dimensions of 10 x 10 ndngrounded with SiC abrasive paper up to 1200 gnit, then
cleaned in ethanol and distilled water using amaatinic bath. These samples were kept in
desiccators for 24 hours before thermal treatnfégtre 2.1 presents an outline schematic of
the experimental set—up used for oxidation in tab@iirnace. Oxidation of pure chromium

was conducted at 850°C under flowing gas at atmergplpressure. The total flow rate was
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controlled to ensure laminar flow over the samgla aelocity of 5 mm/s. Oxidizing gases
with different oxygen partial pressure were prodidsing 20% @or 20% HO in argon gas
or 3% HO in hydrogen gas. The influence of nitrogen in tixéation atmosphere on the
semiconducting behavior of the layer was testedgu&0% Q or H,O in nitrogen gas. The
oxidations times ranged from 30 minutes to 16 hocesducting oxide thickness from 0.3

pMm to 2.0pm.

Table 2.1 Impurity contents in chromium (in ppm)

Al C Ca Cu Fe K Mg Mo Na P Pb S Si W

ppm 10 40 20 5 2000 <5 <5 50 10 5 5 5 80 100

\ 4

Tubular furnace

T E e

Heating Heating
mantle mantle

‘Water vapor balloon unit

Figure 2.1 Typical experimental set—up used for oxidatioa iubular furnace

2.1.2 Hematite—chromia solid solutions
Solid solutions were prepared by solid—state reaatf mixtures of hematite and
chromia powders. Powders of &g are supplied by Chimie—Plus (Ref: 28312) whereas
powders of GiO; were obtained from PROLABO (No. 22.798).

The aim of these experiments was to analyze thecseanucting properties of
hematite—chromia solid solutions at various irordafium ratios using photoelectrochemical
techniques, the solid solutions were prepared dstpdo fit in the photoelectrochemical
sample holder. More details on the procedures tsaabtain “perfect” solid solutions and

dense pellets, will be given later in Chapter 3.

2.1.3 Duplex stainless steel
Sample of the duplex stainless steel, DSS2205, wepplied by APERAM
Stainless France. A heat treatment (illustrateigure 2.2) was applied to these samples and
yielded a ratio of 50-55% in austenitic phase. i@gular shape of the austenitic phase (clear

areas) with grain size around 30-4® was generally observed (Figure 2.3). The chemical
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compositions as analyzed by electron microprobegaren in Table 2.2. DSS samples were
cut in 10x 10x 2 mnt and polished down to |8, then ultrasonically rinsed successively in
ethanol and distilled water, and stored in desarsafior 24 hours before performing oxidation
experiments in a tubular furnace at 650°C and 85@ider the same flowing gas conditions
for pure chromium oxidation experiments. Dry or \@&hospheres were simulated by 20% O
or 20% HO in nitrogen gas. The oxidations were performedbfminutes and 1 hour in each

atmospheric condition, conducting thermal oxidekhess from 20 nm to 200 nm.

1200

800

Temperature / C

400

quenched in water bath

ol v v

0 2 4 6 8

Time / hours

Figure 2.2 Heat treatment process applied to the 2205 dugierless steel

Figure 2.3 Optical micrograph of 2205 duplex stainless stdiglr heat treatmenty; andy are the ferritic and

austenitic phases respectively
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Table 2.2 Chemical composition of the duplex stainless|gteeight%)

Element Cr Ni Mo Mn  Si Cu P C N S Fe
Average 2277 569 3.09 176 047 017 0.0348 0.033810 <0.01 Bal
Austenitic phase 2161 7.11 242 210 0.52 0.27 290. 0.52 Bal.
Ferritic phase 26.00 3.80 415 174 0.64 0.12 0.08.05 Bal.

2.1.4 Ni-based alloys

A lab—made Ni-based alloy, Inconel 690, was sudpiiem CEA Saclay. The
chemical composition is presented in Table 2.3cBpens of 13 x 13 x 1 mhdimensions
were polished down to im and cleaned in ethanol and distilled water usingultrasonic
bath. The oxidation experiments were conducted3EAARAM thermobalance (model B24)
at 900°C under flowing gas at atmospheric pressline. overall flow rate was 10 L/h to
obtain a linear flow over the sample. Dry and watizing gases were obtained from 20% O
and 20% HO in nitrogen gas, respectively. Oxidations weraealfor 2 hours and 30 hours.
The experimental set—up is illustrated in Figuré. 2oreover the oxidation experiments in
natural air were also conducted in the conventiavain at 900°C without flowing gas for

21 hours. All oxide layers were thinner thaprt.

Table 2.3 Chemical compositions of Inconel 690 (weight%o)

Element Cr Fe C S (0] N Ni

% mass 29.79 10.14 0.0059 < 0.0005 < 0.0010 <6.000 Bal.

y

y

N

Heating Heating
mantle mantle

Water vapor balloon unit

e s =T 08 =e ==

Figure 2.4 Typical experimental set—up used for oxidatioth@ermobalance
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2.2 Photoelectrochemical characterizations

A photoelectrochemical set—up (PEC) aims at meaguadditional electrochemical
currents obtained when illuminating a semiconduatocontact with an electrolyte, the so—
called photocurrents. This section presents thepoments of the set—up, the experimental
conditions for the photoelectrochemical experimeatsl the basis of our fitting of the

photocurrent energy spectra.

In the three operating modes of the photoelectimated set—up developed in our team,
i.e. the macroscopic, microscopic, and mesoscopides, some components are shared such
as the photoelectrochemical cell, the potentioste,lock—in amplifier, andhe mechanical
light modulator A three electrodes electrochemical @duipped with a flat quartz optical
window (Figure 2.5) was used in all PEC experiments. Tthekssample was used as the
working electrodeThe electrical back contact to the sample was talkemctly on one side of
the oxidized metal or alloy after removing the atidn layer. A platinum foil (area = 1 én
and an Hg/HgSO, mercury sulfate electrode (MSE) are used as thateo electrode and the
reference electrode (+0.650 V/SHE) respectively.agneous solution of sodium sulfate (0.1
M) at pH 8.0 £ 0.1 was generally used as the et in the cell. A PAR 273 A (EG&G
Instruments) potentiostat equipped with the /92ddgnce interface, was used to control the
electrochemical cell. The voltage proportional lte bverall electrochemical current, issued
from the latter interface, was applied to the signput of a lock—in amplifier (Stanford
Research SR830), whereas the synchronization sdgiasdered by the light modulus (PAR
197, EG&G Instruments) was applied to the referenpat of the lock—in amplifier, allowing
to extract the photocurrent (modulus and phase)sfidm the electrochemical current.
Computer control with in—house developed softwaerated all interfaces in the set-up.

< 85 mm

A 4

L Brass screw

L 22mm

Electrical 1]
back N

contact & ||

Counter electrode f 1 \ i A Hg/Hg, SO, mercury

‘ Sample sulphate electrode (MSE)
Electrolyte Quartz window:

Figure 2.5 Schematic representation of the electrochemisial't
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2.2.1 Macroscopic photoelectrochemical charactetiaas
The schematic of the macroscopic PEC set—up iepted in Figure 2.6. A 150
W Xenon arc bulb (Newport, model 6255) associated ttriple grating monochromator
(Newport, model 74125) was used as the light soyroevided monochromatic photon at
variable wavelengths with a typical spectral width £1 nm. In macroscopic PEC
characterizations, the whole area of the samplesegto electrolyte (typically 0.8 énwas

illuminated.

Photocurrent vs potential curves were recorded devae selected photon
energies, choosing the potential window to avoettbchemical currents higher thpA in

modulus, which could induce electrochemical sammbelifications.

Photocurrent vs photon energy spectra were recowhelr modulated light
conditions, using the lock—in amplifier togetherttwithe mechanical light chopper. The
spectra were measured at different applied poterfoa each sample, in particular to ensure
to be able to detect all the oxides present indiger. Since the photon flux delivered by the
light source is different at each wavelength, dreldptical path from the source to the sample
does absorb photons differently when varying thevelength, the as—measured
photocurrents,ph, converted to new valuessy) proportional to the quantum yield. To obtain
Jrn, @ calibrated silicon photodiode (Newport, mode88B-UV-OD3R) was used to measure
the photon fluxes at sample position. The normdlgieoton flux at each wavelengthy(hv),
was calculated by dividing the actual photon ffb¢wv) by its maximum value, angJwas

calculated as follows:

I
JPH = PH (21)

Ref. input

UV mirror Optic light | Xenon arc bulb &
Modulator Monochromator

s Electrometer |—

Electrochemical Computer

cell

Beam expander v

Lock-in amplifier
1
UV mirror
/
-

,\ Potentiostat
UV mirror

Figure 2.6 Outline schematic of the macroscopic photoelebieatcal set—up
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2.2.2 Microscopic photoelectrochemical charactetipas

Microscopic photoelectrochemistry aims at obtainipgotoelectrochemical
images to give more information about the latersirdbution of the photocurrents (and thus
of the oxides). The microscopic PEC set—up is mreskin Figure 2.7. A selected line of an
argon laser (Innova 90 C-A6 from Coherent) is usex@ as the light source and focused on
the sample through an inverted microscope (Olynmgid), a built—in 50/50 beam splitter
(Edmund Optics Incallowing to position the focused beam on the aedacted on the optical
image (obtained by a CCD camera) with the help rofh&ggh resolution XY motorized

Marzhauser microscope stage (Scan IM120 x 100).

Procedures to construct a PEC image started widctsgy an area from the
optical image giving by CCD camera, setting a distabetween 2 points of the image (point
interval typically 1 to 5um), and then focusing the laser line on a spotaizzound Jum on
the sample surface through the objective lens efrtlicroscope. The selected area is then
scanned point by point, line by line, moving thenpée vs the spot, the photocurrent being

recorded (modulus and phase shift) at each point.

In this work, the experiments were done at variapglied potentials and photon
energies, depending on the specimens and on thescapic photoelectrochemical results.

Image sizes and resolutions were also varied, taimkhe most pertinent informations.

Ref. input

UV mirror Optic light
Modulator

Argon laser

Ref.E

Electrometer —
CE

Electrochemical Computer

cell

Lock-in amplifier —
Microscope stage /[

A

Beam expander

two axes

Potentiostat —
1 —

UV mirror

> Microscope CCD

Positioning system —

Figure 2.7 Schematic representation of the microscopic plettrochemical set—up
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2.2.3 Mesoscopic photoelectrochemical characteiizas

In macroscopic experiments, both photocurrent wemi@l and photocurrent vs
energy spectra may be recorded, but no local irdtions can be obtained. In microscopic
experiments, local informations may be obtained, dnly from photocurrent vs potential
curves by the laser provided only a few wavelendihee of the aims of the present work was
to try to obtain photocurrent energy spectra atsaraicroscopic scale. The set—up developed
here for mesoscopic PEC (Figure 2.8) is similathes one used for photoelectrochemical
imaging, but the light source is the Xenon arc bodiupled to the monochromator as in

macroscopic PEC.

Steps to operate in mesoscopic mode began fronmstigpan area on the optical
image, and then working at focusing the noncohdrght of the Xenon arc light source on a
spot with approximately 30 um in diameter usingpac#ic lens built in the microscope,
which required sometimes a lot of efforts. Photosntr energy spectra were then recorded in
the same way as in macroscopic experiments. A mysirtant thing of experiment is to put
the spot on the right position, and to check retylan the optical on—screen image always
that the spot remains located inside the intergstiea. Moreover the coupling of the light
source to the monochromator, and the optical patim fthe monochromator output to the
microscope input, were optimized to minimize lightwer losses and to obtain a parallel

beam at the microscope input.

In this work, mesoscopic PEC was successfully appto oxidized DSS and
oxidized Ni—based alloy samples. However, due & gpecific lens used, photon energies
higher than 3.8 eV — 4.0 eV could not be tested.

UV mirror Optic light Specially designed pling of
Modulator Xenon lamp & monochromator

Ref.E
WE

Electrometer +—

Computer

Electrochemical
cell

A 4

Lock-in amplifier i
Microscope stage | /[

}

Beam expander

two axes

Potentiostat i
1 —

UV mirror

»  Microscope CCD

Positioning system —

UV mirror

Figure 2.8 Schematic of mesoscopic photoelectrochemicalipet—
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2.2.4 Fitting model for the photocurrent energy sjiea
As mentioned in Chapter 1, photocurrent energytspece usually analyzed by
means of linear transforms to take benefit of et that, using the simplified form of the
Gartner—Butler model, the quantum vyielg, of the photocurrent is proportional to the light

absorption coefficient and allows to write the doling simple equation:
(pxE)"" = Cx(E-R;) (2.2)
where E is the photon energy, n is 2 (resp. % Jnidirect (resp. direct) transitions and C is a

constant, depending on the material, the appli¢dnpial (and of the modulation frequency of
the light)

A lot of experimental works reported in the litena successfully used this
classical analysis, as regards materials madeebotwo constituents [2-5]. However, up to
now, as regards complex oxide scales formed ofrakye-type and n-type phases, the
complete description of the photocurrent energyctspecould not be achieved, and only
semi—quantitative and/or partial informations cobtl obtained on the oxides present in the
scales.

As Jy was measured under modulated light conditionsthad actually was a
complex number, it was proposed by our group [@} the real (Refj)) and the imaginary
(Im(Jpy)) parts of the photocurrent (or the modulgg /Jand the phase shif#) should be
considered simultaneously when analyzing and §jttire photocurrent energy spectra, rather
than their modulus @J |) only, as was made up to now. Therefore, theadlveomplex

photocurrent, gl;, was written as:

Jou =| Bl co8 4| gl sih D ol oS j4ed B (23)

where gy and § represent the modulus and phase shift, respégctioethe photocurrent
issued from the"i semiconducting constituent of the oxide layer. Bon semiconducting
films such as those investigated in the presentkwtite space charge regions are low
compared to penetration depth of the light,idnay thus be expected, at a given applied
potential (and at a given modulation frequency)ottow the simplified form of the Gartner—
Butler model by writing the equation as follows :

1/n
(JPH,iXE) =K X( E‘Ee,i) (2.4)
where E; and K represent the energy gap and a value proportion@l (34 is proportional
to but not equal ta) for the " semiconducting constituent. In addition, as thecepzharge

regions are likely to extend over the whole thidsef each film constituent, it is assumed

63



Chapter 2 Materials and Methods

that the recombinations of the photogenerated releehole pairs, and thus the phase shifts,

4, will not depend on the photon energy.

The $4 (E) andd(E) experimental data constituting a photocurrentenergy
spectrum have been fitted according to the aboweribeed model (with n = 2, for direct
transitions have rarely been observed on disordexéde scales) using a laboratory made
software in the Matlab® environment (R2011b rel¢ass the optimization tool, the latter
software used thininsearchprocedure, which takes benefit of the simplex geanethod of
Lagariaset al. [6] to find the minimum of a scalar function ofveeal unconstrained variables,

starting at an initial estimate of the latter.

In the present work, for a given vector mf(Eg;, Ki, 8) triplets,m representing
the supposed number of semiconducting phases lootitig to the photocurrent, the scalar
function to be minimized by thieninsearchfunction was defined as the product of the square
roots of two quantitiesD?ze and D3, whereD?ze (resp.D?y,) is the sum of the squares at
each photon energy of the difference between tla (eesp. imaginary) parts of the
experimental data and of the ones calculated wesjugtion (2.2).

In the above cited lab made software, tgalue is fixed by the user. The user
is, however, free to decide for each of then3/ariables, whether the variable will remain
fixed to a user provided value, or will be allowtedbe fitted. The user is also responsible for
providing an initial estimate of the values of tmetriplets, or for allowing random initial
values for all variables of the fit. Finally, it ioteworthy that several successive calls of the
fminsearchprocedure were necessary to reach the minimuimecdalar function and a stable
set of the output parameters of the latter proaduarthe case of successive calls, the output
parameters of one call (except for the first oneyawsed as input parameters for the next

call.

The fit results presented in Chapter 4 were mosthyained allowing all
parameters of then triplets to befitted, starting always from random initial valuékeveral

runs were made for each spectrum, to ensure thaitstaf the final parameters.
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2.3 Additional characterizations

Additional characterizations were performed to supphe results obtained from
photoelectrochemical experiments. Scanning electroicroscopy (SEM) operated in
secondary (SE) and backscattering (BSE) electrordesiowere used to observe the
morphology of oxides and the distribution of chesmhicompositions over the surface whereas
the element compositions were analyzed by energgedsive X—ray spectroscopy (EDS)
mode. In addition, the oxide phases were analysedyuX—ray diffraction (XRD) and Raman

spectroscopy. The basics of each technique ariyimeéealled below.

2.3.1 Scanning electron microscopy
Scanning electron microscopy (SEM) is a well-knowharacterization
technigue which can reveal information about molpdn chemical compositions, and
crystal structures and orientations. Focusing elacbeam on the sample leads to electron—
sample interaction and provides a variety of signhi this work, secondary electrons and
backscattered electrons which provide electron egi@ph and characteristic X—rays which

give an element analysis were used.

2.3.1.1 Secondary electrons
Signal of secondary electrons provides an imaga cathode—ray tube
whose raster is harmonized with the raster of atpbeam of electrons scanned over the
sample surface. Morphology and topography of saroatebe observed and analyzed. Image
brightness at any point is proportional to the tecatg secondary electron emission from the

point on the sample being collided by electron beam

2.3.1.2 Backscattered electrons
Backscattered electrons (BSE) are beam electroichwsbattered back
out from surface by elastic scattering when eledrstrike the sample. Intensity of BSE is
strongly related to the atomic number (Z) of thecsmen that higher Z can deliver the higher
intensity. Hence BSE images can provide informatédoout the distribution of different

elements in the sample.

2.3.1.3 Characteristic X—rays
Energy—dispersive X—ray spectroscopy or EDS, eléraralysis, is a
common mode of SEM which get an information fromareeteristic X—ray signal. This
analysis is widely used and highly confided in thelitative data. However quantitative

analysis of chemical composition is possibly parfed by a solid state detector.
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Scanning electron microscop8EM LEO Stereoscan S44@as used in this
study. Images were acquired with a beam—accelgrabitage of 20 keV. Elements analysis,
EDS, were performed with Si(Li) semiconductor deiec

2.3.2 X-ray diffraction
X—-ray diffraction, XRD, is a classical technique pliase identification via
giving information about lattice spacing and crystucture of material. Concept of this
technique is the diffraction of a parallel reflett¥—ray from atomic plane according to

Bragg's law.
N\ = 2d,,, Sird (2.5)

whenn is an integer (1, 2, 3,..), is a wavelength of X-ray is a lattice spacing, and

represents the angular locations of both X—raya®and detector to the specimen surface.

XRD data can be interpreted by comparing the obthi-ray pattern with the

joint committee on powder diffraction standardsRIXS) database.

X-ray diffractometerRigaku Miniflex || was used in this work. A copper target
provides aK, characteristic radiation at 1.5406 A. Samplesnamenally scanned from 10°

to 90° by 0.1° sampling width and 2.0°/minute sspeed. However the fine scan was done in
necessary cases that scanned range was 32.5° 58 IBy.0.005° sampling width and

0.1°/minute scan speed.

2.3.3 Raman spectroscopy
Raman spectroscopy is a vibrational spectroscauicnique based on inelastic
scattering, or the frequency change, of monochromaght typically delivered by laser.
Monochromatic light interact with sample and reemispontaneous Raman scattering of
incident light. Frequency of the reemitted photansisually shifted up or down comparing
with original frequency, which is named the Rameattering or Raman effect. The intensity
of Raman scattering for each frequency shift ismed. The shift provides information about

vibrational, rotational and other low frequencyngaions in molecules.

Light scattering is possibly being in three types showed in Figure 2.9.
Rayleigh scattering is elastic scattering wherenrded photons have the same frequency as
the incident ones. For spontaneous Raman scatteriplgoton excites the molecule from the
ground state to a virtual energy state. When thiecate relaxes it emits a photon and returns
to a different rotational or vibrational state. T#ference in energy between the original
state and this new state leads to a shift in thétesmphoton's frequency away from the
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excitation wavelength. If the final vibrational t&af the molecule is more energetic than the
initial state, then the emitted photon will be &dfto a lower frequency in order for the total
energy of the system to remain balanced. This estadt is defined as a Stokes scattering.
When the final vibrational state is less energtttan the initial state and the emitted photon

shift to a higher frequency, it is defined as aniABtokes scattering.

Virtual A
energy states A A
Vibrational
energy states Y
Rayleigh Stokes Anti-Stokes
scattering scattering scattering

Figure 2.9 Possibility of light scattering: blue and greeroav represent incident and scattering light

Raman shifts are the shift of monochromatic ligegtiency and are generally
presented in units of inverse length {&nin order to convert between spectral wavelength

and wavenumbers of shift in the Raman spectrumiall®ving equation can be applied.

Aw = L (2.6)
}\‘0 7\'1
whereAw is the Raman shift expressed in wavenumkgandA; is the excitation wavelength

and the Raman spectrum wavelength.

In this work, the analyzes were carried out usinBemishaw In—Via Raman
spectrometer. This instrument is equipped with egom laser which emits an excitation
wavelength of 514 nm (green line), a CCD detedad a peripheral network. An objective
x 50 is used to focus the beam incident on a spoheter around 1.5 um. Beam power is
10 mW to avoid overheating which can damage thepkanollection time of a spectrum is
one or two minutes. Raman shift range was scanmau fthe 170 to 850 cth To be
representative of each whole area on sample, titona five to ten points are performed. The
spectra which were shown are the average of celledpectra. Raman imaging was
performed on Ni-based alloys samples, and the sisalyas done using software provided by

Renishaw.
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CHAPTER 3
CHARACTERISTIC OF CHROMIA AND ITS SOLID SOLUTION

Chromia (CsOg3), the only one stable oxide of chromium at higmperature, is well—

acknowledged being able to be a protective oxideigihh temperature oxidation conditions.
Chromia—forming alloys are thus widely used in higimperature applications. However,
chromia is not the unique oxide present in the axwh layers of such alloys, oxides

containing the other alloying elements are alsméat, such as E&CrO3 solid solutions.

The aim of the photoelectrochemical experimentsgreed in this chapter was to contribute
clarifying the semiconducting properties (type efmsconduction, bandgap) of chromia and
Fe,_CrO3 solid solutions with different Fe/Cr ratios, tolfhéater analyzing photocurrent

energy spectra of oxidation layers formed on allysh as stainless steels.

This chapter is divided in two parts. The first gmesents PEC characterizations of oxidation
layers formed on pure chromium, the second focosethe PEC behavior of chromia and

Fe,_«CrOssolid solutions when prepared from powders.

3.1 Oxidation of pure chromium

Plenty of studies on pure chromium oxidation shibaestrong dependence of the oxide
properties on oxidation time, and temperature [la@$l on the oxidation environment [3—11]
(gaseous species, oxygen partial pressure, waper cantent). In the following, the effect of
these parameters on electronic properties (semimbing type and bandgap energy) of

oxides formed on chromium is investigated.

3.1.1 Factors affecting the semiconducting type

This section focuses on the analysis of photoatiruws potential curves (or
photocurrent voltammograms), which ways, in singalses reveal the semiconducting type of
a semiconductor. Pure chromium oxidized under 2@¥gen in argon for 1 hour is used as
the reference sample. Normalized voltammograms bell presented for convenience of
analysis. These normalized voltammograms are ddaiby dividing the measured
photocurrent at a given applied potential by thtueeaof the photocurrent measured at a
selected applied potential (in our case, either\0 an 400 mV). The oxidizing conditions
corresponding to “20% oxygen in argon” and “20% evatapor in argon” will be referred

sometimes as “oxygen gas” and “water vapor” inftlewing text.
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3.1.1.1 The presence of water vapor
Figure 3.1 illustrates photocurrent voltammograrmbtained when
illuminating the sample at photon energies of 3\5 and 4.0 eV, in the case of pure
chromium oxidized in oxygen gas (Figure 3.1(a)) andvater vapor (Figure 3.1(b)). It can
firstly be pointed out that the two samples exhivtatever the photon energy, both cathodic
and anodic photocurrents, at potentials respegtil@ver and higher than the potential
corresponding to the minimum of the photocurrenteach photovoltammogram. At first

sight, this could be interpreted as revealing addoped, near insulating, oxide.

However, in such a case, the photovoltammogramldhmiV—shaped,
l.e. more or less symmetric vs the potential cpoesing to the minimum of the
photocurrent. This is clearly not observed. Morepvéhe anodic part of the

photovoltammogram exhibits a shape typical of atype-semiconductor.

