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General introduction

Stainless steels are iron-based alloys which have a minimum chromium weight of 10.5%.

They are well known and largely used in our daily life and in industrial applications since they

combine excellent mechanical properties with superior corrosion resistance. The key for their

high corrosion resistance is an ultra-thin but protective surface oxide film, usually called the

passive film, forming a barrier efficiently isolating the metallic substrate from the

environment. This passive film consists of iron and chromium oxide/hydroxide species and

must be enriched in chromium to provide efficient passivity in the most aggressive

environments. This oxide film formed in air is usually stable and protective in ordinary

environment. However in more severe situations like in acidic solutions and in the presence of

aggressive ions such as chlorides, the film may become unstable leading to passivity

breakdown and to the initiation of localized corrosion phenomena if passivity does not self-

repair properly. Although the passivity of stainless steels and its breakdown has been the

subject of numerous corrosion science studies, the details of the physicochemical alterations

of the surface oxide film induced by the transition from native oxide-covered surface state to

passive state in aggressive aqueous medium and the role of the presence of chlorides in the

environment on these alterations remain to be investigated with modern surface analytical

techniques combined to electrochemical analysis.

The objective of this work was to apply such a strategy in order to understand how an acidic

chemical environment influences the surface oxide film providing passivity to 316L stainless

steel, and in particular the mechanisms of Cr and Mo enrichments that are key aspects of the

passivity of Mo-bearing austenitic stainless steels. The role of chlorides added in the

electrolyte on the alterations of the passive state at a stage preceding the initiation of localized

corrosion was also studied as well as how these alterations are impacted by pre-passivation of

the surface in a chloride-free electrolyte.

This manuscript contains five chapters. Chapter I is a bibliographic study of the state of the art.

In this chapter, the history and the different types of stainless steels are presented. Then the
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electrochemical aspects of the passivity of stainless steels as well as the thickness,

composition and structure of passive films are resumed. After that the different types of

corrosion are introduced before concluding and contextualizing the objective of this work.

Chapter II presents the different techniques applied in this work. Surface spectroscopic

techniques include X-ray Photoelectron Spectroscopy (XPS) and Time-of-Flight Secondary

Ion Mass Spectrometry (ToF-SIMS). They were used to analyze the composition, stratified

structure and thickness of the oxide films. Electrochemical techniques such as Linear Scan

Voltametry (LSV), potentiostatic polarisation, Electrochemical Impedance Spectroscopy (EIS)

and Photo-Current Spectroscopy (PCS) were used to characterize the electrochemical aspects

of passivity as well as the