It is thus more likely that at least two oxides ameesent in the
oxidation layer, one being n—type, another beirigeginear insulating or p—type (to account
for the cathodic photocurrents). It was indeedaalyereported in a previous work [10] that
the oxidation scale on chromium was constitutedaofinternal equiaxed €bs; and an
external columnar GO3;, with proposed bandgaps of 3.0 eV and 3.5 eV reéspbe The
main defects implied in the formation of the intrand external layers were proposed to be

interstitial chromium and chromium vacancies refipely [12—15].
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Figure 3.1 Photocurrent voltammograms obtained on pure chmonoxidized at 800°C during 1 hour under

(a) 20% oxygen gas in argon and (b) 20% water vapargon

Finally, it can be observed that the contributiortiie photocurrent of
the n—type component is higher for the sample aridliin water vapor, which is also in

agreement with a more cathodic potential for theimim of photocurrent. This could be due
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to the doping of the corresponding oxide with itsgispecies (hydrogen? [10, 16—19]) acting

as electron donor to the conduction band.

3.1.1.2 Influence of oxygen partial pressure

The photovoltammograms in Figure 3.1 are againeptesl in Figure
3.2(a) and (b) together with the curves obtainedamples oxidized in 3% in H, (Figure
3.2(c)). The oxygen partial pressure was varieg.@ix 10 atm (20% oxygen in argon gas),
2.9 x 10° atm (20% water vapor in argon gas), and 2.70% atm (3% water vapor in
hydrogen gas). The comparison of the previous tesuth the ones obtained for the sample
formed at the lowest oxygen partial pressure teodmdicate that the absence of oxygen
promote (resp. disfavors) clearly the anodic (resjghodic) photocurrents together with a
cathodic shift of the potential of the minimum pbmirrent. This could suggest that the n—
type oxide is favored in the case of Figure 3.2ér)d, considering the V—shape of the
photovoltammograms near the minimum, that the atlx@&te is likely to be insulating and not
p—type. However, the anomalous shape of the phtttosmoograms at the most anodic
potentials calls for caution. Photovoltammogramsai—-ideal semiconductors remain hardly
to be modeled, so photovoltammograms of layerstitatexd of multiple components remain

hardly to be predicted.
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Figure 3.2 Photovoltammograms obtained for pure chromiundiagid at 800°C during 1 hour under (a) 20%

oxygen gas in argon (b) 20% water vapor in argah(ah3% water vapor in hydrogen gas

3.1.1.3 Influence of nitrogen
In Figure 3.3, the photovoltammograms of pure chuomoxidized in
oxygen gas dissolved in (a) argon and (b) nitroger, presented. It can be seen than the

results are very similar, indicating that nitrodeas small effects on the properties of the layer
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formed. Indeed, work reported in the literatures2d] showed that nitrogen could be detected
as traces at the metal/oxide interface but thatitrogen could be detected within the oxide
layer, owing to a low solubility of nitrogen in @mium oxide. Because of this, chromium

transport is still the main defect for oxide grovahd the oxide semiconducting behavior is

not affected by the presence of nitrogen.
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Figure 3.3 Photovoltammograms obtained for pure chromiundiagid at 800°C during 1 hour under (a) 20%

oxygen gas in argon and (b) 20% oxygen gas ingetnqgas

3.1.2 Bandgaps of the oxides formed

Bandgaps of semiconducting oxides can be evaldabed the photocurrent vs
photon energy curves performed at a selected aunptatential. When studying a single
semiconductor, it is generally observed, as expe@tem the simplified Gartner—Butler
model, that the shape of photocurrent energy speemains unchanged when varying the
applied potential. When dealing with samples comstd of multiple components, possibly of
different semiconducting types, however, it may &eticipated that the shape of the
photocurrent energy spectra will be potential deeen, due mainly to the consequences of
differences in the flatband potentials of the congrds. For instance, changing the applied
potential may increase the band bending (and tb&ophrrent) of one component whereas the
contrary occurs for another one.

Thus, considering the results presented in theiguewsection, it was chosen to
record photocurrent energy spectra at three palsntdbr each sample, i.e. in the cathodic

range, around the minimum of photocurrent, andhéanodic range.

Figure 3.4 presents the corresponding photocuremhoton energy curves. It

can be observed, as anticipated above, that tipesha the spectra indeed strongly depend
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on the applied potential. As expected for pure wtiwon oxide, all spectra exhibit very low
photocurrents for photon energies less than 3.0lig®ly to be attributed (to oxides of the
trace impurities). Analyzing the spectra, it turost that each of the latter exhibits the
contributions to the photocurrents, consideringanticular one of the spectra recorded near
the minimum of photocurrent of the photovoltammagsa Indeed, these spectra exhibit a
numerous of photocurrent near E = 3.8 eV. Agairiraim thermodynamical point of view,
only CrQOs is the stable oxide at high temperature [12], jonev works in our team [10, 19,
21] and others [22—24] reported bandgaps valu€xd; at both 3.0 eV and between 3.5 eV
and 3.7 eV. Therefore the latter mentioned bothdamtributions could sign @Ds.

To try to assess roughly the bandgap vaIEgs,the classical linear transform

using the simplified form of Gartner—Butler mod2b{26] was applied to the photocurrent

energy spectrapy, using equation (3.1) (see Chapter 2),

(I hv>1/2

= const E, -h) (3.1)
Note that 34, which presented on all photocurrent energy speatd linear transform curves

in this work, always refers to the modulus gf.J

Figure 3.5 shows the transformed spectra corresporad the original spectra in
Figure 3.4. A first bandgap value at around 3.0.% eV is easily found on each spectrum.
The second bandgap however cannot easily be obtamesome spectra. Nevertheless the
second bandgap at 3.8 eV is clearly indicated guiéi 3.5(a) at 0 mV and Figure 3.5(b) at —
400 mV. However, the bandgap value assessed framlitlear transform spectra does
coincide with the 180° changes of dephasing angled (thus the sign change of the
photocurrent) in Figure 3.6(a) and (b) at this pho¢nergy. When considering these results
together with Figure 3.2, the first gap should espond to n—type oxide whereas the second
bandgap should correspond to p—type. In the ofetts, the difficulty to find bandgap still
remains because there are no significant phasegeland the overall photocurrent does not
change its sign. In those cases, the second bamdgape estimated from the intercept of the
first and the second linear lines. Tough the bapdgha CrnO; obtained from the linear
transforms presented some dependence on the appliedtial, it can be concluded that the
oxidized pure chromium samples exhibited two caowmstits of CfO; with bandgap 3.0 eV
and 3.3-3.8 eV. Further work will deal with trying fit the spectra of Figure 3.5 with the
novel model developed in our team and whose apgitavas focused on the modern alloys
samples in Chapter 4. A more precise bandgap distation is expected from these fits, and

hopefully more insights as concerns the semicomugyitypes.
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Figure 3.4 Photocurrent vs photon energy curves obtainedraus applied potentials for pure chromium
oxidized at 800°C for 1 hour under (a) 20% oxygas i argon (b) 20% water vapor in argon and (cyvater

vapor in hydrogen gas
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Figure 3.5 Linear transform spectra corresponded with photent vs photon energy spectra in Figure 3.4
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Figure 3.6 Dephasing angle corresponded with photocurrephegon energy spectra in Figure 3.4
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3.2 Fe._Lry03 solid solutions

In this section, corundum solid solution (or hemeatchromia solid solutions),
Fe,_CrQOs, were prepared from powders by solid—state reactiee presence and nature of
oxide phases were identified by the conventiorainegues as XRD and Raman spectroscopy
while their electronic properties were checked Motpelectrochemical experiment. The
optimal conditions, to obtain the desired solidusoh, were first trialed on powders. Then,
the mixed oxides were formed as circular pellets, densified to obtain the samples suitable

for photoelectrochemical characterizations.

3.2.1 Preparation of Fg,Cr,O3 powder
Fe,_CrO3; powder was prepared by mixing the adequate maetitms of
hematite (Fg03) and chromia (GO3) powders in a ball milling machine. The mixed pawd
was then allowed to react under air at 1100°C du2® hours and/or 100 hours to check the
completion of the solid state reaction. The testedalues of Fg,Cr,O3; were: 0.0, 0.4, 0.8,
1.0,1.2,1.3,1.6,and 2.0.

The oxide phases presented in the mixtures obtaafied ball milling were
analyzed before high temperature reaction by XR® Raman spectroscopy. An example of
the results is given here for the case of Z05€r,0; ratio equal to 2:3. Figures 3.7(a) and (c)
shows diffractograms of pure £& and CgOs; powder respectively: the patterns are very
similar (but slightly differ in 2—theta) because tionic radii of F& and CF* are quite close
and both oxides form in the same structure. Fi@ur¢b) shows the mixed patterns between

Fe,0O; and CpOs, no other constituent is detected in the mixture.
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Figure 3.7 XRD patterns obtained from powders of (a)®g(b) a mixture of Fg5:Cr,O; at a 2:3 ratio and
(c) CrO;3
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Raman spectra in Figure 3.8(a) exhibit the vergrgjrcharacteristic peaks of
hematite at 219.9 crh and 284.9 cit [27-31] whereas Figure 3.8(c) shows the sharp
characteristic peak of chromia at 551.8tf29—32]. Again, only peaks present in the spectra
of Cr,O3 and FgO; are observed in the spectrum of the mixture (legu8(b)).

(a) Fe,O,
(b) Fe,O,+Cr,0,
(c) Cr,04

Relative Raman intensity

200 300 400 500 600 700

Raman shift / cm™
Figure 3.8 Raman spectra obtained from powders of (k&) a mixture of Fg;:Cr,0; at a 2:3 ratio and
(c) CrOs

After sintering at 1100°C, the mixed powders wenalgzed again to check
whether the original oxides remained present orstiiel state reaction was complete. Figure
3.10 shows XRD patterns of hematite chromia mixtare2:3 ratios before (a) and after
reaction time of 25 hours (b) and 100 hours (cjeAheat treatment of the mixed powder, the
patterns of both RL®; and CgO3; vanished and replaced by the new pattern, sinolahe
original patterns but differing in 2—theta valuéise diffraction peak angles being locate
between the ones of the peaks of the material pmyds expected. From the diffractograms

in Figure 3.9(b) and (c), it seems that the reactvas complete for both tested reaction times.

Figure 3.10 presents Raman spectroscopy resulte dame mixed oxide before
and after reaction. Peak shifts at more than 660, amich correspond to the corundum solid
solution phase [30], appear on spectra after singdor 25 hours and for 100 hours (Figure
3.10(b) and (c)). However, Raman spectra revedlatl25 hours is an insufficient reaction
time because some peaks of the original oxiddsasélpresented. On the contrary, after 100
hours heat treatment, all strong peaks of origpmalders disappeared and only the Raman

peak at 671 ci of Fe_,Cr,O; was presented.

From the above results, we concluded that the gtestdid solution, Fe.CrOs3,

could be reasonably obtained by solid state reaetid 100°C with 100 hours reaction time.
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Figure 3.9 XRD patterns obtained from a mixture of,Bgand CpOsat the 2:3 ratio after (a) ball milling (b) 25

hours reaction time (c) 100 hours reaction time
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Figure 3.10 Raman spectra of f&; mixed with CgO3in 2:3 ratios after (a) ball milling (b) 25 hounsca

(c) 100 hours reaction time

3.2.2 Correlation between x—value of £¢Cr,O3 and its lattice spacing
The correlation between the x—value o KerO3; and the lattice spacingsg
spacings, was studied on the, K€rO; samples after 100 hours reaction time. Two main
plans with high intensities on the diffractograrfisQ 4) and (1 1 0), were chosen to run fine
scans in the 32.5° to 37.5° range. Figure 3.11 shdiffractograms of the EgCrO3; sample
at various x—values, exhibiting higher 2—theta galat higher x—values. Converselyy-€

spacings decreased with increasing x—values, aiogprol Bragg's law.

It is also observed that our experimental datacésse to the ones of JCPDS
database. However, on both cases, the data doxact\efit with a linear relation between x—
values of Fg ,CrO3; and lattice spacing as predicted by Vegard's laough the fit could be
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considered as reasonable for the (1 0 4) planen®heVegardian behavior might be affected
from the distortion of lattice spacing by the sitbsibn of hematite with chromia (the
replacement of B& with Cr*") [33], or by cation ordering and specific inteians between

cations such as magnetic [34].
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Figure 3.11 Fine—scanned XRD patterns obtained from, &#,0; powder at various chromium contents (x—

values)
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Figure 3.12 Correlation of 2—theta and d—spacings with theakse of Fe_,Cr,Os, from (a) experimental values
and (b) JCPDS database; the upper and lower plotespond respectively to (1 0 4) and (1 1 0) dane
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3.2.3 Correlation between x—value of £gCrO3; and Raman shift
Typical Raman spectra of £¢Cr,O3 at x—value equals 0.0, 0.8, 1.2, and 2.0 are
presented in Figure 3.13. The Raman shift of trerastteristic peak of FgCrO3; above 660
cm* was plotted as a function of the x—value (Figuid® A linear correlation is obtained in
the range x = 0.4 to x = 1.6, the Raman shift igrjrom 663.6 cm® up to 678.7 crt. Our
results seem to confirm, more accurately, the artgsined previously by McCarty and
coworkers [29]. So, we can conclude that it will gaessible, from Raman spectra, to assess

the x—value in Fe,CrO3 solid solutions formed in oxidation layers of gHo
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Figure 3.13 Typical Raman spectra obtained from (a)@=ex = 0.0, (b) and (c) BFeCrOs at x= 0.8 and 1.2,
and (d) CsO3, x=2.0
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Figure 3.14 Shifts of the Raman main peak oL E€r,O; as a function of the x—value
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3.2.4 Semiconducting behavior of F@3, Cr,03, and Fe_CryOs3
Photoelectrochemical experiments were performed itwestigate the
semiconducting behavior of the solid solution sasplvhich were prepared as dense pellets.

3.2.4.1 Sample preparation
A diagram summarizing the procedure used to ftiese pellets is
given in Figure 3.15. A green pellet of mixed povedaith 10 mm diameter and 2 mm
thickness was performed by hydraulic uniaxial pregsand then was pressed at 300 MPa by
cold isostatic pressing (CIP). After that, the greellets were sintered at 1350°C for 20 hours
to achieve the densification, and then hold at ICO@r 100 hours to obtain complete solid
state reaction in agreement with the above destpbevious experiments. The sintered pellet
was then tested as concerns its resistance toalgetby visually inspecting the outcome of
an electrolyte droplet deposited on the samplemFtoese trials, it turned out that dense
pellets could only be obtained at x—value equdess than 1.0, likely to be due to the very
high melting point of chromia (about 2435°C) [38]is well-known that chromia has poor
sinterability in air and requires special sintercanditions such as temperatures higher than

1600°C and reduced pressures to achieve high gleresamics.

Figure 3.16(a) and (b) show optical micrographs peflet after
sintering at 1350°C for 20 hours and x—values exLi@l0 and 1.0 respectively. A dense pellet
of pure hematite without any pore is evidencedigufe 3.16(a). Since hematite has a low
melting point (about 1565°C) [35] and the sinteritggnperature approached the melting
point, so the necking and growing of the grains wasier at higher hematite fraction. In
Figure 3.16(b), necking and grain growth could besewved but a part of porosity remains.
Finally, an ohmic contact was applied on one sidthe pellets using InGa eutectic and Ag
paste. PEC characterization could perform on satidition which x—values equal 0.0, 0.4,
and 1.0.

In the following, photoelectrochemical studies @imples with x—
values 0, 0.4, 1.0, and 2, will be presented. Emepde corresponding to x = 2 (pure chromia)
was obtained from TISTR (Thailand Institute of $¢iic and Technology). It was prepared
by hot isostatic pressing (HIP) at 1500°C 60 MRa2fdours. The pellet density was 87% of
the theoretical density, but the penetration ofdleetrolyte was sufficiently slow to allow to
record photocurrent energy spectrum before therelgte reached the ohmic back contact.
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‘ Mix powders by ball milling ‘

Pressing of powders
Uniaxial hydraulic compression of the powders (4-8 MPa)

‘ Cold isostatic compression (300 MPa) ‘

‘ Sintering at 1350°C 20 h + 1100°C 100 h ‘

‘ Electrolyte penetration tests ‘

Figure 3.15 Diagram of the procedure used for forming pellets
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Figure 3.16 Optical micrographs of a pellet after sinteratdl350°C 20 hours obtained for,E€r,05
(@) x=0.0,and (b) x=1.0

3.2.4.2 Photoelectrochemical characterizations

Samples with x = 0.0

Figure 3.18 presents, for the “hematite” pelleg. the sample
corresponding to x = 0.0, a photocurrent energyctspen (Figure 3.17(a)) and its linear
transform (Figure 3.17(b)). Only very low photo@ants could be obtained in the
experimental conditions used for the recordinghefspectrum, and the signal to noise ratio is
poor. Nevertheless, a bandgap of 2.2 £ 0.1 eV nepdsessed from the linear transform
considering the linear part evidenced in Figuré/G)L Such a bandgap is in agreement with
the values usually reported for,Bg (from 1.9 to 2.3 eV).

However, when considering the values of the phdséissof the
photocurrents, or the spectra of the real and inzagiparts of the photocurrents (Figure
3.17(c)), it appears, by comparison to the oneaioét for a “model” p—type semiconductor
such as p—GaP, it appears that the measured pih@ots of the x=0.0 sample are cathodic.
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Moreover, using the 351 nm (3.53 eV) line of anoardaser as the light source, it was

possible to measure directly the sign of the photent by assessing the difference between

the electrochemical currentg,] measured both in dark and light conditions, lastiated in

Figure 3.17(d), and the photocurrent sign indeed fwand negative. These observations are

not in agreement with the usually reported n—tygmisonduction of hematite [36—37]; they

reveal either a p—type behavior, very surprising FeO3;, but usually

reported for FeO

(bandgap 2.3-2.4 eV [38], or perhaps a nearpOkmsulating sample which could exhibit

both cathodic and anodic photocurrent dependinthempplied potential.

3e-11

2e-11

Jpy /arbun

le-11

le-11

Jpy /arbun

-2e-11

-3e-11

@)

2 3 4
Energy / eV

2 3 4
Energy / eV

[Fpthv]¥? 1 arb un

Istal/ HA

le-5

5e-6

-0.17

-0.18

-0.19

(b)

V=-580mV |

2 3 4

Energy / eV
\
(d) | } pOOooo
bQI:OQ: \ d ]
Dark Light 9| Dark 1

Relative time

Figure 3.17 (a) Photocurrent vs photon energy, (b) Lineandfarm of data in (a), (c) the re&e) and

imaginary (m) part of photocurrent in (a), and (d) the statigraurrent obtained under illuminated light (light)

and non-illuminated (dark) condition for a pure lagite (x = 0.0) pellet

Samples with x = 2.0

Figure 3.18 presents, for the TISTR chromia pe(let= 2.0), a

photocurrent energy spectrum (Figure 3.18(a)) dmdlimear transform (Figure 3.18(b));

similar results were obtained when studying theoha pellet provided by CEA Saclay.

From the corresponding data, a bandgap of 3.1 £0.inay be estimated for this sample, in
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agreement with values reported in the literaturecfoomia [10, 19, 21]. The phase shifts or
the spectra of the real and imaginary parts ofpti@ocurrents (Figure 3.18(c)), compared to
results obtained on a typical n—type semicondustich as n-Tig) as well as the positive
sign of the photocurrent allow to conclude that xhe 2.0 sample is n—type. Although the
more often reported p—type behavior ob@ywas expected, an n—-type behavior indeed is
possible (CfOsis an amphoteric oxide [15]) and already were rgggbwith a 3.0 eV bandgap
in oxide layers grown on high temperature allog9, [21].
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Figure 3.18 (a) Photocurrent vs photon energy in white ciesid its dephasing angle (phase shift) in dashed
line, (b) Linear transform of data in (a), (c) tleal Re) and imaginaryif) part of photocurrent in (a), and (d)
the stationary current obtained under illuminatgttl(light) and non—illuminated (dark) conditioorfa pure
chromia (x = 2.0) pellet
Samples with x =0.4 and x = 1.0
As concerns the x = 0.4 and x = 1.0 samples, gif@tocurrent energy
spectra are presented in Figures 3.19(a) and 3.28%pectively, together with their linear
transforms (Figures 3.20(b) and 3.21(b)). AnalyZingse curves, it is clear on the one hand
that the energy onset of the photocurrent is ardued, indicating that the samples do still

contain iron oxide, contrary to what was expectedifthe XRD and Raman characterizations
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presented in the previous section for powders. l@ndther hand, slopes changes may be
observed in the spectra and in their linear transto

— around 2.6 eV and between 3.0 eV and 3.5 eV 004,

— around 2.8-2.9 eV and between 3.0 eV and 3.5 e¥ 01.0.
These slopes changes are attributed to additiaatibutions to the photocurrents issuing
from compounds having bandgaps close to these erahges. The values below 2.9 eV are
likely to be attributed to the Eg&CrO3 solid solutions, whose bandgaps are expected to be
in—between the bandgaps of iron oxide and chronuuizie. The slope changes above 3.0 eV
should correspond to photocurrents issued fromduesichromia, which should also be

present if iron oxide is present.

The sign of the photocurrent is negative for batimgles, as evidenced
in Figure 3.21. This suggests an overall p—typeabigin of both samples. The latter
conclusion is reinforced by the shapes of the photent vs potential curves recorded on the
samples and shown in Figures 3.22 (x = 0.4) and 2= 1.0). It also can be understood if
one considers that the x = 0.0 and x = 2.0 sanwpdes found respectively p—type and n-type,
and that the x = 0.4 and x = 1.0 samples corresponn/chromium ratio higher than or

equal to 1.
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Figure 3.19 (a) Photocurrent vs photon energy and its depbamigle in dashed line, and (b) Linear transform

of data in (a) for a solid solution fgCr,O; pellet at x = 0.4
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Figure 3.20 (a) Photocurrent vs photon energy and its depgasigle in dashed line, and (b) Linear transform
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Figure 3.21 The stationary current obtained under illumingiaght) and non-illuminated (dark) condition;
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Figure 3.22 Photovoltammograms obtained on solid solutiosn Be,0; pellet with x = 0.4
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Figure 3.23 Photovoltammograms obtained on solid solution,Be,0; pellet with x = 1.0

To confirm or infirm the presence of iron oxidesdachromia in the
x = 0.4 and x = 1.0 pellets, complementary XRD &ainan characterizations of the latter
samples were performed. Figures 3.24(a) and (Iseptehe corresponding XRD and Raman
spectra of the pellets. From the diffractogramgyFe 3.24(a)), no other component as the
iron/chromium solid solution may be evidenced. @a bther hand, the Raman spectra in
Figure 3.24(b) indeed show that,Pe still present in the pellets, but no,Og evidence is
found. However, it should be recalled that photaetehemical techniques often proved to be

highly sensitive to minority components in oxidatiayers [21].
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Figure 3.24(a) Diffractograms and (b) Raman spectra obtafred Fe_,Cr,O; pellet at various x—values
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3.2.4.3 Bandgaps of EeCrO3

Table 3.1 summarizes the results obtained by tls¢oplectrochemical
study of the Fg,CrO3 pellets elaborated in our work.

Even if the experiments did not allow to reach ith&al goal, i.e. to
establish a PEC database fop_RerOs; compounds ( type of semiconduction, bandgap value)
because of the difficulty to prepare pellets offger and dense solid oxide solutions, the
effect of the stoichiometry of EgCrO3 on its bandgap energy could be roughly observed:
the sample with the higher chromium content in_f&,O3 (x = 1.0) appears to exhibit an
higher bandgap value (around 2.8-2.9 eV) than tiee(about 2.6 eV) of the sample with the
lower chromium content (x = 0.4).

Following the literature [38—40], bandgap valuesyniee estimated
from thermodynamic extensive atomic data. It isppsed that the bandgap energies of a
Fe,_xCrOs3 solid solution could be given by the following fila equation:

(2-x)- Ege?03 +(x). Eglzos, =2 EL2x Ck (3.2)

Trying to test this equation on the results obtime this work is
difficult. First, due to the presence of iron oxided likely of chromia in the LEgCrOs
samples, the determination of the bandgaps of tlseseples were quite approximated.
Second, the bandgaps of the iron oxide(z@) and of CiO3; were measured at 2.1 and 3.1
eV when the characterization was done on the pelietpBut these values changed to 1.9 eV
and 3.5 eV when the assessment was made from tlse dPEhe mixed oxide pellets
Therefore the calculations were made for the twe e€bandgap values, and the results are

presented in Table 3.2, together with the approtiirea@xperimental values.

Table 3.1 Summary of PEC studied on pellet

x—values of Fg,Cr,0O; 0.0 0.4 1.0 2.0* 2.0%*
Bandgap (eV) 2.1 19/2.6/35 1.9/2.8-2.%/ 3. 3.0 3.2
Semiconducting type n.d. p p n n.d.

* pure chromia pellet performed at TISTR * CEAvsre chromia pellet n.d. is no data

Table 3.2 Summary of bandgaps of solid solution pellet

x—values of Fg,Cr,0O; 0.4 1.0

Experimental values 2.6 2.8-2.9

Calculation values EL2% = 2.1, E2% = 3. 2.3 2.6
EL2%® =19, E?% = 3.t 2.22 2.7
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3.3 Conclusions

The characteristic of chromia and its solid soltabserved from both pure chromium
metal and hematite—chromia solid solution expertsiean be concluded as follows:

Chromia with n-semiconducting behavior obtainedmfrgpowder sample
indicated bandgap at around 3.0 eV whereas chrgamerated on pure chromium metal
showed two bandgaps relying on their microstructwtech the one coincided with the
powder while another alternated one was at 3.38.8rom all above experiments, chromia
at both bandgap seemed to be an insulator whidméacto be more either n— or p-type
semiconducting depending on the original conditiofise presence of water vapor and/or
hydrogen in oxidation atmosphere tended to prometgpe chromia owing to OHand H
atom. At high oxygen partial pressure, chromia gaheinclined to behave p—type due to

oxygen interstitial.

The bandgap of pure hematite pellet was indicatedaund 2.1 eV whereas the
bandgap of hematite declines to 1.9 eV where itiwdke mixed oxides (F®s—Fe_CrOs—
Cr,0O3) system. The anomalous results that pointed thenpatite (it was often reported to be
n-type oxide) could not image apart from eithergghehange or contamination but XRD and
Raman spectroscopy indicated the phase of hemsdtifet was an ambiguous point for these

experiments.

The mixed oxide pellets showed the dependence rolhdbom mole fraction on
the bandgap of RgCrOsz. Since the pure EgCrOs; did not obtain on pellets, the exact
bandgap value could not be provided, however, ulcctbe estimated using thermodynamics

assumption.
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CHAPTER 4
MULTISCALE PHOTOELECTROCHEMICAL STUDIES ON MODERN
ALLOYS

In high temperature corrosion, photoelectrochemieshniques are principally used to
identify oxide phases via the value of their bampdgand to determine the semiconducting
type of the oxides which may inform on the corrasimechanism. Monochromatic issued
from an incoherent source coupled to a monochrama#s initially used to illuminate the

whole surface of an oxidized sample, to perform neseopic characterizations. A few

decades later, the evolution of this technique hedcphotoelectrochemical images which
provided the informations at the microscopic scabel was useful to investigate a lateral
oxides distribution. These microscopic characténna could be performed by focusing a
monochromatic light from a laser source (at a $eteenergy) on a micrometric spot of the
selected sample area and by varying the positiainefpot on the surface via microscopic

stages.

This chapter aims to present novel possibilitiestid PEC technique, as regards the
introduction of the mesoscopic scale, and fittifglootocurrent energy spectra (PES), and to
illustrate the latter in the case of high tempemtoxidation layers of modern alloys. First,
approval steps of mesoscopic photoelectrochemitatacterizations, which were designed
and developed as an original tool in our laboratanyl be presented. Then the performances
of multiscale photoelectrochemical characterizatiomll be illustrated on two kinds of
samples: oxidized duplex stainless steel and Nedadloys, using also more conventional
characterizations such as SEM/EDS, XRD, and Ranp&ct®scopy. The corresponding
results have already partly been published [1-3].

4.1 Photoelectrochemistry at the mesoscopic scabpproval steps

Over the past 40 years, photoelectrochemistry tieected much deserved attention as a
characterization tool of passive films and of thermxidation layers on metallic substrates
[4-8]. The recording of photocurrents as a functdrthe potential applied to the oxidized
metal electrode, and as function of the energythef photons illuminating the latter,
combined to the use of simple but robust model$0[9,allowed to obtain information on
optical and electronic properties of the semicotidgooxides and on the material/electrolyte
interface energetic, in connection with compositaod (micro-) structure of these materials

and use properties such as corrosion resistance.
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Photoelectrochemical characterizations have beerst noften performed at the
macroscopic scale, providing only an averaged \aéthe sample properties. The latter view
may be completed at the microscopic scale by paifay photoelectrochemical imaging,
which is possible with a ca 1 um resolution usihg toherent light of lasers. But the
photocurrent contrasts in the photoelectrochemicahges may originate in spatial
heterogeneities of numerous parameters, and dtfésuoften arise when analyzing these
images. These problems could be partially solvephibtocurrent energy spectra could be
recorded at the microscopic scale. This was natioét at the pum scale due to the few lines
available on usual lasers. This work will show floe first time that focusing a beam issued
from an incoherent light source on a ca 30 um dianspot is possible, and allows recording
local photocurrent energy spectra at this mesoscegale, and thus provides informations
complementary useful to the ones obtained from osmopic and microscopic

photoelectrochemical characterizations.

Duplex stainless steel was selected as an integestist material, both to check the
feasibility of photoelectrochemical experimentstta@ mesoscopic scale, and to assess the
interest of such experiments when characterizimgntlal oxidation layers. This choice was
first guided by geometrical considerations: forthas austenitic and ferritic phases, duplex
stainless steel exhibits numerous grains of segel than around 30 um. But also chemical
composition issues were taken into account whesc8ef) 2205 duplex stainless steel as the
test material. The chromium content is higher i férritic phase than in the austenitic one of
Table 2.2 (Chapter 2). It may be thus expectedttieathermal oxidation layers grown on the
alloy will be different, for instance as concerhg tx—value of the KLeCrOs solid solution
which is generally observed in such oxidation layer

In this section, the characterizations of a dupdxinless steel sample which was
oxidized in 20 %water vapor at 650°C for 5 minuvéll be reported. Initially, the results
from the conventional photoelectrochemical in macopic and microscopic will be
presented. After that mesoscopic photoelectrochednsitaracterizations will be presented to
illustrate their performances and their usefulriessompleting the informations provided by
the macroscopic and microscopic photoelectrochdnoltaracterizations. Finally, the results

will be correlated to the ones obtained by Ramasrascopy.

4.1.1 Macroscopic photoelectrochemical charactatians
Typical results of photoelectrochemical charactrans of the oxidized duplex
stainless steel (ODSS) electrode at the macrossupie are presented in Figure 4.1. Figure

4.1(a) shows the dependence of the photocurrenthenapplied potential, using several
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photon energies. These curves provide mainly twormmations. On the one hand, as the
modulus of the photocurrent increases while inengashe applied potential, it can be
concluded that the sample globally exhibits an petyemiconducting behavior. On the other
hand, two domains of potentials are observed onrEig.1(a). Below about V = —600 mV,
very low photocurrents are measured for photongeegress than 3 eV. Above V = —600
mV, significant photocurrents values are measuredallatested photon energies. This
evidences that the overall measured photocurrerdesarfrom several photocurrent
contributions, i.e. from several oxides presenttba ODSS sample, whose respective
amplitudes depend on the applied potential dudeo different flatband potentials, and also
depend on the photon energies due to their diftdyand gap energies. The latter conclusions
are also supported by the photocurrent energy spgresented in Figure 4.1(b), which

appear to be clearly different depending on themwl range where they were recorded.

Moreover, the photocurrent energy spectrum recoated = 0 mV could be
fitted (the solid line present on the graph shduwesfttted spectrum) using a model and fitting
procedures developed in our group as describedchapter 2. Fitting the photocurrent energy
spectrum allowed to detect four contributions te ginotocurrent, with the following indirect
bandgap energiescg=2.0eV,kg>,=2.4eV,E3=3.1eV, E4=3.5¢eV. Ekis attributed
to Fe0s, Eg4to CrO3 [11] and, as explained in a following section, it isgwsed that &>
and E 3 should be attributed to EeCrO; compounds with different x—values.
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Figure 4.1 Typical photocurrents obtained by illuminating thirole oxidized DSS sample area: (a) plotsaf |
as a function of the applied potential, V, at sal/photon energies, and (b) plots gfds a function of the

photon energy at selected applied potential (thid 8oe shows the fitted spectrum)
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4.1.2 Photoelectrochemical imaging

Photoelectrochemical images were recorded on a leaarpa covering both
austenitic and ferritic grains (Figure 4.2(a)),ngsitwo photon energies: 2.60 eV (Figure
4.2(b)), an energy betweers Fand k3 and 3.53 eV (Figures 4.2(c) and (d)), and also two
values for the applied potential, V = —200 mV (kes 4.2(b) and (d)) and V = — 700 mV
(Figure 4.2(c)). It can be observed that the phatents exhibited by the oxidized austenitic
grains are higher than the ones measured on degiains. However, the photocurrent
contrasts between these grains depend significantithe photon energy and on the applied
potential. At this point, this observation is hgrdb be explained, although it could be

suggested that the component with bandgap enefggdtild be absent on ferritic grains.

G

. mym

(© (d)

Figure 4.2 Optical and photoelectrochemical images of a 200200 um area of the oxidized DSS sample :
(a) optical image ; (b) , (c), (d) : photoelectrentical images obtained at : (b) V = -200 mV,/h2.6 eV, (c) V
=-700 mV, b =3.53 eV, (d) V = -200 mV)\h=3.53 eV

4.1.3 Mesoscopic photoelectrochemical characteiaas
The individual oxidized ferritic and austenitic gr& investigated in the
experiments illustrated in Figure 4.2 have beerrattarized at the mesoscopic scale. The
corresponding photocurrent energy spectra are miexsen Figure 4.3. These results show
firstly that photocurrent energy spectra actuaily be recorded at the mesoscopic scales. But

they also put in evidence the interest of suchattarizations.

On the one hand, the data of Figure 4.3 allow tdvedge at energies and
potentials close to their values used in Figure #h2 ratios of the photocurrent values

measured on austenitic grains to the ones measuaréaritic grains. These ratios are listed in
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Table 4.1, and clearly account for the potentiatl gnoton energy dependent contrasts

observed in the images of Figure 4.2.

On the other hand, when fitting the individual pdwtrrent energy spectra of
austenitic and ferritic grains with our in—housed®lp it turns out (Table 4.2) that only 3
oxide components are found on each kind of graie Bandgap energies of g and CsOs
are found whatever the metallurgic phase, but omlg bandgap energy corresponding to a
Fe,_«CrO3; compound is found on each grain: 2.46 eV on tlsteaitic grain, 2.84 eV on the

ferritic one.

As already written in Chapter 3, bandgap values rbayestimated from
thermodynamic extensive atomic data [8, 11-12],itswas proposed that the bandgap

energies of a KeCrkO3solid solution could be given by the following sil@gquation:
(2-X)E; (F&O;) +)XIE (GG Q)=2F (Fg Gr® (4.1)

Considering the bandgap values found respectivelthe austenitic and ferritic
grains for Fe,CrO3z (Table 4.2)the latter equation implies that the oxide solidugon
formed on the austenitic phase exhibits a lowecditent than the one grown on the ferritic

phase, as indeed could be anticipated from dateetdllurgical element of each phase.

4

®  Austenitic grain ®
o - »H
®  Ferritic grain % %.®
Fitted data : Austenitic grain f &
Fitted data : Ferritic grain (‘,

Jpy /arbun

2.0 25 3.0 35 4.0
Energy / eV

Figure 4.3 Photocurrent energy spectra obtained by illumimgitiividual austenitic (blue circle) or ferritic
(red circle) grains of the oxidized DSS sample a ¥ mV (the solid lines show the fitted spectra)

97



Chapter 4 Multiscale photoelectrochemical studesnodern alloys

Table 4.1 Ratios of the photocurrent values measured on Ritistgrains to the ones measured on ferritic

grains, as obtained from experimental data of EiguB

Applied potential V=0mV V =-600 mV

hv = 2.60 eV 3.3 -—
Photon energy

hv = 3.53 eV 1.7 1.1

4.1.4 Raman spectroscopy characterizations

The Raman spectra recorded on individual oxidisgdtic and austenitic grains
are presented in Figure 4.4. Both spectra showcliagacteristic peaks of hematite at 411
cm, and chromia at 550 ¢th The broad peak observed at the highest Ramanvsihiies is
characteristic of Fe,Cr,0; [13-16]. It can be seen that this peak is shiftech 668 cm*
(austenitic grains) to 674 cin(ferritic grains), which, according to the previowsrk in
Chapter 3 and the work of McCarty et al. [13], sigm lower x—value in the oxide solid
solution formed on austenite, as deduced above f@soscopic photocurrent energy spectra.
Moreover, a strong correlation between the x—valug the Raman shift corresponding to the
Fe,_«CrO3; peak was pointed out by the experimental resnlsection 3.2.3 (Chapter 3) and
also by the study of McCarty et al. From the expental results, an x—value of 0.8 (resp.
1.3) could be assessed in the case of oxidizecmitest(resp. ferrite). The corresponding
bandgap energies calculated from these x—valuasy bandgap value of (@5 at 2.0 eV and
bandgap value of @D; at 3.5 eV, are given in Table 4.2 and appear todng close of the

ones obtained by fitting the mesoscopic photocturearrgy spectra.

Relative Raman intensity

400 500 600 700

Raman shift / cm™

Figure 4.4 Raman spectra recorded on individual austenitwdtacurve) and ferritic (upper curve) grains of

the oxidized DSS sample
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Table 4.2 Summary of the bandgap energies, &btained by fitting the photoelectrochemical gyespectra of
the oxidized duplex stainless steel sample, anbeok; values of Fg,Cr,Os;derived from Raman

characterizations of the latter sample (valuegaren in eV)

FeO, Fe_.LCr,03 Cr0O3

Macroscopic 2.0 2.4 3.1 3.5
As obtained by fitting

Mesoscopic

spectra ferritic grain 2.1 2.8(4) 3.5
As obtained from austenitic grain 2.6
Raman spectra derived
ferritic grain 2.9

x—values

4.1.5 Conclusions

It was shown here that the whole set of photoedebemical tools available at
the macroscopic scale may now be used at the n@gsosscale, to obtain local information
but complete photoelectrochemical informations of ddfg (30 um diameter) zones of a
unique sample. The results obtained at the mesimssople in the case of oxidized duplex
stainless steel provided interesting complemeritdoymation to the ones of microscopic and
macroscopic studies. In particular, the origin loé potential and photon energy dependent
contrasts in the photoelectrochemical images wasiddted. It could also be shown that,
whereas the macroscopic results suggested thenpeesé four oxides (R©s, Cr,Osand two
Fe,_xCrO3 compounds) in the thermal scale, the mesoscopitoptirrent energy spectra
showed that F©®; and CsO3 were present on all grains, but that the scaleach grain
(oxidized in exactly the same conditions) was keéb contain an unique EgCrOs
compound, its x—value depending on the metallungiture of the grain. Finally, it should
also be pointed out that the novel approach deeelop our group for the fitting of

photocurrent energy spectra could be applied bmtmbcroscopic and mesoscopic PES.

4.2 Oxidation of duplex stainless steel: multiscalghotoelectrochemical study

As presented in the above section, photoelectroatntharacterizations at the
mesoscopic scale allows to obtain complementagrimétion to the ones obtained from the
macroscopic and/or microscopic photoelectrochenainalyses. To go further on the study of
the oxidation of duplex stainless steel (DSS22@mMgimultiscale photoelectrochemistry, the
oxidation conditions, such as the oxidation atmesp$, temperatures, and times were varied.

Additional analyzes of the sample, were made by &M\, XRD, and Raman spectroscopy.
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4.2.1 Morphology of the oxidized samples
Electron micrographs presented in Figure 4.5 dastithte the surface

morphology of the oxidized duplex stainless staekl show the different oxides grown on
individual ferritic and austenitic grain due to ttiéerences in chemical compositions and in
the structure of the alloy matrix. Traces of oxides observed on the sample oxidized at low
temperature (Figures 4.5(a) and (b)); the topolofyhis “initial” state is not obviously
recognized at higher temperature (Figures 4.5(d)(d)) because the oxidation rate is higher
at high temperature. Indeed, the propagation adexit longer oxidation time reveals clearly
oxide shapes which strongly depend on metallurgieaibbles of the base alloys and of the
oxidizing gas. In water vapor (Figure 4.5(a) — (thermal oxides exhibit either flake or
polyhedral forms on austenitic grains while thepegr as whiskers on ferritic grains. At low
oxygen partial pressure (in water vapor), the fdromaof whiskers on ferritic area could be
explained by the diffusion of cations along a tuncentered round the core of a screw
dislocation or a bundle of dislocation where sugfdifusion is very fast, comparing to lattice
diffusion [17]. In oxygen gas (Figure 4.5(e) any),(h granular oxide could be observed on
both kinds of grains: a smaller and more homogemxide is presented on austenitic grains
due to the fact that the structure of austenitiCl phase is denser than that of the ferritic
phase (BCC), providing a lower diffusion rate thetched more homogenous oxide topology.
From these micrographs, it can be concluded treatitfierence in oxide morphologies were
affected not only from the oxidizing gas but alsani the crystalline structure of the alloy due

to different atomic densities and preferred origotes on the surface.
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10pm

Mag= 3.00 KX
EHT = 20.00 kV'

Mag= 3.00KX
EHT = 20.00 kv

Figure 4.5 SEM micrographs of the thermal oxides grown on DE52oxidized in water vapor; (a) 650°C
for 5 min (b) 650°C for 60 min (c) 850°C for 5 i) 850°C for 60 min, and in oxygen,; (e) 850°C Somin
(f) 850°C for 60 min
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4.2.2 Oxide phase identification

4.2.2.1 X-ray diffraction characterizations
Figure 4.6 presents X—ray diffractograms of DS®iwef(a), and after,

(b) to (e), oxidation. The oxidized samples tydic&ixhibited oxides of corundum structure
(FeO3 and/or CyO3 and/or FeCrOs3), and partly of spinel structure (MyCryOy). In the
case of short time oxidation at lower temperatiigure 4.6(b)), oxide phases could not
clearly be put in evidence because of the sensitivnits of the instrument. The increase of
oxidation time and temperature do increase theeottitckness as can be seen from the signal
increase on the patterns. The nature of the oxigigas also affects the oxidation rate as
shown by Figures 4.6(d) and (e): the ratio of teaks of the oxide phase to the ones of the
base alloy was higher in water vapor atmosphereg Hucker oxide (faster oxidation rate)

forms in water vapor.
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A A: Alloy 2205
A A
Sp A
€) Sp Spgs A A
( )..A_ ’\._./‘-A | s A A
Sp
> 51 o
Q| @ s S S s N s Sp N AOAA
[}
2
£ A
()] Sp
A
.% s . A
K S P A A
g s s sSp sSp S A

A A A
A
() A h A%

- >

(@ A A A

20 40 60 80 100
2-Theta/ °

Figure 4.6 X—ray patterns obtained from duplex stainless ggebefore and (b) — (e) after oxidation; in water
vapor (b) 650°C for 5 min (c) 850°C for 5 min (®C for 60 min, and (e) in oxygen gas at 850°Csdimin
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4.2.2.2 Raman spectroscopy characterizations

The Raman spectra recorded on individual ferritid austenitic grains
which were oxidized at 850°C for 60 minutes in watapor and in oxygen are presented in
Figure 4.7. In water vapor, Figure 4.7(a), the ahtaristic peaks of hematite (resp. chromia)
at around 411 ci (resp. 554 ci) were only detected on the austenitic (resp.tfeymjrains
whereas Raman shift at 659 and/or 680 ‘ceorresponding to the spinel phases were
observed on both grains. Since literature repotit@tl the characteristic peak of ,E€r,03
should be located at 664—685 ©¢nfil3] while the characteristic peaks of MaOj should
appear at 660 and 680 crfil8—21], it is difficult to affirm the observed geacorrespond to
Fe_CrOsz or Mns_,CryO4. According to the Raman peaks of the austenitngand XRD
results, it could imply that the spinel phase ophgsent on ferritic grain. Moreover, the
absence of chromium oxide on the austenitic gmaithis case (in water vapor during longer
oxidation time) could imply iron—rich solid solutis. In oxygen atmosphere, Raman peaks on
both types of grains show the presence of,E&0; and CsO3; without evidence of R©;,
indicating chromium-rich solid solutions. Furthemao characteristic peak of FgCrOs
shifts from 665 crmt (on ferritic grains) to 673 ch(on austenitic grains) which signs a lower

x—value of the corundum solid solution oxide fornwedthe ferritic grain.

‘ T T ‘ T
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Figure 4.7 Raman spectra recorded on individual austenitiwdfacurve) and ferritic (upper curve) grains of
the DSS sample oxidized at 850°C 60 min (a) in naapor (b) in oxygen
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4.2.3 Photoelectrochemical characterizations

4.2.3.1 Macroscopic photoelectrochemical charazétions
All macroscopic scale photocurrent voltammograme. photocurrent

vs potential curves) recorded on ODSS samples dmildassified in 3 patterns, as illustrated
in Figure 4.8. Figure 4.8(a) shows the typical grattobtained for samples oxidized in water
vapor (except for the sample oxidized at 850°Csfdimin). The modulus of the photocurrent
increases as the applied potential increases.concluded that the sample globally exhibits
an n—-typesemiconducting behavior. Moreover, when considetimg sharp increase in the
photovoltammogram at about —500 mV, where the plsast does not vary significantly
around this potential, it may be suggested that-—®pe® components are present in the
oxidized layer, having different flatband potergigl.e. having different positions of their
valence and conduction band on the electronic grergle, and thus on the electrochemical
potential scale). In contrast, DSS samples oxidineakygen all exhibited the pattern shown
in Figure 4.8(c), where the photocurrent moduluseleses as the applied potential increases,
revealing an overall p—type behavior of the scaldé®e particular shape of the photocurrent
voltammogram in Figure 4.8(b) was obtained onlytfad sample oxidized in water vapor at
850°C for 60 min; it signs the presence of at I@agbmponents in the scale, one being n—type
as evidenced by the curve recorded at 2.41 eVpther being more or less insulating as
suggested by the V—shaped part of the photocuwmtammogram recorded at 3.53 eV.
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Figure 4.8 Typical as measured photocurrent amplitude véegpotential curves obtained at b 2.41 eV
(dashed line) and 3.53 eV (solid line) on the wisnlgace of DSS sample oxidized in water vapoa{&50°C
for 5 min, (b) at 850°C for 60 min, and in oxygeh &t 850°C for 60 min

Figure 4.9 presents macroscopic photocurrent enspgctra (i.e.
photocurrent vs photon energy curves) measureeé\aral applied potentials for the same
ODSS samples as in Figure 4.8. The shape of tHesequrrent energy spectra appears to be
strongly potential dependent. This again can belagxgd by the fact that the oxidized
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samples are constituted of several semiconductingponents, having different bandgaps and
different flatband potentials: varying the appligotential does not change the bandgap but
induces changes in the band bending of the indalidaomponents, and consequently relative
changes of the complex photocurrents issued frowh eeomponent. This significant
dependence of the photocurrent energy spectra enatiplied potential is interesting,
considering all the spectra and the slopes chatiggsin. It allows to conclude that each
spectrum is the combination of at least three dmuions to the global photocurrent, with
approximate bandgap values of 2 eV, 2.6 to 3.0aM, around 3.4 eV, the bandgap values
are in agreement with the ones which could be drpgefor layers formed of E©s,
Fe,_«CrQO3, and CsO3 respectively, and with the fitted values of a poeg work on an ODSS
sample in section 4.1.

The question of the semiconducting type of eachhef components
remains difficult to discuss. Even with the helptbé fitting model for the photocurrent
energy spectra, the analysis of the signs of thevictual contributions to the photocurrent
will require to consider the interfaces at whichgi@en contribution could be generated
(metal/scale, scale/electrolyte, oxide/oxide in tkeale), before concluding on the
semiconducting type of a given componétdwever, FgO; has always been reported as an
n—type semiconductor. The semiconducting type of,£60; depends on the surrounding
nevertheless, at the same environment, the valueswafitched from n at low x values to p at
high x values [22]. Chromia is known to presenbwa Heviation from the stoichiometry, but
can exhibit rather n—type or p—type semiconductiepending on the oxygen activity in the
oxidizing atmosphere [23]. The formation of p-typeide in oxygen should arise from
metallic vacancies or oxygen interstitial as theimmdefect, while the presence of n—type
oxide in water vapor should correspond to metalfiterstitials or oxygen vacancies as the
main defect [24—25]. In addition, in water vapanasphere, a change from n—-type to p—type
Cr,O3 was observed as the effect of changing oxidafioe tind temperature; as in previous
works, the latter transition could be attributedhe presence of hydrogen [26] or hydroxide
ion [27-28], which however was not investigatedeh&rom the above observations, it could
be concluded that the change from overall n—tygeawier for samples oxidized in water
vapor to overall p-type for samples formed in oxygmuld be due to a change of the
semiconducting type of gbs; and/or Fe CrOs3 and that the nearly insulating behavior
observed in Figure 4.8(b) at high photon enerdik&dy to be attributed to GOs.
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Figure 4.9 Photocurrent energy spectra at several appliezhfials obtained on the whole surface of ODSS in
water vapor (a) at 650°C for 5 min, (b) at 850°€&6 min, and in oxygen (c) at 850°C for 60 min

The influence of atmosphere, oxidation time andpemature on the
photoelectrochemical results is illustrated in Fegd.10. Figure 4.10(a) exhibits clearly that
water vapor promotes the development of iron-richde i.e. a higher photocurrent
contribution at low photon energy (E < 3.0 eV), wary to what can be observed in presence
of oxygen. Iron—rich oxides are undoubtedly loaaisat the metal/oxide interface [28].
Figure 4.10(b) presents the oxidation time effatt350°C in oxygen, on the well known
competition between iron and chromium oxide dewvalept. The ratio of the photocurrents in
the high energy domain to the ones in the low gnesigge increases with time, signing, as
expected, an increase with time of the relative wmoof CpO; and chromium rich
Fe_CrOs; in the scale. In addition, while in oxygen litteffect of the temperature is
observed (Figure 4.10(d)), one should notice thateasing the temperature in water vapor
leads to a higher development of iron-rich oxidég@Fe 4.10(c)). Again, this result is
consistent with numerous kinetic studies on staslsteels showing a breakaway observed

sooner when temperature increases.
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Figure 4.10 Energy spectra normalized at 4.0 eV; specimendzedda) at 850°C for 60 min, (b) in oxygen at
650°C and (c) in water vapor for 60 min and (ddxygen for 60 min (V =0 mV)

4.2.3.2 Mesoscopic photoelectrochemical charaagons
Mesoscopic photovoltammograms and photocurrent ggnespectra

were recorded on individual austenitic or ferritgrains. Figure 4.11 shows typical
photovoltammograms measured on the whole sampéde anel on individual grains of ODSS
sample, at a photon energy value of 3.53 eV, ighdr than the bandgap energy of chromia.
In oxygen, whatever the grain, p—type semicondadsoclearly observed as the result of the
thermal growth of chromia at high oxygen activity the atmosphere. On the contrary, in
water vapor (i.e. low oxygen activity), chromiansw close to an insulator, as shown by the
V—-shaped curve. In addition, the flatband poteragdessed as the potential of the minimum
photocurrent is located on the macroscopic spettemound —350 mV, an intermediate value
between the ones of the individual grains (Figurgl@)), putting in evidence that the
macroscopic response averages the ones of theediffgrains.
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Figure 4.11 Typical photovoltammogramms obtained at-h3.53 eV on the whole surface of ODSS sample
and the individual oxidized grain of austenitic dadtitic phases at 850°C for 60 min (a) in wataper and

(b) in oxygen

Figure 4.12 presents the dependences of the phodotuamplitude
and of the phase shifts on the photon energieaapplied potential value of —350 mV, which
corresponds to the cathodic (resp. anodic) braridineo V—shaped curve for the austenitic
(resp. ferritic) grain. It is observed, both on g 4.12(a) and Figure 4.12 (b) that the phase
shifts have a similar behavior in the [2.0 — 2.V]and in [2.7 — 3.3] eV ranges on both kinds
of grains, whereas a phase shift difference of ald@0° (a change of the sign of the
photocurrent) is observed at higher energies. @tterltrends reinforce the idea that the near
insulating behavior should be attributed to chroriiiae strong difference between the phase
shifts in the [2.0 — 2.7] eV and in [2.7 — 3.3] eahges indicate photocurrents of different
signs for FeO3 and iron—rich Fg,CrO3 compared to chromium rich E¢CrOs, but as
stated above, the question of their semicondudtipg remains unclear. In addition, the less
marked changes in the phase shift observed arolnd\2in Figure 4.12(a) and 2.7 eV in
Figure 4.12(b) appear to be in agreement with thee¥ and 2.8 eV values determined at the
beginning part of this chapter for the bandgapBef,Cr,O3; on austenitic and ferritic grains

respectively, i.e. with an x value higher on fecrgrains.

Additional features may be pointed out, as illustaby the results
presented in Figure 4.13 and Table 4.3. At low exyactivity (Figure 4.13(a)), the
differences in the photocurrent energy spectraefférritic and austenitic oxidized grains are
mainly located in the low photon energy range, \iitfher photocurrents issued from the iron
rich oxides on the austenitic grains. On the contra high oxygen activity (Figure 4.13(b)),
the differences in the photocurrent energy spegfttae ferritic and austenitic oxidized grains
are mainly located in the high photon energy ramgth higher photocurrents issued from the

chromium rich oxides on the austenitic grains. Bhessults coincided with the Raman
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characterization which tended to present hemattgp( chromia) on sample oxidized in water

vapor (resp. in oxygen), including Fe—rich (resp-ri¢h) solid solution on austenitic phase.
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Figure 4.12 Photocurrent amplitude (white or gray circle) aleghhasing angle (dashed line) vs energy spectra
obtained on individuals (a) austenitic and (b)ifergrains at an applied potential of —350 mV d86 sample

in water vapor at 850°C for 60 min
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Figure 4.13 Photocurrent energy spectra obtained on individaiastenitic @ ) and ferritio® ) grains of DSS
oxidized at 850°C for 60 min (a) in water vapoBa0 mV (b) in oxygen at 0 mV

Table 4.3 Ratios of the photocurrent values measured on @itistgrains to the ones measured on fergtiains,

as obtained from experimental data of Figure 4.13

Oxidation atmosphere Water vapor Oxygen
hv = 2.60 eV 2.89 1.48
Photon energy
hv =3.53 eV 1.40 3.18
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4.2.3.3 Microscopic photoelectrochemical charaesgions
Also photoelectrochemical images were recorded @8® samples.
Figure 4.14 shows a set of images obtained fronpksroxidized both in water vapor (top
images) and in oxygen (bottom images) at 850 °Gfomin, respectively at the same applied
potential as in Figure 4.13. Images (d) and (h)ewastained by dividing point by point, for
each sample, the photocurrent measured at 2.6Q ¢ivelone measured at 3.53 eV. In Figure
4.14(a) (resp. 4.14(b)) the austenitic graijscprrespond to the darker (resp. lighter) areas,

the ferritic grainsd) to the lighter (resp. darker) areas.

Higher image contrasts are obtained when usingvigible laser line
for water vapor samples, whereas higher contrastslatained using the UV laser line in the
case of oxygen samples that because of the majde ax water vapor was hematite and/or
iron—rich solid solution whereas the major oxideokygen was chromia and/or chromium-—
rich solid solution. The latter observations are agreement with the above presented
mesoscopic results (Table 4.3). In addition, thetpélectrochemical images always show
higher photocurrents on the oxidized austenitiangrahan on the ferritic ones. For Raman
analyses suggested thicker layers on ferritic grain agreement with higher chromium
supplies at the metal/oxide interface, the phen@mesponsible for higher photocurrents on
austenitic grains is likely to be related to lowawping, or electron—hole recombination

centers, concentrations, but the question remaias.o

Since the photocurrent values measured at 2.60 &V dae to
contributions of FgO3; and Fe_,CrOs; whereas the values recorded at 3.53 eV are dtieeto
latter oxides and also to £¥;, images (d) and (h) are expected to give a rowigtive
estimation of the GO; fraction in the scales. On this basis, in the calsevater vapor
oxidation (Figure 4.14(d), the €3 fraction appears to be higher on ferrite than wstenite.
This can be explained considering that the chromeemtent in the ferritic phase is higher
than in the austenitic one, inducing more protectlkiromia formation on ferrite at the initial
oxidation stage; moreover, the high temperaturtusidn of chromium in ferritic phase is
known to be faster than in austenitic phase, amigler iron content in austenite induces
higher iron diffusion in corundum oxide, reducinget chromia fraction. In oxygen
atmosphere, higher oxygen partial pressure playegative role and opposite results is
observed (Figure 4.14(h)).
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¥
Figure 4.14 Image set of ODSS at 850°C for 60 min in water vdpap images) and in oxygen (bottom
images): (a) and (e) optical image, (b) and (f) RB&ge at b = 2.60 eV, (c) and (g) PEC image at+ 3.53
eV, and (d) and (h) processed image

4.2.4 Conclusions

Oxidation time, oxidation temperature, and gasdsctdd on oxide type, its
guantity, and also the morphology. Furthermoraffiécted on both thermal oxide type and
semiconducting behavior of the oxide. Macroscomsutts which is an average of all
different grain, allowed to point out at the majeffects induced by changes in the
atmosphere, time or temperature of oxidation. Mespis experiments evidenced differences
in the layers grown on ferritic and austenitic gsaialso allowing to account for the contrasts
observed on the photoelectrochemical images. Tlierlamages showed atmosphere
dependent differences in the chromia relative imacin oxidized ferritic and austenitic

grains.

The corundum oxide phases of,Bg Fe_,CrOs; and CsOs; were always
detected either on austenitic or on ferritic graitheat a chromium content in £gCrO3
depended not only on nature of materials but ats@xdizing atmospheres. Whatever the
grain, ferritic or austenitic, semiconduction of@mia was affected in the same way, and was
proven to be very sensitive to the oxygen actiintjhe oxidation atmosphere. At low oxygen
partial pressure like in water vapor, chromia appeéas an insulator, i.e. a protective oxide
exhibiting a low deviation from stoichiometry. Ohet contrary at a high oxygen partial

pressure like in oxygen, chromia clear exhibitetype semiconduction.
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4.3 Oxidation of Ni—-based alloys: multiscale photdectrochemical study

Nickel based alloys are well considered materials dises in high temperature
applications. In this work, we did focus on Inco®&0, a high—chromium content nickel
alloy, which is generally used in thermal exchasd®mtween primary and secondary circuits.
The oxidation of the latter alloy was conductedehat 900°C in several atmospheres. The
aims of this section are partly, on the one hatwl,investigate the possibilities offered by
investigating oxidized samples using multiscaletpélectrochemical characterizations, but,
mainly, on the second hand, to show the interesterwanalyzing PES, of the model

developed in our lab in the course of the presemkw

To support the results obtained by photoelectrodsteyn additional characterizations of

the thermal scales have been performed using SEBI/&1Y Raman spectroscopy.

4.3.1 Morphology of oxidized Ni—based alloys
Figure 4.15 presents the secondary (SE) and bdtdsth (BSE) electron
micrographs of Alloy 690 oxidized in various comgiits. On the SE micrographs, an
homogeneous thermal oxide can be observed on thplsaxidized in water vapor (Figure
4.15(e)) while the oxidized samples in oxygen amndir, especially at longer oxidation time
(Figures 4.15(c) and (g)) reveal heterogeneitigs/éen grains of diverse orientations and at
grain boundaries. In oxygen and in air, both défgrorientations on some grains are revealed
by the presence of both black (darker) and whitggliter) areas in the same grain. BSE
micrographs confirm the homogeneities of the oxithesamples oxidized in water vapor
(Figure 4.15(f)) and the heterogeneities on thesamadized in oxygen and in air (Figure
4.15(d) and (h)) and significantly show that thedes grown on grain boundaries can be
distinguished from the ones on grain bulk. A dadamne at grain boundary (resp. a brighter in
grain area) corresponds to a lower (resp. a higihex)of backscattered electrons due to a
lower (resp. a higher) atomic number (Z) elemegtied at grain boundary (resp. in grain
area). Since thermal oxide grown on Ni—based allogly contains Ni, Fe, and Cr [29-33],
chromium, which has the lowest atomic number amiiege three elements should be the
major element forming oxide at grain boundary. Remnore, the BSE images can also
distinguish the difference on each orientation &irg area, which should correspond to the
difference in chemical composition or amounts ¢ thixides. For the case of the sample
oxidized in oxygen 30 h (Figure 4.15(c) and (d)E &nd BSE micrographs show the
coincidence between the black and the white areasach grain. The black and the white in

BSE can suggest that the black area refers to lye pfwomium rich while the white ones
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Figure 4.15 Secondary (images in left hand side) and backsoaitémages in right hand side) electron
micrograph of thermal oxide grown on oxidized All690: (a) (b) in oxygen for 2 h, (c) (d) in oxygien 30 h,
(e) (f) in water vapor for 30 h, and (g) (h) in &or 21 h
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could include more nickel and/or iron componentse Drientation plays an inversed role
compared to the case of the sample oxidized inFagure 4.15(g) and (h)) by revealing
chromium rich (resp. nickel and iron rich) oxides the white (resp. the black) areas on the

SE micrographs.

Figure 4.16 illustrates a possible organizatiorthef oxide scales based on the
EDS results obtained on the oxidized samples afiréig.15. In oxygen, especially in Figure
4.16(b), the elemental analysis at grain boundaresely differs from that of the ordinary
grain, tending to show pure chromium oxide at gtzndary while the combination of Cr,
Ni, Fe oxides is observed on grains. These resarsin agreement with those of the
preceding paragraph. Major oxide of Cr is generddliected while Ni and Fe become more in
guantity when time increases. The orientationsedkifices result in nodules with different
compositions. However the case of the sample oxadim oxygen 30 h remains unclear
because the oxide (Figure 4.16(b)) shows a morendlim-rich oxide on the white area
contrary the BSE micrographs which presented chuomrich oxide on the black one. In
water vapor (Figure 4.16(c)), the homogeneous oridérix contains more Cr than Ni and
more Ni than Fe; the nodules are composed of time gdements but with more Fe than Ni. In
air (Figure 4.16(d)), on heterogeneous oxide isnaghserved. At grain boundary, the main
oxide is chromium oxide with traces of Ni and Fgnsils, while, on grain areas, oxides in the
matrix and nodules exhibit mainly Cr but also Nddfe in low concentrations. Furthermore,
the signals of Ni and Fe elements compared torles of Cr in grain areas are higher in black
zones which suggest that a more chromium-rich oigdpresented on the white areas as

observed on the above SEM micrographs.

(a) Above nodule Ni > Fe (M) oo Nis e Cr=>> Ni > Fe
(Cr.Ni,Fe),O, incline Cr>Ni=>Fe
m/tohaveFe>Ni l «—— Cr=Fe>Ni
Cry 0 Cr=Ni>>Fe
. Cr, O
690 Ni alloy e
690 Ni alloy
(C) (Cr,Ni,Fe)xOY incline to have Fe > Ni (d) Cr=Ni> Fe Cr,0; is main oxide,

Ni and Fe were slightly presented.

- l
o Cr=FexNi
Matrix of (Cr,Ni,Fe)XOy ﬁ:—% Cr was the main oxide,
Cr > Ni > Fe Ni and Fe were

Cry04

690 Ni allo . slightly present that
Y . 690 Ni a‘lloy was higher in black
All oxides above Cr,O; were strip.
(Cr,Ni,Fe)xOy

Figure 4.16 Model of oxide scales aspects based on X—ray argdlBS) of oxidized Alloy 690: (a) in oxygen
for 2 h, (b) in oxygen for 30 h, (c) in water vagor 30 h, and (d) in air for 21 h
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At this point, it is clear that, as expected, txéation of Ni—based alloy 690
depends on the oxidizing atmospheres, on the expdisoe, and on the surface orientation of
the metallic grains. Chromium is the major metatlanstituent of the oxides overall on the
surface, but oxides containing Ni and Fe are alsesgmt. In oxygen and in air, a
heterogeneous film is observed with most of chroatigrain boundary. Oxides combining
the presence of Cr, Fe, and Ni oxides were founthergrains surfaces. Surface orientation
plays a role on the chemical compositions and duiesitof the oxides. In water vapor, the
mixture of oxides formed homogeneously over théaserwith mainly chromium oxide and a
slight distribution of nodules of the mixed oxid#sCr, Fe, and Ni over the surface. From all
these results, it could be assumed that chromi&ferich oxide) was the first oxide which
developed on surface, and that Fe and Ni then sdifuthrough chromia and formed their
oxides as an outer layer with a propagation of @xiddules depending on the oxidation

conditions and the surface orientations.

It has also to be pointed out that such thermdkescappear very complex, for
their contained various components and for theedatire more or less heterogeneously
distributed both in the depth of the scale (perpmridrly to the scale’s surface) and laterally
(parallel to the to the scale’s surface). The aha€ such samples, although being very
challenging, was made to assess the Ilimits of suale photoelectrochemical

characterizations.

4.3.2 Overview of the photovoltammograms and @& gemiconducting behavior of
the oxide layers
Figure 4.17 exhibits macroscopic photocurrent woiteograms recorded at
several photon energies on samples oxidized irnrgkeogidation conditions.

The shapes observed on the curves correspondisfpaxt time oxidation in
oxygen (Figure 4.17(a)) show both n—type (at eesrgelow 3.1 eV) and p-type (at energies
above 3.1 eV) behaviors. For samples oxidizechensame atmosphere but for longer time
(Figure 4.17(b)), if the high energy behavior stéems to sign p—-type behavior, the V-
shaped form observed in the low energy range artlumaninimum of photocurrent tends to

indicate a more insulating sample.
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Figure 4.17 Typical as measured photocurrent amplitude (modwesus applied potential curves obtained

athy=254eV P ), h=3.10evVPp ),kh=354eV(a ), h=4.08eV @ ), andih=4.66 eV A ), on the
whole surface of Alloy 690 oxidized (a) in oxygem ® h, (b) in oxygen for 30 h, (c) in water vajar 30 h,
and (d) in air for 21 h

On the contrary, in the case of the samples oxildime 30 hours in water vapor

(Figure 4.17(c)), the photovoltammograms tend tdicate the overall combination of

insulating and n—type behaviors, which confirmg tha presence of water vapor promotes n—

type semiconduction in some of the oxides.

Besides, it should be noted that potential of theimum of the photocurrent

modulus is cathodically shifted for the “water vdpsamples compared to the “oxygen”

samples, which could be attributed to that flatbaotentials of n—type semiconductors are

more negative than those of p—type, at least 8@amae semiconductor.

The results obtained for the case of the samplemio air for 21 hours (Figure

4.17(d)) are very similar to those obtained for Hanple grown in oxygen for 30 hours,
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except that the V—shaped contribution appears tower, perhaps due to the shorter time of

oxidation.

To conclude this section, we would like to mentibmat the above remarks
should be considered only as rough, averaged tréodshe number of components in the

layers certainly is higher than two.

4.3.3 Photocurrent energy spectra of oxide layelsmandgap assessment of their

components

4.3.3.1 Macroscopic characterizations: usual ys#éd of the linear transforms

Figure 4.18 collects the macroscopic photocurremérgy spectra

measured at several applied potentials on each Isafigit hand side) and their linear
transforms (right hand side) for the samples oeidibver more than 21 hours. Indeed, the

shape of all the spectra strongly depends on thpieap potential, always showing the

presence of more than one constituent in the layers

In oxygen (Figure 4.18(a) and (b)), the spectravalto distinguish at
least four components with the bandgap at arou8aY, 2.7-2.8 eV, 3.5-3.6 eV, and > 4.0
ev.

In air (Figure 4.18(c)), the spectra recorded &0V and —300 mV
exhibit similar shapes whereas the one recorde@l atV has a different shape (Figure
4.17(d)). Linear transforms in Figure 4.18(d) rdedahree or four components with bandgap
energies located at around 1.8 eV, above 3.5 e same between them, when the applied
potentials were —600 mV and —300 mV, while bandgdpsss than 2 eV, 2.3 eV, and 3.1 eV
are suggested when the applied potentials was 0 mV.

In water vapor (Figure 4.18(e)), the photocurremttabutions below
3.0 eV became very low, showing that water vaponqoted high bandgap energy (above 3.0
eV) oxide phases but disfavored the developmeribwér bandgap energy oxide phases.
Figure 4.18 (b) tends to account for at least foudes with bandgap at < 2.9 eV, 2.9-3.1 eV,
3.7-3.9eVand >4.0eV.

However, the high complexity of the shapes of theva presented
PES and of their linear transforms prevents us fgiving definitive conclusions neither on
the number of components in each thermal scale amorthe bandgap values of the
components. Therefore, each of the spectra wayzathlnd fitted using the novel method

described in Chapter 2. The corresponding resultd&/presented in the next section.
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Figure 4.18 Photocurrent versus photon energy (left hand sidd)its linear transform (right hand side)

obtained on the whole surface of oxidized Alloy &8P (b) in oxygen for 30 h, (c) (d) in air for 21and

(e) (f) in water vapor for 30 h
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4.3.3.2 Macroscopic characterizations: fittingtbé photocurrent energy
spectra
For each photocurrent energy spectrum, the real(J§B¢ and
imaginary (Im(3y)) parts of the complex photocurrents,,J were first calculated, at each

tested energy, E, from the experimental valueb®iodulus |g} | and of the phase shiét,

Then, several values of the possible number of comapts,m, in the
scale, were successively assumed. For eachalue, 50 to 100 fit attempts were run,
according to the fit conditions given in Chapter t8, ensure the stability of the final
parameters obtained from the fits. The latter fipatameters, including the m value, were
validated when corresponding, among the whole fsiisp to the minimum distance between
the experimental real and imaginary spectra an@dhesponding spectra calculated from the
fit final parameters, and when not obviously dugiieg components with very close

bandgaps [3].

It has to be emphasized that, excepted in a verycéses which will be
identified in the text, all the PES fits were rutowing all parameters to be fitted, starting
from random values, and that, consequently, the Biegtra measured at several applied

potentials for the same sample were fitted indepetig

In the following of present section, only the baapgralues obtained
from the fits will be given and discussed. For epodsented fit result, the value obtained for
m will be given, together with three linear cortaa coefficients (LCC), C—M, C-Re, C—Im,
expressing the correlation between the experimemiglthe calculated values for the curves :
| bu| = f(E), Re(dn) an Im($y) respectively.

4.3.3.2.1 Samples oxidized in oxygen for 30 hours
Figure 4.19 shows the experimental and fitted speat

each tested potential value for Alloy 690 oxidizedxygen for 30 h. Eight semiconducting
phasesrf = 8) were found when polarizing at 0 mV whereagsesemiconducting phases (

= 7) were found at =100 mV and —300 mV. The latiference is not surprising knowing all
the semiconducting components do not necessany pletocurrent at every tested potential,
it has to be noted tham is twice the number of components which could heeror less
clearly assessed from the usual linear transformlyais in section 3.3.1. Figure 4.20
summarizes the fitted bandgap values; among thppeaa to be six present at each potential
with bandgap at around 1.5 eV, 2.0 eV, 2.7 eV,&8/1(which could be n—type because it is
only observed at the most anodic potentials), ¥.5vehich could be p-type because it only

appeared at the cathodic potential), and 4 .0 eV.
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Figure 4.19 Photocurrent energy spectra of Alloy 690 oxidizedxygen for 30 h (left hand side), and its real
part and imaginary part (right hand side): (a)ab) mV, (c) (d) at —100 mV, and (e) (f) at —300 .n&4p” and

“fit” account for experimental and fitted datae™ and “Iim” are used for the real and imaginary partsppf J

From literatures, the bandgap of NiBg was reported at
1.7 eV by Peng et al. [34] whereas other studieatéd its value at 2.5 eV [35, 36]. The
bandgap of GOj3 is usually given as 3.5 eV [37-40], but also régwrat 3.0 eV for the
internal subscale [41]. The bandgap of N{@rwas reported at 4.1 eV, according to the work
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of Marchetti et al. [35] and Zhang et al. [36]. dddition, due to the high sensitivity of the
photoelectrochemical techniques, it is likely thatundum oxide [42], R©®3; (Ec = 1.9 eV —
2.3 eV) and Fe,Cr0O3 (Ec = 2.4 eV — 2.9 eV), should also be taken into antoTlherefore it
can be proposed that the oxide layer on this sampemposed of either &; or NiFeO,

(Ec = 2.0 eV), Cs03(Ec = 3.1 eV and 3.5 eV), and Nifd, (Ec = 4.0 eV). The nature of the
oxides with bandgaps at 1.5 eV and 2.7 eV stillams unclear, however the second has a
possibility to represent a Cr—rich solid solutidncorundum Fe CrOs3 or a solid solution of
spinel NiFeO,—NiCr,O4 with unknown ratio.
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Figure 4.20 Plot summarizing the bandgapgjobtained from the fits presented in Figure 4.19

4.3.3.2.2 Samples oxidized in air for 21 hours
Figure 4.21 shows the experimental and fitted speat

each tested potential value for Alloy 690 oxidizedair for 21 h. To minimize the distance
between experimental and calculated spectra, anebtain convincing fitted curves,
especially for the spectrum recorded at 0 mV, thealer of components clearly need to be
increased. Eleven semiconducting phases (L1) were necessary for the spectrum recorded
at 0 mV whereas ten semiconducting phases (L0) were found at —300 mV and —600 mV.
The fitted bandgap values shown in Figure 4.22 appery close together for the PES
obtained at —300 mV and -600 mV. They however #ightl/ different from the ones
obtained at 0 mV. This spectrum was the most diffito fit correctly. Nevertheless the
presence of nine oxide phases can be assumedavitigap at 1.2 eV, 1.8 eV, 2.2 eV, 2.7 eV,
3.0eV,3.2eV,34¢eV,4.1eV,and 4.7 eV.

The bandgaps obtained for alloy oxidized in air &r h
could refer to constituents such as eitheiGzer NiFeO, (Eg = 1.8 eV and 2.2 eV), gD3
(Ec =3.0eV, 3.2 eV and 3.4 eV), and NiOy, (Eg = 4.1 eV). The bandgap at 2.7 eV could
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be supposed to be Cr-rich ;E€rO3 or NiFeO,~NiCr,O, solid solution whereas the
bandgap at 1.2 eV and 4.7 eV are still blind.
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Figure 4.21 Photocurrent energy spectra of Alloy 690 oxidizedir for 21 h (left hand side), and its real part
and imaginary part (right hand side): (a) (b) at'\g, (c) (d) at =300 mV, and (e) (f) at =600 m¥xg” and “it”

account for experimental and fitted datee™and “im” are used for the real and imaginary partsppf J
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Figure 4.22 Plot summarizing the bandgapgjobtained from the fits presented in Figure 4.21

4.3.3.2.3 Samples oxidized in water vapor for 30rf0

Figure 4.23 shows the experimental and fitted speat
each tested potential value for Alloy 690 oxidizedvater vapor for 30 h. Usingy = 13 for
all the tested potentials allowed to fit all the SEand the fitted bandgap values at each
potential are very close together as evidence gurei 4.24. At any applied potential, the fit
provided the same twelve bandgaps at 2.2 eV, ,2el eV, 2.7 eV, 2.8(5) eV, 3.0 eV,
3.1(5) eV, 3.3eV,35¢eV, 3.8¢V, 4.3 eV, andeV/(although there was some slight shifts at
—600 mV which corresponds to the minimum of photcent on the photovoltammograms).

Hence the whole evaluated bandgaps may be condideneliable.

The fitted bandgaps obtained on alloy oxidized atew for
30 h again suggest the presence ofDg@®r NiFeO, (Eg = 2.2 — 2.4 eV), GO3 (Esc = 3.0 —
3.5 eV), and NiGIO, (Ec = 4.3 eV). The bandgap at 2.7 eV and 2.8(5) e\lccassume to be
the corundum solid solution of with Cr—rich or t@nel solid solution oxide as the preceding
results, and also the bandgap at 3.8 eV has abildgdo be CpO; or spinel solid solution of
NiFe,O,—NiCr,O4 with Cr—rich, whereas the bandgap at 4.7 is amawk.
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Figure 4.23 Photocurrent energy spectra of Alloy 690 oxidizedvater vapor for 30 h (left hand side), and its
real part and imaginary part (right hand side):(@)at 0 mV, (c) (d) at —300 mV, (e) (f) at -60¥ ntg) (h) at —
700 mV, (i) (j) at —1100 mV, and (k) (I) at —1500/nf'exp” and “fit” account for experimental and fitted data.

“Re” and “Im” are used for the real and imaginary partsgaf J
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Figure 4.23°°™) Photocurrent energy spectra of Alloy 690 oxidizeavater vapor for 30 h (left hand side), and
its real part and imaginary part (right hand side):(b) at 0 mV, (c) (d) at —300 mV, (e) (f) atdeemV, (g) (h)
at —700 mV, (i) (j) at —1100 mV, and (k) () at -@IbmV. “exp” and “fit” account for experimental and fitted

data. Re” and “Iim” are used for the real and imaginary partsppf J
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Figure 4.24 Plot summarizing the bandgapgjobtained from the fits presented in Figure 4.23

From all the above results obtained at the macpmsazale, two major
trends can be stated:

— The PES model and the fitting procedure did appiyall samples,
and yielded convincing fits and bandgap values.

— The number of semiconducting phases allowing ic@myg fits is
high.

The latter trend was tought to be due to the prsesf slightly
different solid solutions FeCrO3; from one zone to another on the surface. Mesoscopi

investigations were thus under taken.

4.3.4 Mesoscopic photoelectrochemical charactetitras
These experiments have been conducted on sampbhigeakin oxygen for 30

hours, and in water vapor for 21h.
4.3.4.1 Samples oxidized in oxygen for 30 hours

Mesoscopic photocurrent energy spectra obtainedthdinidual black
and white area of an oxidized grain and also omaandooundary of Alloy 690 oxidized in
oxygen 30 h are presented in Figure 4.25. Figwzg(4) and (b) shows photocurrent obtained
at 0 mV and —300 mV, these potentials being locegedective above and below the potential
corresponding to the minimum of photocurrent on th&croscopic photovoltammograms.
The spectra obtained on grain boundary always stiaweurve between the curves of the
black and white areas because the beam size waggrbigan the grain boundary area,
providing the photocurrents issued from not onky ¢rain boundary but also it issued from

the neighboring grains. Hence the study at a defgmain boundary was not possible.
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At V = 0 mV, the photocurrents obtained on the wtitea always to
be higher than the one on black area, converselytiwve photocurrents obtained at V = —-300
mV that are higher on black area. The latter resaléo confirm the potential dependence of
the PES shapes. Mesoscopic photocurrent energyra@gpeared also complex and difficult
to analyze by means of calculated their lineardi@ms. Our model was thus applied again
on the black and white spectra. The calculatedtspebtained from the fits and parameters
are plotted and compared with the experimental datiigure 4.26 and Figure 4.27. The

corresponding assessed bandgap values are coliedteglire 4.28.

Since the photon fluxes available in mesoscopic enagre clearly
lower than the macroscopic level, and for the dmet@ns added to the microscope did cut
light above 4 eV, the energy spectra could onlyds®rded with an acceptable signal/noise
ratio for photon energies lower than 3.6 eV. Th&ada Figure 4.28 indicate similar bandgaps
on the black and white areas with values at ardu8e&V, 2.0 eV, 2.7 eV, 3.1 eV, and 3.5 eV.
The first (resp. the last) two bandgaps correspaitid F&Os; and/or NiFgO, (resp. C#Os).
From thermodynamics point of view, the higher Cntent in Fe_,CrO3 (Eg at around 2.7
eV) is pointed on the white area with a slight leigks value. Moreover, at —300mV cE

3.1 eV absents on black area that can be implie& mavard diffusion of Cr on white area.

Table 4.4 reports the ratio of photocurrent valoesasured on the
white area to the one measured on the black areeogbhoton energies. In oxygen for 30 h,
at V = 0 mV, the ratios are higher than 1.0, whiuticates higher photocurrent obtained on
white area, moreover, the higher ratio at low phaoergy implies a lower gD fraction on
white area. Conversely, at V = =300 mV, the ratos less than 1.0 which correspond to
lower photocurrents obtained on white area, furtieee, the lower ratios at low photon

energy suggests higher, Ox fraction on white area.
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Figure 4.25 Mesoscopic photocurrent energy spectra obtainespeaific areas of the sample surface: a grain
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Figure 4.26 Mesoscopic photocurrent energy spectra measurédd& mV Alloy 690 oxidized in oxygen for
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Table 4.4 Ratios of the photocurrent values measured on gtavhite area to the ones measured at black area

as obtained from experimental data of Figure 4ra#bRigure 4.29

Oxidation conditions In oxygen for 30 h In air for 21 h
Applied potential 0omv -300mvV -300 mV
hv =2.54 eV 1.9 0.5 3.1

Photon energy
hv =3.53 eV 1.6 0.7 1.7

4.3.4.2 Samples oxidized in air for 21 hours
Mesoscopic photocurrent energy spectra obtainethainidual black

and white areas of the sample oxidized in air fbihZare illustrated in Figure 4.29. The PES
clearly show different shapes between black andenptiotocurrents, and also that the white
area provides higher photocurrents, as expressethéyatio given in Table 4.4. When
dividing the values at 3.53 eV by the ones at 2¥84it can be so defined ratio is twice higher
on the black grain, which could suggest thatGgr(resp. NiFgO,) is more present on the
black grain (resp. the white grain).

The spectra could be recorded and fitted the enengge [2.1 — 3.75
eV], as illustrated in Figure 4.30. The obtaimadralues were 4 and 5 for black and white
areas respectively; however, the highest bandgiaje ¥aund on the white area, 3.66 eV, is so
close to the limit of the available photon energpge that it prevents us to affirm that a
component having this bandgap is really preserihénscale. The obtained bandgap values
(Figure 4.31) are different from one zone to thbeotbut some close values are found
between zones. Bandgap at around 2.7 eV also pseaeslightly higher value on the white

area, referring the higher Cr content in_Ker,Os.

Table 4.5 reports fitted bandgap energies obtafrad macroscopic
and mesoscopic mode. Since the photocurrents imos@apic scale issued from all parts of
the sample surface, so the bandgap provided bywih&le surface should include the
bandgaps observed at the meso-scale. Table 4.5sshoreasonable agreement, hence
indicating that the presence of diverse bandgapsrea from macroscopic PEC refers either
to different oxides or oxides with different staimmetries that can be located on the same

and/or the different surface areas.

Even though mesoscopic photoelectrochemical cowld cover the
whole energy range that would have allowed to erarthie cases of the higher bandgaps, the
above results confirm the surface orientation ddpeoe of Alloy 690 as concerns the

oxidation products.
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Figure 4.29 Mesoscopic photocurrent energy spectra obtainaddividual black (black circle) and white

(white circle) area of alloy 690 oxidized in air 21 h
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Figure 4.30 Mesoscopic photocurrent energy spectra measuréd-at300 mV Alloy 690 oxidized in air for 21
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(a) (b) black area, and (c) (d) white aresp” and ‘fit"” are for experimental and fitted curvege" and “im”

correspond to the real and imaginary parts of ti@qrurrent.
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Figure 4.31 Bandgap values obtained from the fits, accordinipéoresults in Figure 4.30

Table 4.5 Summary of the bandgap energies, &btained by fitting the photoelectrochemical giyespectra of
Alloy 690 oxidized in air for 21 h (values are givm eV). The bandgap range covers from 1.5 eV.7e¥.

The characterizations are performed at —300 mV.

macroscopic 1.79 2.17 2.25 2.71 3.02 3.16 3.44
mesoscopic Black 2.05 2.71 3.01 3.11
white 1.81 2.79 2.90 3.18 3.66

4.3.5 Microscopic photoelectrochemical charactations
The coherent light of laser lines at 2.54 eV arsB3V were used to record
photoelectrochemical images. The lower energydene produce photocurrent from Nk,
FeOs; and Fe_CrO3; (Fe—rich) whereas the higher one can generateoplnwéent from all
previous oxides and also from the ones with hidiaerdgap energies such as@r However

these laser lines can not activate N@@rwhose bandgap energy is above 4.0 eV.

A sufficiently contrast could not always be obtainenly the case of samples

oxidized in air for 21 h will be presented here.

Figure 4.32 displays typical optical image and pktactrochemical images
obtained for such samples. Both photoelectrochdmimages in Figure 4.32(b) and (c)
illustrate lower photocurrents at grain boundargt atso on black area. According to the PEC
image performed by 2.54 eV laser line, low bandgeides are more presented on the white
area than on the black area and on grain boun8arthermore, the half decreasing of image
contrast at 3.54 eV, which is an agreement withniesoscopic results in Table 4.4, infers

that the CyOs fraction on the white area is lower than on trechklarea.
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Figure 4.32 Image set of Alloy 690 oxidized in air for 21 h) @ptical images, (b) and (c)
photoelectrochemical images recorded at —300 mM(= 2.54 eV, and (c)\h= 3.54 eV

4.3.6 Raman spectroscopy characterizations
Works reported in the literature indicated a presh@amt characteristic Raman

peak at around 550 ¢fnfor Cr,O3 [43—46], from 694 to 706 crhfor NiFeO, [47-49], and
from 682 to 687 cit for NiCr,O, [49-51]. Raman spectra of Alloy 690 oxidized under
various atmospheres which are presented in Fig@@ All these spectra sign the presence of
corundum oxides of GD; and of spinel oxide (either Nig®, or NiCr,O,). Since thermal
oxide grown in oxygen and in air obviously exhibitrface heterogeneities, Raman spectra
were recorded on five specific zones: grain boupdaatrix and nodule on a black grain, and

matrix and nodule on a white grain.

Raman spectra of sample oxidized in oxygen for 3Bigure 4.33(a)) obviously
showed very strong signals of Og with a lack of spinel oxide at grain boundary.
Concerning the grain matrix of both black and whitenes, the spectra evidenced the
presence of GO; (around 556 citt) as well as NiFgD, (around 693 ci). Identical Raman
shifts of spinel oxide were pointed at 680 ¢rand 707 cnt for the nodules on the white

grain and the black grain, which could correspandith NiCr,O4 and NiFgeO, respectively.

Raman spectra of samples oxidized in air for 2Figure 4.33(b)) presented
both CpO3; and spinel oxide phase on the grain and its bayn@x,O3 plays an important
role at grain boundary whereas the spinel oxiddextly is more present on grain area. On
both black and white areas, Raman shifts of aledppxides presented quite the same value at
around 707 cit, excepted on the black matrix which locates at 695" The CpO; peak
was absent on both black and white nodules whetreass present on the matrix: the stronger
peak of CsO3; observed on the black revealed a higheiOgifraction in this area, again in

agreement with the mesoscopic PEC results.

133



Chapter 4 Multiscale photoelectrochemical studesnodern alloys

Raman spectra of the homogeneous oxide on sampglzex in water vapor for

30 h (Figure 4.33(c)) showed a major contributiérCeOs at around 558 cmand a minor
one of NiFeO,at around 695 — 709 ¢

a b

(@) . ® Cr,0, (b) n ® Cr,0,
* NiFe,0, = NiFe,0,
o Nicr,0, o NiCr,0,

White grain - nodule

White grain - matrix

White grain - matrix

Black grain - nodule

Relative Raman intensity
Relative Raman intensity

Black grain - nodule

Black grain - matrix J)

B N

\
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Raman shift / cm™

Figure 4.33 Raman spectra of thermal oxides grown on Alloy 6%idized at 900°C: (a) in oxygen for 30
h, (b) in air for 21 h , and (c) in water vapor 8fF h

The latter results indicated that the oxides depadioon Alloy 690 under
oxygen, air, and water vapor were composed of ahmmCrOs3, either NiFgO, or NiCr,Oy,,
and perhaps the solid solution of NiBa-NiCr,O, whose Raman shift should locate between
the corresponding shifts of Nif&, and NiCpO,. In oxygen, CiO; was more evidenced than
NiFe,O, at grain boundary, while the amount of,Gy was reduced and replaced by either
NiFe,O, or NiCr,O4 on grain area. Spinel oxides were more observedyram areas,
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especially on nodules where the fraction of@zrappeared to diminish. Furthermore, surface
orientation evidently affected on the chemical cosipon (and amounts) of spinel oxide
which could perhaps be due to different diffusiates of metal cations through the different

planes of the crystal structure.

At this stage it turned out that the complexity aafr samples attracted the
interest of the Raman teams at CMTC —SIMaP (Dr &cdrand LEPMI (Dr M. Mermoux).
Additional characterizations by Raman imaging cothdis be carried out, on samples
oxidized in oxygen for 30 hours, and in air fort®&durs. The latter case is illustrated in Figure
4.34.

It is beyond the scope of the present work to disdwow the images set in the
latter figure were obtained. Briefly, a multivagaanalysis of the whole set of the individual
Raman spectra which recorded on each point of ¢hected area was conducted by our
colleagues. Two treatments were tested. In thé ding, all spectra were considered as the
linear combination of the individual spectra of tmure” components (GOs, spinel oxide)
assumed to be the ones shown in Figure 4.35(a}hénsecond one, all spectra were
considered as the linear combination of the indigldpectra of four “pure” components (two
“forms” of Cr,O3 two spinel oxides) assumed to be the ones shoviaigure 4.35(b). This
allowed to draw images of the lateral distributiafsthese components on the surface, as
shown together with the optical image in Figured4.3

Results of the first treatment showed thai@grexhibited intense signals at grain
boundary, and a light dispersion on grain matrign@rsely, spinel oxide, possibly N
or NiCr,Q,4, presented the highest signals above grain madnxl, smaller ones at grain
boundary. Besides, a visible difference was obskbatween the black and white matrixes.
When using the second treatment, the resulting mgpphowed, in agreement with what
was deduced from the first treatment, thaiGgrcovers the whole surface but is more present
at grain boundaries. The superposition image afedpxide certainly showed a lack of this
kind of oxide at grain boundary. Moreover the imagented out that the spinel oxide #1 with
higher Raman shift and the spinel oxide #2 withdowaman shift preferred the different
surface orientation. Since the “identity” peakspinel oxides in the second treatment located
at 703 cm® and 710 cii, one could suggest that this could at least patige from
orientation dependent stoichiometries of Me,Cr,O, (solid solutions between Nif®, and
NiCr,0,).
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Figure 4.34 Raman spectral images of Alloy 690 oxidized at @Dbf air for 21 h
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Figure 4.35 Spectra of the “pure” the components assumed &onthltivariable analysis of the Raman spectral

images in Figure 4.34: (a) first treatment ands@mgond treatment

4.3.7 Study of the sample oxidized in oxygen foor time
The PES of the thermal layer grown on oxidized YAIGD0 for 2 h were very
complex to model. If the great majority of the neterd PES did apparently yielded at first
sight convincing fits with absent 6 to 8 componegiitt@ppeared impossible to obtain such
results, in the case of samples oxidized in oxyiger2 h, without increasing the member of
components to more to 12 or 13, as will be showthénnext section.
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The success obtained by increasmdpr this particular case, lead to reexamine

the cases of the other samples and to even bit¢infthe case of water vapor, see above).

However, such a high member of components brougimesdoubts about the

reality of all the latter. This section intendswtake this question clear.

4.3.7.1 Macroscopic photoelectrochemical charazétions
Photocurrent energy spectra obtained on the wholeace of the
sample and their linear transforms are presentdédigare 4.36. Clearly again, the shapes of
the spectra depend on the applied potential, anelated more than one constituent in the
scale. Linear transforms suggested at least fompooents with bandgaps at around 1.8 eV,
2.5-2.6eV, 3.0-3.3eV,and >4.0eV.
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Figure 4.36 (a) Photocurrent versus photon energy and (b)ditraasform obtained on the whole surface of

oxidized Alloy 690 in oxygen for 2 h

Figure 4.37 illustrates the high quality of the fiésults. Twelve
semiconducting phases(= 12) were found at 0 mV whereas eleven semicantyphases
(m=11) were found at —300 mV and —600 mV. For eawrgy curve, the fit was done many
times with various random initial parameters, tlstifits (minimum distance) giving stable
final parameter values as illustrated in Figure34.3

Figure 4.39 shows that the fitted bandgap valugsided only slightly
on the applied potential.
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Figure 4.37 Photocurrent energy spectra of Alloy 690 oxidizedxygen for 2 h (left hand side), and its real
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Figure 4.39 Bandgaps obtained from the fits presented in Figu8&

From the above results, it is concluded that 12 ic@mducting

components should indeed be present in the thestad.

4.3.7.2 Results from Raman imaging characteoznati
Fortunately, the samples shortly oxidized in oxygethe present work
were independently analyzed using Raman spectadiing by the above cited colleagues of
the Raman team. A Raman microscopic mapping okéhected area shown in Figure 4.40
was performed with a @m resolution in both x and y directions (the Rarmpambe was the
light of a 514 nm laser line focused on a spot pii diameter spot on the sample), providing

more than 50000 individual spectra.
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Figure 4.40 Optical image of the sample surface: the white bostdjuare presents the selected area where the

Raman spectra image was recorded (Alloy 690 oxilizexygen for 2 h).

This set of spectra was first submitted to Princi@amponents
Analysis (PCA), using a software provided by Reawghthe manufacturer of the Raman set—
up used. This PCA showed that the whole set oftepeeas constituted of 12 components,

whose signatures are presented in Figure 4.41 htegetith the images of their relative
intensities in the selected areas.

e oL o2 = mow

Loadings PC 2 (PCA)

& ko DR e @

200 300 400 S00 €00 70O 8OO

Figure 4.41 Results of the principal components analysis
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Then two multivariate analyses were performed, qudirst 5 (Figure
4.42), then 10 (Figure 4.43) of the 12 detectedqgyal components. It turned out that the
first analysis showed that 98% of the more thar0B0€pectra could indeed be obtained by a
linear combination of the 5 “pure” spectra. And tkecond analysis showed that 10

components were necessary to reach a percentagete9.5%.

It appears thus very likely that the thermal sdaldeed consists in
more than 10 oxide phases, and that 5 of the letteld be considered as main constituents.
And, at our sense, these results do cross—cormititethe results obtained in the preceding

section when fitting the PES using our new apprdaeicessity of twelve SCs to account for
the PES).

ots !
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Figure 4.42 Mapping of the results of the multivariate analysésformed with 5 of the 12 principal components
obtained from PCA
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Figure 4.43 Mapping of the results of the multivariate analystsformed with 10 of the 12 principal
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4.3.8 Concluding remarks

Oxidation of Ni—based alloy, Inconel 690, certairdgpended on oxidation
atmosphere, oxidation time, and also nature of teaties(that is surface orientation in this
work). All characterizations coincidently reportgeneral thermal oxides grown on Alloy 690
composed of Cr, Fe, Ni, in forms of £, NiFeO., NiCr,0s, Nii_FgCr,04 FeOs and
Fe,_«CrOs. Photocurrent voltammograms obtained from machscexperiments indicated
most of thermal oxides could behave as either np—asemiconducting, and also insulating,
depending on oxidizing conditions. Photocurreniaoted on the whole surface reported that
the presence of water vapor promote n—type oxidereblver, mesoscopic and microscopic
results showed an agreement about the effect tdcuorientation and the influence of a few
amount of water vapor (in air) on the main def@gtexidation (relating with semiconducting
behavior). Photocurrent energy spectra obtainedhdividual grain orientation were given
the precise information which differed in orientatiand showed their orientation dependence
on Cr content in Fe,Cr,O3 and on oxide semiconducting behavior, and alssegmted the
effect of surface orientation on oxide species tystructed the diverse oxides observed in
macroscopic one. Furthermore, photoelectrochenimalges always revealed the intense
Cr,0O3 at grain boundary, contrast with the grain areclwhpresent more spinel oxides.
Finally, the fitting on energy spectra of thinnayér affirmed the complexity of oxide layer
by showing the repeatability and the reliability the model. The whole results get from
photoelectrochemical characterizations were ensureith Raman spectroscopy

characterization which always shows the coincidesults.

4.4 Conclusions

In the present chapter, we presented and validatedvel photoelectrochemical tool,
developed for the first time in this work, allowing record both photovoltammograms and
photocurrent energy spectra at a mesoscopic sSaalen surface areas of about 30 um in

diameter.

The concomitant use of the photoelectrochemicahriigues at the macroscopic,
mesoscopic and microscopic levels was then showhetaiseful when investigating the
thermal scales grown at high temperature on comgidley matrixes, such as duplex stainless
steels and high chromium content Ni—based alloys.

The novel approach to analyze photocurrent engrggtsa developed in our group was
also presented. The latter approach was alreadyeprto be successful, but only on quite

simple oxidation layers [2-3]. It was proven instichapter to be also applicable and precious
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in the case of samples consisting in more thanatmally and heterogeneously distributed
components, and that a quite simple analysis of W&8d now allow to assess the number of

semiconducting phases in oxidation layers, anceterchine their bandgaps values.

Among the final parameter values, only the bandgdpes have been looked at. Other
informations were initially expected from th& and § values of each component, such as
insights in the semiconducting type of each compandp to now, however, this could not

be undoubtly obtained.

Nevertheless, it is yet possible to take more hefrem the fitted photocurrent spectra.
As a concluding example, the mesoscopic PES olatdorethe sample oxidized in air for 21
hours again are presented in Figure 4.45(a), tegeitih the plot of the black to white ratios
of both spectra (Figure 4.45(b)). Based on thesesiat was proposed in section 4.3.4.2 that
the oxides on the white areas contained more tiveblandgap components than the black
areas, and, conversely, less high bandgap onesedébr PES in Figure 4.45(a), using the
complete set of the fit's end parameter valuestegalculated two spectra, which would have
been obtained if only the bandgaps below (respve)a®.0 eV would have been present in the
layer. These calculated pseudo—spectra are presenkegure 4.46. They undoubtly confirm

the suggestions brought by the curve in Figure(®)45
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Figure 4.45 (a) Fits data of mesoscopic PES obtained on indaliblack (black circle) and white (white circle)
area of Alloy 690 oxidized in air for 21 h, and @ipt of the black to white ratios of both speditrga)
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Figure 4.46 Pseudo—PES corresponding to PES in Figure 4.45(a)
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GENERAL CONCLUSIONS AND PERSPECTIVES

From the preceding chapters, it may be concluded some, but, due to experimental

difficulties, not all, of the initial goals of th@esent work were reached.

General conclusions

The conclusions are divided in three main categdiollowing the aim of research.

Photoelectrochemical characterizations of £¢Cr,O3

The bandgaps of chromia were confirmed to be lacatearound 3.0 eV and/or
[3.3-3.8] eV. Chromia was again shown to behave-agr p-type semiconductor, or to be an
insulator, depending on oxidation conditions (sashoxidation times, and atmospheres). In
high temperature applications of chrorf@aming alloys, chromia initially presents ar or
p—semiconducting oxide, and it always become morelatsg when the oxidation time
increases. The presence of water vapor and/or ggdron the oxidation atmosphere tends to
promote rtype chromia. The presence of nitrogen insignifilganinfluences the
semiconducting behavior. At high (resp. low) oxygeartial pressure, chromia generally

inclines to behave-type (resp. natype).

Only the corundum hematitehromia solid solutions corresponding to x = 0.4
and x = 1.0 could be studied, but unfortunately a®pure phases. The influence of x on the
bandgap energy of EeCrO3 could be observed and roughly correlated to vaixgsected
from thermodynamic models. The semiconducting bielnaxf the x = 0.4 and x = 1.0 solid
solutions was shown to be-fype. This can be understood when consideringttieat = 0
(Fe0s3) and x = 2 (G403) samples were found to be respectively p-type ratygpe, but the
question of why the x = 0 sample, expected to Igpa; appeared in fact p-type, or why it

turned to FeO (known as p-type), was not understood

Progresses in photoelectrochemical characterizato
On the one hand, the feasibility and the interedt merforming
photoelectrochemical characterizations at the nvegis scale was demonstrated for the time
on oxidized duplex stainless steel samples. Megisaharacterizations provided local PES
on micro-areas (30 um in diameter) that allowed to distigiguthe oxides grown on
individual ferritic and austenitic grains, in patlar as concerned the x ratio iR, k€rOs.

From now, photoelectrochemical tools, at least um laboratory, can be operated in three



General conclusions and perspectives

modes: (1) at the macroscopic scale, providingvemaged view of the sample properties, (2)
at the microscopic level, showing the lateral pboteents (and thus heterogeneities)
distribution with a ca 1 pm resolution, and (3) the mesoscopic scale, giving local

information on specific areas of heterogeneous &snp

On the other hand, the novel approach to analyzéophbrrent energy spectra
developed in our group was shown to be suitable éve highly complex oxidation layers,
allowing to assess the number of semiconductingpom@nts in the layer, and the bandgaps

of the latter.

Multiscale photoelectrochemical characterizatiomsthe HTC field
Preceding results reported the influence on therthlly oxidized layer of the
oxidation conditions and of the nature and strectaf the metallic substrate. Multiscale
(macroscopic, mesoscopic, and microscopic) phattrelehemical experiments showed high
ability to identify oxides in thermal layers, totdet and to distinguish them, both in the case
of duplex stainless steels and of-Based alloys. Moreover, the results suggestedfereliit

main defect to be implied for oxidations in oxygerd in water vapor atmospheres.

In the case of oxidized duplex stainless steelstgatectrochemical always
revealed the presence of corundum oxide phase&hFFe-CrOs, and CsOz both on
austenitic and on ferritic grains. Differences he tchromium content in EQCrOz on
austenitic and ferritic grains were distinguishetjch depended on not only the composition
of the underlying alloy, but also on the oxidiziagnosphere. Semiconduction of chromia on
both grains is affected in the same way, and geedib the oxygen activity in the oxidation

atmosphere that prefers to exhibitype semiconduction in a high oxygen partial pressu

In the case of oxidized Nbased alloys, photoelectrochemistry revealed the
presence of GOz NiFeO,; NiCr,04, Nii-FeCr,04 FeOs; Fe-xCrOs; and some yet
unknown oxides. Most of thermal oxides can behaveither r or p- semiconducting, and
also insulating, depending on oxidizing conditioiitie presence of water vapor actually
promoted ntype oxide. The surface orientation dependence whserved both in
photoelectrochemical and Raman characterizationssostopic and microscopic results
showed the effect of surface orientation on oxidecges, and their electronic properties.
Moreover, photoelectrochemical images revealedntemse CiOs at grain boundary whereas

spinel oxide inclines to present only on grain.
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Perspectives
From all of difficulties and interesting points rthg the frame of research, some
perspectives should be proposed to reach the siotexperiments and also it should be

good for the evaluation of the technique.

(1) Since the difficulty to make the dense sampleich is suitable to perform PEC
experimental, the sample preparation for thgOgand its solid solution should be tried by
the other technique such as the physical vapor sigpo like a sputtering on the metal

substrate, or chemical €precipitation method.

(2) The surface orientation on each area shoularsyzed in parallel with PEC
characterization to mention the correlation betweeientation plane and thermal oxide

grown on Ntbased alloy.

(3) According to the complexity (12 oxide speaiesectable) of thermal oxide grown
on Ni-based alloys oxidized in oxygen for 2 h sample,asespic PEC should be applied to
obtain more exact information on each surface tateon, confirming and comparing with

Raman spectroscopy results.
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Element analysis (EDX) of oxidized Ntbased alloy samples

Ni—based alloy oxidized at 900°C in oxygen for 30 h

OKa Cr Ka

100 200 3.00 400 5.00 6.00 7.00 8.00 .00 keV

Figure A.1 EDX spectra obtained on Alloy 690 ox&tl at 900°C in oxygen for 30 h: at grain boundary

Counts

= OKa

Cr Ka

Figure A.2 EDX spectra obtained on Alloy 690 ox&ti at 900°C in oxygen for 30 h: on matrix of wiitea

(on grain)
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e CrKa
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Figure A.3 EDX spectra obtained on Alloy 690 ox&ll at 900°C in oxygen for 30 h: on nodule of whitea

(on grain)

CrKa Ni Ka

Figure A.4 EDX spectra obtained on Alloy 690 ox&tl at 900°C in oxygen for 30 h: on matrix of blacka

(on grain)
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Figure A.5 EDX spectra obtained on Alloy 690 ox&ti at 900°C in oxygen for 30 h: on nodule of blada

(on grain)

Ni—based alloy oxidized at 900°C in water vapor for 3@
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= CrKa

Ni Ka
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Figure A.6 EDX spectra obtained on Alloy 690 ox&ll at 900°C in water vapor for 30 h: on matrixgin
area
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Figure A.7 EDX spectra obtained on Alloy 690 ox&ti at 900°C in water vapor for 30 h: on nodulgrain

area

Ni—based alloy oxidized at 900°C in air for 21 h

Grain boundary
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Figure A.8 EDX spectra obtained on Alloy 690 oxe&fl at 900°C in air for 21 h: at grain boundary
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Figure A.9 EDX spectra obtained on Alloy 690 ox&ti at 900°C in air for 21 h: on matrix of whitearon

grain)
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CrKb FeKa
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Figure A.10 EDX spectra obtained on Alloy 690 aézédl at 900°C in air for 21 h: on nodule of whitea(on

grain)
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Figure A.11 EDX spectra obtained on Alloy 690 azétl at 900°C in air for 21 h: on matrix of bladlea (on

grain)
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Figure A.12 EDX spectra obtained on Alloy 690 dz&tl at 900°C in air for 21 h: on nodule of blacka(on

grain)
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APPENDIX B

Résumé en francais

B.1 Introduction

La Corrosion a Haute Température (High Tempera@lgeosion, HTC) des métaux et
alliages métalliques est le principal phénomenparesable de la défaillance des matériaux ;
c’est aujourd’hui un phénoméne d’'une haute impaeandustrielle (nécessité d’accroitre les
durées de services dans des environnements derplpisis séveres) mais dont la complexité
augmente. Cette complexité trouve son origine daes mécanismes d’oxydation tres
influencés par les conditions de services tresrdegedes matériaux. Elle est due également
au fait que les parametres métallurgiques desggabiaont aujourd’hui finement ajustés, une
part croissante de ces matériaux étant maintenarbfstructurée, ce qui leur confere de
meilleures performances, mais accroit la difficaé&l’étude de leur oxydation. Les couches
d’oxydation formées, dont la structure et les piigs physiechimiques contrdlent le
processus de corrosion, sont trés hétérogenesd#ast leur composition chimique que la

distribution spatiale de leurs composants.

Pour caractériser les propriétés des couches daoyd de nombreuses techniques ont
été utilisées, telles que la microscopie électnamig balayage (Scanning Electron Microscopy,
SEM) associée a l'analyse X (Energy-Dispersive ¥-8pectroscopy, EDS) pour les
observations morphologiques et I'analyse élémentairla diffraction X (X—Ray Diffraction,

XRD) ou la spectroscopie Raman pour identifierdieases oxydeées.

Les techniques PhotoElectroChimiques (PEC), quéthparticulierement développées
a SIMaP, sont moins communément utilisées dansolmathe HTC. Cependant, ces
techniques ont déja fait leurs preuves en fournissaux eéchelles macroscopique et
microscopique, des résultats intéressants en tedmgsoprietés chimiques et électroniques
des couches d’oxydation, et en se révélant pagieumhent sensibles a de trés faibles

variations d’'un méme parameétre entre deux échamnsill

Il apparaissait donc intéressant de poursuivre veldppement des outils
photoélectrochimiques, tant en termes d’acquisiti@s mesures que de modélisation des
résultats, de maniére a pouvoir continuer a cataetédes couches d’oxydation de plus en

plus complexes. Trois directions ont été choisies.

Le premier objectif était d’obtenir une base derdms photoélectrochimiques pour les

oxydes simples ou mixtes présents simultanémemd t couches d’oxydation formées a
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haute température sur aciers et autres alliaglssqte : hématite, chromine, and solutions

solides hématite/chromine (FEg&rO3) a différents ratios, pour faciliter ensuite

I'identification de ces oxydes dans les couchesémas sur des aciers chromiflmrmeurs.

Le second objectif était de mettre au point et déder un dispositif original de
mésoscopie PEC, permettant de mettre en oeuvrelesurones sélectionnées de-8D um
en diamétre, tous les outils disponibles pour legles macroscopiques; de fait, si des
dispositifs d'imagerie PEC (résolution spatialepr) ont déja été mis au point et utilisés, les
études menées ne concernaient qu’un petit noml@eedjies de photons, en raison du

nombre restreint de raies monochromatiques dispesgur un laser classique.

Le troisieme objectif était de contribuer a dévelepet valider des modéles et/ou des
procédures pour améliorer les outils d’analyse slgsctres en énergie des photocourants

(Photocurrent Energy Spectra, PES) tels qu'utileétaboratoire et dans la littérature.

B.2 Caractérisations de la chromine et de ses salons solides

B.2.1 Oxydation du chrome pur
Des coupons de chrome pur a 99.7% (pour les imgmrésiduelles, cf Tableau
B.1), fournis par Goodfellow, ont été oxydés a &@fans différentes atmospheéres (20% O
ou 20% HO dans Ar ou 3% pD dans H). Les durées d’oxydation allaient de 30 minutes a

16 heures, fournissant des couches d’épaisseurrsamgmtre 0.3im et 2.0um.

Tableau B.1 Impuretés résiduelles du chrome utilize dansitiét(en ppm)

Al C Ca Cu Fe K Mg Mo Na P Pb S Si w

ppm 10 40 20 5 2000 <5 <5 50 10 5 5 5 80 100

B.2.1.1 Parametres influant sur le type de sendaaction
La Figure B.1 montre les voltammogrammes de phaot@ds obtenus

en illuminant I'échantillon avec des photons d'é@ner3.5 eV et 4.0 eV, pour le cas du
chrome pur oxydé dans (a) 20% @ans Ar, (b) 20% kD dans Ar, et (c) 3% ¥ dans H.

On peut tout d’abord remarquer que ces trois édlarg montrent, quelle que soit I'énergie
des photons, a la fois des photocourants cathosligu@les photocourants anodiques, aux
potentiels respectivement inférieurs and supériaurgotentiel correspondant au minimum de
photocourant sur chaque photovoltammogramme. A igremanalyse, cela pourrait étre

interprété comme révélant un oxyde peu dopé, prodé l'isolant. Par ailleurs, ces
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photovoltammogrammes montrent clairement l'infliemie 'atmosphére d’oxydation sur le
comportement semiconducteur des couches formées.

La présence de vapeur d’eau, Figure B.1(b), céradun comportement de type n, ce
qui est d’ailleurs en accord avec le fait que leeptial du minimum de photocourant est plus
cathodique. Cela pourrait étre d0 a un dopage deyde par des especes insérees
(hydrogene? [1-5]) agissant comme états donnedarbande de conduction.

Les pressions partielles d’oxygéne utilisées étadlen: 2.0x 10" atm (20% Q dans
Ar), 2.9 x 10°atm (20% HO dans Ar), et 2.% 108 atm (3% HO dans H). L’absence
d'oxygéne favorise (resp. défavorise) clairemens lghotocourants anodiques (resp.
cathodiques), et s’accompagne d'un déplacemenbdighe du potentiel du minimum de
photocourant. Cela pourrait suggérer que la fownadie I'oxyde de type n est favoriséedans
le cas de la Figure B.1(c), et, au vu de la formeVedes photovoltammogrammes au
voisinage du minimum, que l'autre oxyde est probatant isolant plutét que de type p.
Cependant, lallure inhabituelle des photovoltammagnes aux potentiels les plus
anodiques appelle a la prudence. Les photovoltamamuges de semiconducteurs non idéaux
restent difficiles a modéliser, de sorte que lestgépltammogrammes de couches thermiques

constitutéed de multiples composants restent ddfic prédire.

- @ 20 %0, dans Ar 1 20%H,0dansAr | [ (©) 3 %H,0 dans H, ]
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Figure B.1 Photovoltammogrammes obtenus pour le chrome xyudéoa 800°C pendant 1 heure dans (a) 20%
O, dans Ar (b) 20% LD dans Ar et (c) 3% #D dans H

B.2.1.2 Largeurs de bande interdite des oxydeséds
Les largeurs de bande interdite (bandgaps) dee®xdmiconducteurs
peuvent étre évaluées a partir de mesures du photott en fonction de I'énergie des
photons (Photocurrent Energy Spectra, PES) effestagotential appliqué constant. Pour un

semiconducteur unique, on observe généralementmeoprévu par le modele simplifié de
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Gartner—Butler, que la forme des PES reste incleanlggsque I'on fait varier le potential
appligué. Lorque l'on s’intéresse a des échanslldormés de multiples composants,
eux-mémes potentiellement de types de semiconductiffereit, cependant, I'on peut
s’attendre a ce que la forme des PES dépende daot@btappliqué, principalement en raisons
des conséquences des différences entre les pttetdiebande plate des composants. Par
exemple, changer le potential appliqué peut augenef@ courbure de bande (et le

photocourant) d’'un composant et la diminuer pouauine.

De ce fait, et au vu des resultants exposés actiserécédente, nous avons décidé
de mesurer des PES a trois potentiels pour chaghantllon, i.e. dans le domaine

cathodique, au voisinage du minimum de photocousdritans le domaine anodique.

La Figure B.2 présente les PES ainsi obtenus. Qhqieserver, comme anticipé plus
haut, que I'allure des spectres depend effectivérioetement du potentiel appliqué. Comme
attendu pour la chromine pure, tous les spectregtnertt de tres faibles photocourants pour
les énergies de photons inférieures a 3.0 eV (tedopourants étant tres probablement
attribuables aux oxydes des impuretés résiduellesexamen des spectres, il apparait que
chacun d’entre eux montrent (au moins) deux camiobs au photocourant, en particulier
ceux mesurés au voisinage de minimum de photocbudes photovoltammogrammes. De
fait, ces spectres présentent un minimum de phataot prés de E = 3.8 eV. D’autre part, si
d’un point de vue thermodynamique, seup@rest un oxyde stable a haute température [6],
de precedents travaux dans notre équipe [1, 5t faes d’autres [BLO] ont révélé des
valeurs de bandgaps pour,Os tant a 3.0 eV qu’entre 3.5 eV et 3.7 eV. En coneége, les
deux contributions au photocourant évoquéesiassus pourraient signer toutes les deux
Cr0s.

Pour essayer d’évaluer les valeurs de bandgapdaHransformée linéaire classique
issue du modele simplifié de Gartner—Butler [11-B2]été appliquée aux PES, selon

I'équation (B.1),

(Jpn- h\/)ll2 = const E; -h) (B.1)

ou Fby, v, and k& représentent le photocourant, I'énergie du photeinle bandgap
repectivement. Signalons en passant que la notdjpmutilisée dans ce manuscrit pour tous

les PES et toutes les transformées linéaires, mesogijours le module du photocourant.

La Figure B.3 montre les transformées linéaires BES de la Figure B.2. Une
premiéere valeur de gap est facilement obtenuelsanue spectre, a environ 3.@MA eV. La

seconde valeur de bandgap n’est par contre pag aisébtenir sur certains spectres.
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Néanmoins, ce second bandgap est clairement v8 a\Ben Figure B.3(a) a 0 mV et en
Figure B.3(b) a —400 mV. Par ailleurs, cette val¥anergie coincide avec un changement de
180° du déphasage du photocourant (et donc un ehsrg de signe du photocourant) en
Figure B.4(a) and (b). En rapprochant cela deslteess de la Figure B.1, on peut conclure
que le premier gap correspond a I'oxyde de typemdis que le second correspondrait a un
oxide de type p. Pour ce qui concerne les autrestigs, la difficulté a évaluer la valeur du
second gap persiste en I'absence de ce changemengree du photocourant. Dans ces cas,
le second bandgap peut étre évalué comme lintiiosedes deux parties linéaires. Bien que
le gap de GO; obtenu a partir des transformées linéaires sgér&ment dependant du
potential, nous pouvons conclure que les échansllde chrome pur oxides comportment
deux composants de bandgaps 3.0 eV et 3.3 a 3.8 eV.
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O VvV=0mv
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Figure B.2 Spectres en énergie du photocourant obtenugeietif potentiels pour du chrome pur oxydé a
800°C pendant 1 heure dans (a) 20%géns Ar (b) 20% bD dans Ar et (c) 3% D dans H

— —— ——
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Figure B.3 Transformées linéaires des PES de la Figure B.2
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Figure B.4 Déphasages du photocourant en fonction de I'émeles photons pour les PES de la Figure B.2

B.2.2 Solutions solides E8CryO3

Des solutions solides hématitdiromine ont été préparées par reaction a I'état

solide de mélanges de poudres d’hématite et demitheo Les poudres de K& ont été

fournies par Chimie—Plus (Ref: 28312) tandis qukesale CsO; ont été obtenues auprés de
PROLABO (No. 22.798).

B.2.2.1 Corrélation entre la valeur de x dans,.Ker,Os et le shift Raman

Le shift Raman du pic caractéristique de_er,Os3 (en poudre) autour

de 660 cm' [13—17] a été porté en fonction de x en Figure BlBe corrélation linéaire est

observée dans l'intervalle allant de x = 0.4 a %.6, le shift Raman variant de 663.6¢m

jusqu’a 678.7 cit. Nos résultats confirment, mais aussi précisesux ®btenus auparavant

par McCarty and coworkers [14]. Ainsi donc, il serassible, a partir de spectres Raman,

d’estimer x dans les solutions solides Ker,O; formées dans les couches d’oxydation des

all

iages.
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Le valeur de x dans Fe, ,Cr O,

Figure B.5 Shifts Raman du pic principal de,E€r,0O3 en fonction de x.
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B.2.2.2 Comportement semiconducteur de&E03

Echantillon correspondant a x = 2.0 (pur/QOg)

La Figure B.6 présente (a) le PES et (b) la transée linéaire de ce
PES, pour une pastille de chromine (x = 2.0). Umdgap de 3.1 £ 0.1 eV est obtenu pour cet
échantillon, en accord avec les valeurs de laditige pour la chromine [1, 5, 7]. Le test de
photocourant stationnaire illustré en Figure B.6(éyeéle un comportement de type n
(photocourant positify comme celui de la coucherime isotrope formée thermiquement sur le
chrome pur. [1]. Bien que l'on se soit davantageralu au type p, plus fréquemment
rapporté dans la littérature, un comportement ge ty ne peut étre exclu, ¢Og est un
oxyde amphotere oxide [18]) et a déja été menticavee un gap a 3 eV dans des couches

d’oxydes formées a haute température sur des edlifig 7].

——— 17— 360 ——
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[ 180 = i C
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2 I o < ]
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Figure B.6 (a) Photocourant et déphasage (en pointilléjorction de I'énergie de photon, (b) Transformée
linéaire du PES en (a), et (c) courant direct m&sous illumination (light) et dans le noir (dapkur une

pastille de pure chromine (x = 2.0).

Echantillons correspondanta x=0.4et x=1.0

Les PES de ces échantillons, ainsi que leurs tvremsks linéaires, ont
été analysés, de méme que les mesures de phantastationnaires. Ces spectres ne sont
pas présentés ici, mais les principaux résultats mssemblés dans le Tableau B.2. Dans les
deux cas (x = 0.4 et x = 1.0), trois contributi@us photocourant sont mises en évidence, le

bandgap le plus faible et le bandgap le plus étmréespondant pour chauge échantillon a
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celui de 'hématite et celui de la chromine respeatent, alors que le gap intermédiaire, de
valeur inférieure a 2.9 eV, est attributable adlatson solide Fg CrOs. Le photocourant est
négatif pour les deux échantillons, suggérant umpmtement de type p des deux

échantillons.

Méme si ces expériences n’'ont pas permis dialte le but initial, i.e.
d’établir une base de données PEC pour les comoghn type Fe,CrOs; (type de
semiconduction, valeur de bandgap), en raison déflaulté a préparer des pastilles de Fe
xCrO3 denses et sans phases chromine et hématite réssglieffet de la stoechiométrie de
Fe,_xCrOs3 sur la valeur de son gap a été noté: I'échantidlon= 1.0 montre une valeur de

bandgap plus élevée (2.8-2.9 eV) que I'échantélon= 0.4 (environ 2.6 eV).

Selon la littérature [19-21], les valeurs dpggpeuvent étre estimées a
partir de grandeurs thermodynamiques extensivesstlproposé que le gap de » KerO;

peut étre estimé a partir de la simple équation:

(2X)- EE2% +( ). ES?® = 2 B 3 (B.2)

Tableau B.2 Résumé des résultats PEC

La valeur de x dans EgCr,O4 0.4 1.0 2.0
La bande interdite (eV) 19/26/35 1.9/28423.5 3.0
Le type de semiconduction p p n

B.2.3 Conclusionscaractéristiques de la chromine et des solutionisles hématite
chromine
Les caractéristiques de la chromine et des sokitsmtides hématite&ehromine,

telles que déduites des résultats la section Bi2gre Etre résumeées comme Sulit:

La chromine présente 2 largeurs de bande intengiite a 3.0 eV, l'autre dans
l'intervalle [3.5-3.8] eV. Elle peut se comporter comme un semicaeduae type n, ou de

type p, ou comme un isolant selon les conditioms d@squelles elle a été formée.
La valeur de x dans EgCr,O3 peut étre obtenue a partir de spectres Raman.

La valeur de x dans ECrOz influe sur le gap de la solution solide.

B.3 Photoélectrochimie a I'échelle mésoscopique: sa au point
Les aciers inox duplex (Duplex Stainless Steel, D&&Is sont apparus comme des
matériaux d’étude intéressants, a la fois pour etesla faisabilité de mesures

photoélectrochimiques a I'échelle mésoscopique, peur évaluer l'intérét de telles
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expériences dans la caractérisation de couchewithers d’oxydation. Notre choix a d’abord
été guidé par des considérations géométriquesi hiess pour la phase austénitique que la
ferritique, le DSS présentait de nombreux graingaile supérieure a environ 30 um. Mais
des particularités de composition chimiques onta@igsi prises en compte dans notre choix.
En effet, les échantillons de notre étude étaienD8S2205, fourni par APERAM Stainless
France, et dont les compositions chimiques sonhées dans le tableau B.3. On note que la
teneur en chrome est plus élevée dans la pha#teter que dans la phase austénitique. On
peut donc s’attendre a ce que les couches d’'oxydédrméessur I'alliage different selon la
nature du grain, par exemple en ce qui concernealleur de x dans la solution solide
Fe,_CrO3 généralement observée dans de telles couches diiaigd Les échantillons de
DSS ont été découpés sous formes de carrés de1ID(x 2) mnt, polis jusqu’a 3um,
ensuite rincés dans une cuve a wi@ns successivement dans I'éthanol et I'eau distilbuis
conservés en dessicateur pendant 24 heures aw&tnt dxydés dans un four tubulaire a
650°C ou 850°C. Des atmosphéres d’oxydation séehelsumides ont été utilisées, en
'occurence 20% @ou 20% HO dans N. Les oxydations ont été conduites pendant 5
minutes et 1 heure dans chacune des conditionmoéphére et de température, ce qui a

fourni des couches d’oxydation d’épaisseur entrar@Cet 200 nm.

Dans cette partie, sont présentées les caracténisat'un échantillon DSS oxydé dans
20 % HO dans Na 650°C pendant 5 minutes.

Tableau B.3 Composition chimique de I'acier inox duplex DS822% massiques)

Elément Cr Ni Mo Mn  Si Cu P C N S Fe
En moyenne 2277 569 3.09 176 047 0.17 0.0348350.0.1810 <0.01 Bal
Austénite 2161 7.11 242 210 0.52 0.27 0.29 205 Bal.
Ferrite 26.00 3.80 415 174 0.64 0.12 0.08 0.05 Bal.

B.3.1 Caractérisations PEC macroscopiques

Des résultats typiques des caractérisations plemtivéthimiques
macroscopiques d’'un échantillon DSS oxydé (oxidideglex stainless steel, ODSS) sont
présentés en Figure B.7. La Figure B.7(a) montagf@ndance du photocourant au potentiel
appligué, pour diverses énergies de photons. Cerbes fournissent principalement deux
informations. D’une part, comme le module du photmant augmente lorsque le potentiel
appliqué croit, on peut conclure que I'échantillorontre globalement un comportement
semiconducteur de type n. D’autre part, deux doesade potentiel peuvent étre observés sur
la Figure B.7(a). Endessous d’environ V = —-600 mV, de trés faibles pbmarants
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seulement sont mesurés pour des énergies de phintérisures a 3 eV. Au—dela de V = —

600 mV, des valeurs significatives de photocouraotst obtenues quelle que soit I'énergie
des photons. Cela met en évidence le fait que letopburant global mesuré est la
combinaison de plusieurs contributions au photaairi.e. est issu de plusieurs oxydes
présents dans I'’échantillon ODSS. L'amplitude daqgete contribution dépend du potentiel
appligué car ces oxydes n'ont pas le méme potedéebande plate, et dépend aussi de
I'énergie des photons car ces oxydes n'ont pasdme gap. La validité de ces dernieres
conclusions est aussi confirmée les PES présemtéfigure B.7(b), qui se modifient

clairement avec le potentiel appliqué.

En outre, le PES mesuré a V = 0 mV a pu étre (itdigne continue sur le graphe
correspond au spectre fitté) en utilisant un modeéte des procédures d’ajustement
développées dans notre groupe. Ce fit a permis é&ectr quatre contributions au
photocourant, avec les énergies de gaps indiractarges: £1=2.0eV,kg>=24¢eV, k3
=3.1eV,k4=3.5eV. kg ett B4 s0nt attribués &e0;3 et CpO3 [19] et, comme expliqué
dans ce qui suit, nous pensons quée Bnd E 3 sont & attribuer & deux composants de type
Fe,_.CrOs , avec des x différents.
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Figure B.7 Photovoltammogrammes typiques obtenus en illumitaurtt'échantillon ODSS: (a) photocourant
brut, Iy, en fonction du potentiel appliqué, V, a difféentnergies de photons, et (b) photocouranted

fonction de I'énergie des photons a un potenpeligué donné (la ligne continue montre les spsditis)

B.3.2 Imagerie photoélectrochimique
Des images photoélectrochimiques ont été prisesiseirzone de I'échantillon
comportant a la fois des grains austénitiques gtgdains ferritiques (Figure B.8(a)), a deux
énergies de photon: 2.60 eV (Figure B.8(b)), unkeuraentre £, and k3 et 3.53 eV
(Figures B.8(c) et (d)), et aussi a deux valeurspagentiel appliqué, V = -200 mV (Figures
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B.8(b) et (d)) et V = - 700 mV (Figure B.8(c)). ©Ohserve que les photocourants fournis par
les grains austénitiqgues oxydés sont plus élevéscgux mesurés sur les grains ferritiques
oxydés. Cependant, les contrastes de photocounarg grains dépendent sensiblement de
I'énergie des photons et du potentiel appliquéeAoaint de notre discours, cette observation
est difficile a expliquer, bien que I'on puisse géer que le composant correspondanga E

pourrait étre absent sur les grains ferritiques.

(©) (d)

Figure B.8 Images optiques et photoélectrochimiques d’'une zZ2@@ um x 200 um de I'échantillon ODSS: (a)
image optique; (b), (c), (d) : images PEC obterueéb) V = -200 mV,h=2.6 eV, (c) V =-700 mV \h=
3.53 eV, (d) V=-200 mV,h=3.53 eV

B.3.3 Caractérisations photoélectrochimiques mésgsques
Les grains ferritiques et austénitigues oxydégliétu dans les expériences
illustrées en Figure B.8 ont été caractérisés iddellement a I'échelle mésoscopique. Les
PES correspondants sont présentés en Figure BsOréSeltats montrent premiérement que
des PES peuvent effectivement étre mesurés a lléahésoscopique. Mais ils mettent aussi
en évidence l'intérét de caractérisations PEC t& éehelle.

D’une part, les données de la Figure B.9 permett&vialuer, a des énergies et
des potentiels proches des valeurs utilisées enrd-i@.8, les rapports des valeurs de
photocourant mesurées sur les grains austénitagaees mesurées sur les grains ferritiques.
Ces rapports sont compilés dans le Tableau B.Zemdent clairement compte de la
dépendance des contrastes des images de la FBg8ravec le potentiel appliqué ou I'énergie

des photons.
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D’autre part, lorsque I'on fitte les PES individsi€les grains oxydés d’austénite
et de ferrite, il s’avere (Tableau B.4) que seulen3oxydes sont détectés sur chaque type de
grain. Les énergies de gap de,®e et CpOsz sont trouvées quelle que soit la phase
métallurgique du grain, mais un seul gap corresaonhd un composé de type;E€rO3 est

observé sur chaque grain: 2.46 eV sur les ausiépii 2.84 eV sur les ferritiques.

Comme déja évoqué avec I'équation (B.2), les valalg gaps peuvent étre
estimées a partir de données thermodynamiques qiesi Au regard des valeurs de gaps
obtenues respectivement sur les grains austéniierrée pour Fe ,CrO3 (Tableau B.4),
I'équation (B.2) implique que la solution solideyde formée sur la phase austénite est moins
riche en chrome que celle formée sur la phasegdegomme on pouvait d’ailleurs le prévoir

connaissant les copositions métallurgiques de ahpbase.

41—
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2.0 25 3.0 35 4.0
Energie / eV
Figure B.9 PES obtenus en illuminant individuellement desrgaixydés austénitiques (cercles bleus) ou

ferritiques (cercles rouges) a V = 0 mV (les ligonestinues correspondent aux spectres fittés)

Tableau B.4 Rapports des valeurs de photocourant mesuréegsuyrdins austénitiques a celles mesurées sur

des grains ferritiques (données de la Figure B.9)

V=0mV V =-600 mV
hv = 2.60 eV 3.3 -=
hv = 3.53 eV 1.7 11

B.3.4 Spectroscopie Raman
Les spectres Raman mesurés individuellement sugrééss oxydés de ferrite et
d’austénite sont présentés en Figure B.10. Cestrspetontrent tous deux les pics
caractéristiques de I'nématite & 411 &net de la chromine & 550 tLe pic large observé
aux valeurs les plus élevées de shift Raman esfugme Fe ,CrO3 [14—-17]. On note que ce
pic est déplacé de 668 thiausténite) a 674 cth(ferrite), ce qui, d’aprés la section B.2.2.1
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et les travaux de McCarty et al. [13], signe unkewade x plus faible pour la solution solide
oxyde formée sur I'austénite, comme déja dédus plaut des PES mésoscopiques. De plus,
d’'apres les résultats de B.2.2.1 et les spectrda Begure B.10, une valeur de x=0.8 (resp.
x=1.3) peut étre estimée pour le cas l'austénitgdéa (resp. de la ferrite oxydée). Les
énergies de gap correspondant a ces valeurs deprgprant le gap de #@&; a 2.0 eV, et celui

de CpO3 a 3.5 eV) sont données dans le Tableau, ellegsanproches de celles obtenues en
fittant les PES mésoscopiques.

H  Grain ferritique

Intensité / un arb

|
H C :
Grain austénitique

400 500 600 700

Nombre d'onde / cm™

Figure B.10 Spectres Raman mesurés individuallement sur idéssg austénitiques (en bas) et ferritiques (en
haut) de I'échantillon ODSS

Tableau B.5 Récapitulatif des gapsgEobtenus par fit des PEC mésoscopiques de I'édbar®DSS (a), et des

valeurs de E de Fe_Cr,Ozcalculées a partir des valeurs de x obtenues patrggcopie Raman (b) ( en eV)

FeO; Fe_.LCr,03 CrO3

(@) Comme obtenue par Macroscopique 2.0 2.4 3.1 3.5

fit des spectres en . _

! . P le grain austénitique 2.0 2.4(6) 3.4

énergie du Mésoscopique _ —

photocourant le grain ferritique 21 2.8(4) 35
(b) Comme obtenue par le grain austénitique 26

spectroscopie Raman le arain ferritique

9 q 2.9

(des valeurs de x)

B.3.5 PEC a I'’échelle mésoscopique : conclusions
Il a été montré ici que I'ensemble des outils pBtectrochimiques disponibles a
I'échelle macroscopique peut maintenant étre aussien ceuvre a I'échelle mésoscopique,
pour obtenir localement des informations photoéetiimiques completes sur différentes

zones (30 um en diametre) d’'un méme échantillon.
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Les résultats obtenus a I'échelle mésoscopique ldases d’'un acier inox duplex
oxydé ont fourni des résultats intéressants comgiéaires a ceux des études nmicret
macroscopiques. En particulier, la question deidioe de la dépendance en potentiel et
énergie des contrastes des images photoélectraphgmia pu étre élucidée. Il a également
étre observé que, alors que les résultats macriogmExpsuggéraient la présence de 4 oxydes
(Fe0s, Cr,O3 et 2 composés de type E€rO3) dans la couche thermique, les PES
mésoscopiques ont montré que®seet CpO3 étaient présents sur tous les grains, mais que la
couche formée sur chaque grain (oxydé exactensrd ks mémes conditions) ne contenait
tres probablement gu'un uniqgue composé de type@iROs, la avleur de x étant fixée par la

nature métallurgique du grain.

Enfin, il faut remarquer que la nouvelle approckgealoppée dans notre groupe
pour I'ajustement des PES a pu étre appliquée augsPES mésoscopiques.

B.4 Oxydation des aciers inox duplex: une étude phmelectrochimique multi-échelle
Pour aller plus loin dans I'étude de I'oxydationl@eier DSS2205, tous les échantillons
ODSS préparés comme indiqué au déebut de B.3 ortagtetérisés par photoélectrochimie

multi—échelle.

B.4.1 Caractérisations macroscopiques

L’ensemble des photovoltammogrammes obtenus sugédbantillons ODSS
peut étre classé entre 3 groupes, comme illustigure B.11. La Figure B.11(a) montre les
résultats typiques obtenus pour les échantilloysi@x en vapeur d’eau (a I'exception de celui
oxydé a 850°C pendant 60 min): les échantillons globalement un comportement
semiconducteur de type n. En outre, si I'on considéaccroissement brusque du
photocourant vers —500 mV, alors que le déphasagarie pas significativement dans cette
zone de potentiel, on peut suggérer que composanttype n sont présents dans la couche
d’oxydation, de potentiels de bande plate difféseriu contraire, les échantillons DSS
oxydés dans l'oxygéne ont généralement lallure ldeFigure B.11(c), typique d'un
comportement global de type p pour les couches. fbame particuliere du
photovoltammogramme de la Figure B.11(b) n'a é&eokee que pour I'échantillon oxydé en
vapeur d’eau a 850°C pendant 60 min; elle signerégence d’au moins deux composants
dans la couche d’oxydation, I'un de type n commenbntre la courbe mesurée a 2.41 eV,
lautre étant plus ou moins isolante comme le swmgdallure en V du

photovoltammogramme mesuré a 3.53 eV.
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La Figure B.12 présente les PES macroscopiquesrésaiplusieurs valeurs de
potentiel appliqué pour les mémes échantillons OQ&& ceux de la Figure B.11. L'allure
ces spectres est tres dépendante du potentiefja@plCela, a nouveau, peut étre expliqué par
le fait que les échantillons oxydés sont constid@plusieurs composants semiconducteurs,
de bandgaps et potentiels de bande plate différenénger le potentiel appliqué ne change
pas le gap de ces composants, mais induit des icetthhs de la courbure de bande de
chaque composant, et par conséquent, des changerakatifs des photocourants complexes
fournis par cahque composant. Cette dépendancénaliogourant au potentiel appliqué est
intéressante car, I'examen de tous les specti@ssethangements de pentes dans ces spectres,
permet de conclure que chaque spectre est la nambn d’au moins trois contributions au
photocourant global, dont les gaps seraient appratwement 2 eV, 2.6 a 3.0 eV, et environ
3.4 eV, ces valeurs de gap sont en accord avga’oa attendrait pour des couches formées

de FeO;3, Fe_CrOs, et CpO3 respectivement, et avec les valeurs fittées etioge.3.
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Figure B.11 Photovoltammogrammes typiques obtenus & B.41 eV (pointillés) et 3.53 eV (ligne continue)
sur I'ensemble de la surface d’un DSS oxydé vapg&au (a) a 650°C pendant 5 min, (b) a 850°C pen@ian

min, et en oxygene (c) a 850°C pendant 60 min
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Figure B.12 PES mesurés a divers potentiels sur I'ensembla sierface d’'un DSS oxydé en vapeur d’eau (a) &

650°C pendant 5 min, (b) a 850°C pendant 60 mianebxygéne (c) a 850°C pendant 60 min
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B.4.2 Caractérisations mésoscopiques

Des photovoltammogrammes et des PES a I'échelleosnépique ont été
mesurés individuellement sur des grains austémisicpt ferritiques. La Figure B.13 montre
des photovoltammogrammes typiques obtenus sur ttutsurface, et sur des grains
individuels, d’échantillons ODSS, a une énergigldeton de 3.53 eV, i.e. plus grande que le
gap de la chromine. En atmosphére oxygene (Figut&(B)), quel que soit le grain, un
comportement semiconducteur de type p est clairerservé, résultat de la croissance
d’'une couche thermique de chromine dans un militarta activité d’'oxygéne. Au contraire,
en vapeur d'eau (Figure B.13(a)), la chromine estche de lisolant, comme l'indique
I'allure en V du photovoltammogramme. De plusptgentiel de bande plate, correspondant
au potentiel du minimum de photocourant est situé lg&s photovoltammogrammes
macroscopiques a environ —350 mV, une valeur irédraire entre celles des grains
indiciduels, ce qui met en évidence que la réponmsacroscopique moyenne celles des

différents grains.

On notera que l'atmosphére d’oxydation affecte de nhéme facon le

comportement semiconducteur des grains austénstigiLierritiques.
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Figure B.13Photovoltammogrammes typiques obtenus & 13.53 eV sur I'ensemble de la surface et sur les

grains individuels d’un DSS oxydé a 850°C pend&ntrin (a) en vapeur d’eau et (b) en oxygéne

Quelgues points particuliers peuvent égalementr@ties, comme illustré par les
résultats présentés en Figure B.14 et dans le dalides. A faible activité en oxygene (Figure
B.14(a)), les différences entre les PES des grderstigues et austénitigues sont
principalement observées a basse énergie, avegghdéscourants plus élevés issus d’oxydes
riches en fer sur les grains d’austénite. Au comrgyaa forte activité en oxygene (Figure
B.14(b)), ces différences sont principalementoles a haute énergie, avec des photocourants

plus forts issus des oxydes riches en chrome sugréns austéniques.
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Figure B.14 PES obtenus sur des grains austénitig@es ( ) éidae @) d'un DSS oxydé a 850°C pendant 60
min (a) en vapeur d’eau, a 350 mV (b) en oxygertena/

Tableau B.6 Rapports des photocourants mesurés sur 'ausgieiex mesurés sur la ferrite (données de la

Figure B.14)
Les atmosphéres d’oxydation La vapeur d’eau L'oxygeéne
hv =2.60 eV 2.89 1.48
hv =3.53 eV 1.40 3.18

B.4.3 Caractérisations microscopiques
La Figure B.15 montre une série d'images photogehtmiques obtenues pour
des échantillons oxydés en vapeur d’eau (imagelsadt) et en oxygéne (images du bas) a
850 °C pendant 60 min, au méme potentiel que @okidure B.14. Les images (d) et (h) ont
été obtenues en divisant, point par point, pouoaaéchantillon, le photocourant mesuré a
2.60 eV par celui mesuré a 3.53 eV. En Figure BJLGEesp. B.15(b)) les grains d’austénite
(y) correspondent aux zones plus foncées (resp.qghires), les grains ferritiquest aux

zones plus claires (resp. plus sombres).

Des contrastes plus élevés sont obtenus dans idevigour les échantillons
formés en vapeur d'eau, alors que de meilleursrastas sont obtenus en UV pour les
échantillons formés en oxygene, parce que I'oxydgntaire en vapeur d’eau est I’hématite
et/ ou une solution solide riche en fer, alors guogygene I'oxyde majoritaire est la chromine
et/ou une solution solide riche en chrome. Cesiéiers observations sont en accord avec les
résultats mésoscopiques présentés plus haut (Figulgl). De plus, les images
photoélectrochimiques montrent toujours des phat@ds plus élevés sur les grains oxydés
d’austénite que sur ceux de ferrite. Comme la speobpie Raman suggere des couches un
peu plus épaisses sur la ferrite (en accord aveapport de chrome plus important a
I'interface métal/oxyde), le fait que les photoanis soient plus élevés sur l'austénite est
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plutdét a relier a un moindre dopage, ou a un taexratombinaisons moindre des paires

électrortrou photogénérées, mais la question reste ouverte.

Puisque les valeurs de photocourant mesurées a @6Gont dues aux
contributions de F©s; et Fe_,CrO3 alors que celles mesurées a 3.53 eV sont dues a ce
mémes oxydes mais aussi &@y; il est attendu des images (d) et (h) qu’ellesngom une
estimation grossiere de la fraction de@yrdans les couches. Sur cette base, dans le cas de
I'oxydation en vapeur d’eau (Figure B.15(d), lactian de CsOs; fraction apparait plus
élevée sur la ferrite que sur l'austénite. Cela pene expliqué si I'on considére que la teneur
en chrome dans la phase ferritique est plus élguéalans la phase austénitique, conduisant a
la formation de davantage de chromine protectricelss ferrite au début de I'oxydation; en
outre, la diffusion a haute température du chrostecennue pour étre plus rapide dans la
ferrite que dans l'austénite, et une teneur enpfas élevée dans l'austénite induit une
diffusion plus importante du fer dans I'oxyde catum et réduit la fraction de chromine. En
atmosphere oxygene, la pression partielle élevieydéne joue un réle négatif, et on observe
des résultats opposeés. (Figure B.15(h)).

Figure B.15 Jeu d'images pour un ODSS obtenu a 850°C pendamib@n vapeur d’eau (images du haut)
et en oxygene (images du bas): (a) et (e) imagegugs, (b) et (f) images PEC a k 2.60 eV, (c) et (g) images
PEC alk = 3.53 eV, et (d) et (h) images composites (tmite)

B.4.4 Conclusions sur bxydation de I'acier inox duplex
La durée d’oxydation, la température d’oxydatianes atmosphére d’oxydation
influent & la fois sur la nature des oxydes formaesur leur type de semiconduction. Les
caarctérisations macroscopiques, qui moyennendrigortement des garins individuels, ont
néanmoins permis de pointer les effets principaes\dariations des parametres d’oxydation.
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Les expériences a I'échelle mésoscopique ont migwtence les différences entre les
couches formées sur les grains ferritiques et ailispées, et permis de rendre compte des
contrastes observés sur les images photoélectrimpiésy Ces dernieres ont montré des
différences dans la fraction relative de chromine Ies deux types de grain, différences

sensibles a I'atmosphere d’oxydation.

Les phases corundum de;Bg Fe_,CrOs, et CpOz0nt toujours été détectées
sur les deux types de grains, la teneur en chraeed,Cr,O3; ne dépendnat pas seulement
de la nature des grains, mais aussi de I'atmospliérgdation. Quelle que soit la nature du
grain, la semiconduction de la chromine est affecté la méme facon, et dépend nettement
I'activité en oxygene dans I'atmosphére d’oxydatidnfaible pression partielle d’oxygéne,
(eg en vapeur d’eau), la chromine est isolantecoastitue un oxyde protecteur proche de la
stoechiométrie. Au contraire, a forte pression iplet d’'oxygene (e.g. en oxygene), la

chromine ets clairement de type p.

B.5 Oxidation of Ni-based alloys: multiscale photdectrochemical study

Les objectifs de cette partie ne sont pas seulerd&valuer les performances de
caractérisations photoélectrochimiques mékthelles, mais aussi de montrer l'intérét du
modele développé au laboratoire pour I'analyse RlESdans le cas de couches d’oxydes
complexes. Des alliages base nickel (Inconel 698)ates développés et fournis par le CEA
Saclay ont été polis jusqu’aum, et nettoyés dans I'éthanol puis I'eau distiié®s une cuve
a ultrasons. Les expériences d’oxydation ont été menées dme thermobalance
SETARAM (modéle B24) a 900°C. Des atmosphéres dlakpn seche et humide ont été
utilisées, constituées respectivement de flux d& 20, et 20% HO dans l'azote. Les
oxydations ont été conduites pendant 2 heures 8tcueures. Par ailleurs, des oxydations a
I'air ambiant ont été aussi réalisées, dans un ¢oarventionnel, a 900°C pendant 21 heures.

Toutes les couches d’oxydes obtenues avaient wiss@pir inférieure aj2m.

Tableau B.7Composition chimique de I'Inconel 690 utilisé (Yassique)

Elément Cr Fe C S (0] N Ni

%

. 29.79 10.14 0.0059 < 0.0005 < 0.0010 < 0.0005 Bal.
massique
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B.5.1 Apercu général des photovoltammogrammes et domportement
semiconducteur des couches d’oxydes
La Figure B.16 présente les photovoltammogrammesoseopiques mesurés a

plusieurs énergies de photons pour des échantilmessement oxydés.

L’allure des courbes correspondant a une oxydasion un temps court en
oxygene (Figure B.16(a)) montre a la fois des catepeents de type n (énergies inférieures a
3.1 eV) et de type p (énergies supérieures a 3)1 &our les échantillons oxydés dans la
méme atmosphere mais plus longtemps (Figure B &ible comportement aux plus hautes
énergies est toujours de type p, la forme en VmBseaux plus basses énergies au voisinage

du minimum de photocourant suggére un comportepiaatproche de I'isolant.

Au contraire, dans le cas des échantillons oxydéheaures en vapeur d’eau
(Figure B.16(c)), les photovoltammogrammes montreme combinaison isolant/type n, ce
qui a nouveau confirme que la présence de vapeaudromeut une semiconduction de type

n de certains des oxydes formes.

Les résultats obtenus pour I'échantillon oxydéadr I[bendant 21 heures (Figure
B.16(d)) sont tres similaires a ceux obtenus p@ahbntillon oxydé 30 heures en oxygene,

excepté que la contribution en forme de V-shapethess nette.

Pour conclure cette section, nous voudrions menéiomue les remarques
ci—-dessus doivent étre considérées comme des tendamites, moyennées, car le nombre de

composants dans les couches est certainementrplus gue deux.
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Figure B.16 Photovoltammogrammes typiques (modules) obtenuestpo= 2.54 eV © ), h =3.10 eV

(0),v=354eVa ), kh=4.08eV @ ) and\h=4.66 eV A ), sur 'ensemble de la surface’alédge 690
oxydé (a) en oxygéne pendant 2 h, (b) en oxygendare 30 h, (c) en vapeur d’eau pendant 30 h,)et (dir
pendant 21 h

B.5.2 PES des couches oxydées : évaluation des gadeurs composants

B.5.2.1 Caractérisations macroscopiques: anabtassique en transformées

linéaires
Tous les PES obtenus pour les alliages baselnxydés ont montré

un meém comportement : I'allure des spectres dakfmtement du potentiel appliqué, et ils
montrent toujours la présence de plus d'un comgodans les couches. La Figure B.17
présente I'exemple des PES mesurés pour I'échamtilkydé 30 heures en vapeur d’eau et
les transformées linéaires correspondantes. Enrd-igd.17(a), les contributions au
photocourant pour les énergies-dassous de 3.0 eV sont tres faibles, ce qui manteela

vapeur d’eau favorise les phases oxyde a fort(g&p0 eV), et défavorise le développement
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d’oxydes de gaps plus faibles. La Figure B.17(lggsue la présence d’au moins 4 oxydes de
gaps<29eV,29-3.1eV,3.7-39eVet >4.0eV.

Cependant, la grande complexité des PES8edsus, et celle de leurs
transformées linéaires doit nous prévenir de tides conclusions définitives tant sur le
nombre de composants que sur le gap des ces comgoEa conséquence, chacun de ces
PES a été analysé et fitté a I'aide de notre nauveadele. Les résultats correspondants sont

présnetés dans la suite.
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Figure 4.17 (a) PES et (b) leurs transformées linéaires obtpous 'ensemble de la surface de I'alliage 690
oxydé en vapeur d’eau pendant 30 h
B.5.2.2 Caractérisations macroscopiques: fit B&ES
Les PES sont habituellement analysés au moyen atesftrmées
linéaires pour tirer parti du fait que, dans lanfersimplifiée du modele de Gartner—Butler, le
rendement quantiquey, du photocourant est proportionnel au coeffice&absorption de la
lumiére, ce qui permet d’écrire I'équation simplévante:
(pxE)"" = Cx(E-R;) (B.3)
ou E est I'énergie du photon, n vaut 2 (resp. aurmne transition indirecte (resp. directe) et

C est une constante, dépendant du matériau, dunt@dtappliqué (et de la fréquence de

modulation de la lumiére).

Beaucoup de travaux expérimentaux décrits dangttirature ont
utilisé avec succes cette analyse classique, peinttériaux faits d’'un ou deux composants
[22—-25]. Mais, jusqu’a aujourd’hui, pour des cowlmmplexes d’oxydes constituées de
plusieurs composants de type n et p, aucune dasaripompléte des PES n’a pu étre
proposée, et seules des informations semi—quawvisaét/ou partielles ont pu étre obtenues
sur les composants de ce type de couches oxydées.
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Mais, comme gl est mesuré sous illumination modulée, et de ¢eai
une grandeur complexe, notre groupe a proposd di26onsidérer simultanément les parties
réelle (Re(dy)) et imaginaire (Im@y)) du photocourant (ou le moduled]/ et le déphasage
@) pour I'analyse et le fit des PES, plutét que smdnt le module @4 |), comme fait jusqu’a

présent. Ainsi, le photocourant complexe global, §'écrit:

Jou =| Bl co8 4| gl sih D ol 005 j4ed B (B4

ou }y et g représentent le module et le déphasage, respewivt, du photocourant issu du
i®™ composant semiconducteur de la couche d’oxydes: 8es semiconducteurs de faible
épaisseur comme ceux étudiés ici, les régions degetd’espace sont faibles par rapport a la
profondeur de pénétration de la lumierg, kst donc supposé, a un potentiel donné (et a une
fréquence de modulation donnée), suivre la fornmpkiiée du modéle de Gartner—Butler, et

donc s’écrire comme suit;

(JPH,ixE)l/n =K X( E‘Ee,i) (B.5)
ou Es; et K; représentent le gap et une valeur proportionrellz($y est proportionnel mais
pas égal &) pour le f’mecomposant semiconducteur. De plus, comme les chal'gspaces
s’étendent probablement sur toute I'épaisseur deuwd oxyde, il est fait I'hypothése que les
recombinaisons des paires électtoou photogénérées, et donc les déphasafesne

dépendent pas de I'énergie des photons.

Les valeurs expérimentales dg; JE) et (E) constituant un PES ont
éete fittées selon le modele-dessus (avec n = 2, car des transitions directed été que
rarement observées pour des matériaux désordoenéslilisant un logiciel développé au
laboratoire dans I'environnement Matlab® (R2011blease). Pour la procédure
d’optimisation, ce logiciel fait appel a la fonatitminsearch qui tire elleméme parti de la
méthode du simplex de Lagariesal. [27] pour trouver le minimum d’une fonction scadai
de plusieurs variables non contraintes, en padamaleurs initiales estimées ou quelconques

de ces derniéres.

Dans ce travail, pour un vecteur donnéndéEg;, Ki, 4) triplets, m
représentant le nombre supposé de phases semitcekicontribuant au photocourant, la
fonction scalaire a minimiser par la fonctidminsearcha été définie comme le produit des
racines carrées de deux quantif®. et D3, ouD%ze (resp.D3,) est la somme des carrés a
chaque énergie de la différence entre la partidler§eesp. imaginaire) des données

expérimentales et celle des valeurs calculéeslamation (B.3).
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Dans le logiciel en question, la valeur deest fixée par I'utilisateur.
Mais l'utilisateur libre de décider, pour chacures 8 m variables, si cette variable restera
fixée a une valeur qu’il a fournie, ou si elle séittée. Pour chacune desm variables,
I'utilisateur est en charge de fournir une valenitiale, ou de laisser le logiciel la fixer
aléatoirement. Enfin, il faut noter que plusieuppels successifs de la fonctidminsearch
sont généralement nécessaires pour atteindre ienomimde la fonction scalaire avec un jeu
stable de paramétres finaux. Lors de ces appetessits, les parameétres de sortie d’'un appel

sont utilisés comme parametres d’entrée pour Eappivant.

Les fits ont été le plus souvent conduits en asdmiti & varier tous les
paramétres dem triplets, et en partant toujours de valeurs ilés8aaléatoires. Plusieurs runs
ont été faits pour chaque spectre, pour garansitahilité des parameétres finadBour chaque
fit présenté, la valeur obtenue pour m sera indigueut comme les 3 coefficients de
corrélation linéaires (Linear Correlation CoeffitieLCC), C—M, C—Re, C—Im, qui traduisent
la corrélation entre les données expérimentaldesetionnées calculées pour les courbes:
| u| = f(E), Re(8n) = f(E) et Im(dn) = f(E) respectivement.

Fits des PES des échantillons oxydés en vapeurudpndant 30
heures

Tous les PES mesurés, quel que le soit potenpielicué (Figure
4.17(a)), ont été fittés. L'exemple en Figure Bm@ntre les spectres expérimentaux et fittés a
—600 mV. Tous les PES, quel que soit le potenppliqué, ont pu étre fittés avet= 13, et
les valeurs de gaps obtenues a chaque potentietres proches les unes des autres comme
le montre la Figure B.19. Quel que soit le potérdigpliqué, le fit fournit les 12 mémes
valeursde gapa 2.2eV, 2.3¢eV,24¢eV, 2.7 e832eV, 3.0eV, 3.1(5) eV, 3.3 eV, 3.5eV,
3.8eV,4.3¢eV, et4.7 eV (bien qu'il y ait quelguégers décalages a —600 mV, mais c’est le
potentiel correspondant au minimum de photocousantes photovoltammogrammes). On

peut donc considérer que le jeu de valeurs de gatesiu est digne de confiance.

Les valeurs de ces gaps suggeérent la présence@egdteNiFeO, (Ec
=2.2-2.4 eV [28-30]), @D3(Eg = 3.0 — 3.5 eV [31-35]), et NigD, (Eg = 4.3 eV [29-30]).
Les gaps a 2.7 eV et 2.8(5) eV peuvent correspoadree solution solide oxyde de type
corundum riche en Cr, et le gap a 3.8 eV pourmiitespondre a @D; ou a une solution
NiFe;,O,—NiCr,0O4 riche en Cr ; le gap a 4.7 eV n’a pas pu étrébatk.
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Figure B.18 (a) PES a —-600 mV de l'alliage 690 oxydé en vapéeau pendant 30 h et (b) ses parties réelle et
imaginaire. &xp” et “fit” désignent les valeurs expérimentales et fittérs. et “Im” désignent les parties réelle

et imaginaire depy,
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Figure B.19 Récapitulatif des gaps £Eobtenus en fittant les PES de la Figure B.17(a)

De tous les résultats macroscopiquesdessus, deux points majeurs
ressortent: (1) le modele décrivant les PES metdlels procédures d’ajustement a ce modeéle
sont appliquables a tous les échantillons, et issemt des fits et des parametres de fits
convaincants, notamment les valeurs de gap (Bptebre de composants semiconducteurs

nécessaire pour obtenir des fits convaincantslest.é

Ce dernier point pouvant peire étre attribué a la présence de
différentes solutions solides F£¢&Cr,O3 sur diverses zones de la surface, des caraciénsat

mésoscopiques ont été entreprises.
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B.5.3 Caractérisations photoélectrochimiqgues mésgsques

L’échantillon oxydé a Il'air pendant for 21 heyregi montrait une surface
hétérogene (Figure B.21(a)), a été choisi pourceesactérisations PEC mésoscopiques. Des
PES mésoscopiques obtenus sur des zones foncélesret de la surface sont présentés en
Figure B.20(a). Ces PES montrent clairement desealldifféerentes sur les zones foncées et
claires, et aussi que les zones claires fournissentphotocourants plus élevés. En divisant
les valeurs a 3.53 eV par celles a 2.54 eV, onqué le rapport ainsi défini est 2 fois plus
grand sur la zone foncée, ce qui pourrait signifjiee CsO; (resp. NiFgO,) est davantage

présent sur le grain foncé (resp. le grain clair).

Les PES ont pu étre fittés dans le domaine [2.T75 8V], les fits correspondent
aux lignes continues en Figure B.20(a). Les valenlb$enues poum sont 4 and 5
respectivement pour les zones foncées et claires. daps obtenus (Tableau B.8) sont
différents d’'une zone a l'autre, mais certainegwid sont voisines entre zones. Le gap autour
de 2.7 eV est un peu plus élevé sur la zone ¢laigmant une teneur plus en Cr dans
Fe,_xCrOs. Pour aller plus loin, pour chaque PES, deux psesjkctres ont été calculés a
partir des parameétres de fits, i.e. les spectred’qn aurait obtenus si seuls les composants de
gaps endessous (resp. adessus) de 3.0 eV avaient été présents dans ldheo@es
pseudo—spectres sont présentés en Figure B.20&)cohfirment sans ambiguité les
suggestions faites plus haut, a savoir que lesesfarmés sur les zones claires comportent

davantage de composants a faible gap que les fome&ses, et moins de composants a haut

gap.

———— T 0T
(@ 2 7] L (b)
6 e Black_exp N 8-— v White low N
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2 |l = White_fit o + A Black high
® 4L _ s 6
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2 . A
2
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ol N B R O_ e v T
1.5 2.0 25 3.0 35 4.0 1.5 2.0 25 3.0 35 4.0
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Figure B.20 (a) PES mésoscopiques obtenus sur des zones fqoeéass noirs : données expérimentales,
ligne rouge : spectre fitté) et claires (cerclembb : données expérimentales, ligne bleue : spfit&) de
I'alliage 690 oxydé a I'air pendant 21 h, (b) Psed@ES calculés a partir des résultats de fits &Sdh (a)
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Tableau B.8 Récapitulatif des énergies de gap, &btenus par les fits des PES mésoscopiquestiagab90

oxydé a I'air pendant 21 h (valeurs en eV). Les RE&Ss ont été mesurés a —300 mV.

PEC 1.79 2.17 2.25 2.71 3.02 3.16 3.44

macroscopique

PEC Zone foncée 2.05 2.71 3.01 3.11
mésoscopique

Zone claire 1.81 2.79 2.90 3.18 3.66

Le tableau B.8 récapitule les valeurs de gaps oktnaux échelles
macroscopique et mésoscopique. Comme les photatsungacroscopiques combinent les
photocourants issus de tous les points de la surfec I'échantillon, la liste des gaps
"macroscopiques” devraient inclure les gaps mesuf&chelle méso. Le tableau B.8 montre

raisonnablement que tel est est le cas.

Enfin, les résultats edessus montrent que les produits d’oxydation déalge

690 dépendent de I'orientation de la surface expadéatmosphere.

B.5.4 Caractérisations photoélectrochimiques miscopiques
Les raies a 2.54 eV et 3.53 eV d’'un laser argonétdutilisées pour enregistrer
des images photoélectrochimiques. La raie d’éndayiplus faible permet de générer du
photocourant dans Nik®,, FeOs et Fe_,CrOs (riche en fer) tandis que la raie d’énergie
plus élevée peut générer du photocourant dans éesemoxydes mais aussi dans d’autres de
gap plus élevé tel que £;. Cependanies raies ne permettent pas d’‘activer” NiCr,O4 dont

le gap est atdela de 4.0 eV.

La Figure B.21 présente des images optiques ebpleatrochimiques typiques
de celles obtenues avec les échantillons de laioeecB.5. Les deux images
photoélectrochimiques des Figures 4.20(b) and @)trent des photocourants plus faibles
aux joints de grains et sur la zone foncée. D’apmmge PEC a 2.54 eV, les oxydes de
faible gap sont davantage présents sur les zoagsslque sur les foncées et aux joints de
grains. De plus, la diminution constatée du cotgrds I'image a 3.54 eV, attendue au vu des
résultats mésoscopiques, implique que la formatepO; est favorisée aux joints de grains

et que la fraction de @D; sur les zones claires est plus faible que sublesees.
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TS T =

Figure B.21 Images de l'alliage 690 oxydé a I'air pendant 2{ah;image optique, (b) et (c) images PEC
mesurées a —300 mV: (by kr 2.54 eV, et (c) 0= 3.54 eV

B.5.5 Etude de I'échantillon oxydé 2 h en oxygéne
Les PES de la couche thermique formée sur l'alli@geé aprés 2 h ont été
difficiles a modéliser. Si la plupart des PES daegobes d’oxydation de I'alliage 690 pouvait
a premiére vue étre raisonnablement fittée en déresit 6 a 8 composants dans la couche, il
est rapidement apparu impossible, dans le casathesillons oxydés en oxygene pendant 2 h,
d’obtenir un fit stable et convaincant sans augererie nombre de composants a 12 or 13,

comme on va le voir dans la suite.

Le succes obtenu en augmentardans ce cas particulier nous a aussi conduits a

réexaminer les cas des autres échantillons, etnaigpd’améliorer encore les fits.

Cependant, la présence d’'un nombre aussi grandrdpasants dans la couche
d’'oxydes pouvait paraitre surprenante et introdwire doute sur la validité du modéle
développé pour rendre compte des PES. La suite a@ouscrit examine cette question

importante.

B.5.5.1 Caractérisations photoélectrochimiqueacrascopiques

Les PES macroscopiques et leurs transformées faséabnt présentés
en Figure B.22. A nouveau, et clairement, l'alldes spectres dépend du potentiel appliqué,
et révéle la présence de plus d'un composant dam®uche. L'’examen des transformées
suggere qu’il y aurait au moins 4 composants,agedifficile a évaluer cependant.

La Figure B.23 illustre la haute qualité des ajonmpts réalisés avec
notre modéle ; onze phases semiconductrices (1) sont détectées-&00 mV, tandis que
onze (= 11) and douzen{ = 12) phases semiconductrices sont détectée®@mY et 0
mV respectivement. Pour chacun des PES, le fitéaépété de nombreuses fois avec des
parametres initiaux aléatoires, les meilleurs(fiistance minimale a la courbe expérimentale)
fournissant un jeu stable de parameétres finaux-igare B.24 montre que les gaps évalués

dépendent peu du potentiel appliqué.
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Figure B.22 (a) PES macroscopiques et (b) transformées liragrespondantes pour I'alliage 690 oxydé en

oxygene pendant 2 h
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Figure B.23 (a) PES &600 mV de l'alliage 690 oxydé en oxygene pendamt(®) parties réelle et imaginaire
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Figure B.24 Gaps obtenus par le fit des PES en Figure B.22(a)
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Des résultats edessus, nous concluons que 12 composants
semiconducteurs sont réellement présents dansueheod’ oxydation (10 seulement sont

détectés quel que soit le potentiel).

B.5.5.2 Imagerie Raman
Par bonheur, la complexité de nos échantillons égysur un temps
court en oxygene avait été jugée intéressanteeggagédquipes Raman du CMTC —-SIMaP (Dr
A.Crisci) et du LEPMI (Dr M. Mermoux). Des imagesRan d’'une zone choisie de notre
échantillon ont été réalisées avec une résolutpatiale de 2um en x et en y (la sonde
Raman était la raie 514 nm d'un laser focalisée uen spot de diamétre 1lum sur
I’échantillon) ; plus de 50000 spectres ont airtéi @nregistrés, chacun correspondant a un

point de la zone analysée.

Ce jeu de spectres a d’abord été soumis a unesanaty composantes
principales (Principal Components Analysis, PCAljaale d’un logiciel fourni par la société
Renishaw, le fabricant de l'installation Ramaniséie. Cette analyse PCA a montré le jeu
complet de spectres comprenait 12 composantesgalas, dont les signatures sont données
en Figure B.25 en méme temps que les images de«laiensité » relative sur la zone

analysée.

Ensuite deux analyses multivariées ont été réalisd¢abord avec 5
(Figure B.26), puis 10 (Figure B.27) des 12 comptesaprincipales détectées. Il s’est avéré
que la premiere analyse a montré que 98% des 5§88fires pouvaient effectivement étre
obtenus combinaison linéaire des 5 spectres “plsla seconde analyse a montré que 10
composantes étaient nécessaires pour rendre comP@®5% des spectres.

Il est donc plus que certain que la couche therenigudiée est bien
constituée de plus de 10 oxydes, 5 d’entre eux guugtre considérés comme les composants
majoritaires. Et, & notre avis, ces résultats frsagent une corrélation croisée de ceux
obtenus en fittant les PES avec notre nouveau mogcessité de 12 SCs pour rendre

compte des PES).
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Figure B.25 Résultats de I'analyse en composantes principa&gssplectres de I'image Raman

(Alliage 690 oxydé en oxygene pendant 2h)

002 — )

Spectrum Resolved Curve 5 (MCR-ALS)

ENNVA U

J '] )
:V J‘l\)) \'“'-xj’h rl\

\/ \ \fﬂ‘"

T T T T T T T T T
200 300 400 500 600 700 &o00 900 1000

Raman shift / cm-1

Figure B.26 Images des résultats des analyses multivariédségavec 5 des 12 composantes principales

obtenues par PCA
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Figure B.27 Images des résultats des analyses multivariédsée&mavec 10 des 12 composantes principales

obtenues par PCA

B.5.6 Conclusions sur les caractérisations PEC dexydation de l'alliage base
nickel
La photoélectrochimie muktéchelles a montré de maniére éclatante son intérét
dans la caractérisation des propriétés semcondestde I'oxyde thermique formé sur un
alliage 690 (base Nickel) and aussi dans l'idesdifon des composantes de la couche, la
mésoscopie et la microscopie PEC pointant l'infaeernsur I'oxydation d’orientations

différentes de la surface.

La qualité des informations tirées de l'analyse &S a été grandement
ameéliorée par I'utilisation du nouveau modele déppe dans notre groupe, méme pour des
couches tres complexes. Et, sur 'exemple pargcule la couche formée en oxygene a temps
court, ce modele a pu étre validé par I'analysmdies Raman traitées de fagon novatrice par

nos collegues Ramanistes.
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B.6 Conclusions générales

Caractérisation photoélectrochimique de solutiondides hématitechromine

Les gaps de la chromine ont été confirmés a 3.eté&u [3.3-3.8] eV. La chromine a
éte observée a nouveau tantbt ou p-, tantot isolante, selon les conditions d’oxydation
(durées, atmospheres). A haute température, pauraléages chromineormeurs, la
chromine est initialement-nou p, puis devient plus isolante avec 'augmeaotatle la durée
d’oxydation. La présence de vapeur d’eau et/oudfbgene dans I'atmosphére d’oxydation
tend & promouvoir la chromine de type n. A hautefr base) pression partielle d’'oxygéne, la

chromine tend & étre p (resp. n).

Méme si des pastilles de solution solide d’oxydeepuont pu étre obtenues, I'influence
de x sur le gap de EeCrO3 a pu étre observée et grossierement corréléevalexirs

attendues au vu de modeles thermodynamiques.

Progres dans les caractérisations photoélectroclyjogs

D’'une part, la faisabilité et I'intérét des caraidations photoélectrochimiques a
I'échelle mésoscopique a été démonstrée pour laipre fois sur 'exemple de I'oxydation
d’aciers inox duplex. Les caractérisations mésage@s ont permis de mesurer des PES
locaux sur des micrzones (30 um de diamétre), permettant de distinigsenxydes formes
sur des grains individuels de ferrite et d’aus&rein particulier pour ce qui concerne le ratio
x dans Fg,CrOs. A partir d’aujourd’hui, les outils photoélectraohiques, au moins dans
notre laboratoire, peuvent étre utilisés dans 3enad(1) a I'échelle macroscopique, pour
avoir une vue moyennée des propriétés de I'échamti(2) a I'échelle microscopique, pour
examiner la distribution latérale des photocourgetsdonc des hétérogéeneéités) avec une
résolution de I'ordre du 1 um, et (3) a I'échellésascopique, pour obtenir des informations

complétes sur des zones spécifiques d’échantiiétérogenes.

D’autre part, notre nouvelle approche de I'analglee PES s’est montrée efficace et
précieuse dans lI'analyse de PES, méme dans leecasuthes tres complexes, permettant

d’évaluer le nombre de composants semiconducteuns ld couche et les gaps de eaix
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Caractérisation photoélectrochimique d’oxydes therngues développés sur
métaux et alliages modeles

La Corrosion Haute Température (HTC), en envirorems divers et séveres, d'alliages
métalliques toujours plus élaborés en termes deposition et micrestructure, est un sujet
industriel et scientifique trés complexe. La Phd¢gEoChimie (PEC) est une technique de choix
pour caracteriser les propriétés physidamiques et électroniques des couches d’oxydatem
hétérogenes formées en HTC. Sur des exemplesadiedli modéles mais représentatifs de la
réalité industrielle (aciers duplex, babkckel 690), ce travail présente le développemenae
validation d’un dispositif expérimental permettadrdappliquer pour la premiere fois tout I'arsenal
des techniques PEC a I'’échelle mésoscopique (tgpigat 30 um), ainsi que la validation d’'une
modélisation originale développée au SIMaP destsgeae photocourants en énergie, qui
permet de les décrire et ajuster finement et digraie notamment avec précision les gaps des
oxydes semiconducteurs présents dans la couchmitjuer.

Mots—Clés: Photoélectrochimique, les aciers inoxydables aosférritiques, alliages bas
nickel, vapeur d’eau, orientation de surface, as@ly multréchelles

Photoelectrochemical characterization of thermal oxle developed on metal
and model alloys

High Temperature Corrosion (HTC), in various anglese atmospheres, of continually more
elaborated (composition, micro—structure) metadlioys, is a rather complex industrial and
scientific topic. PhotoElectroChemistry (PEC) acqdia special place in the characterization of
physico—chemical and electronic properties of tighlls heterogeneous oxidation layers formed
in HTC. Through studies of model but industrialgpresentative samples (duplex stainless steel,
Ni—base alloy 690), this work presents the develspnand validation of an experimental set—up
allowing for the first time to use the whole set BEC techniques at the mesoscopic level
(typically 30 um), as well as the validation of @mginal model of photocurrent energy spectra,
developed at SIMaP, allowing to well describe, aedurately fit the latter spectra, and thus
yielding, notably, precise bandgap values for thmisonducting components of the thermal
scale.

Keywords: Photoelectrochemistry, duplex stainless steelkehibased alloys, water vapor,
surface orientation, multiscale analysis
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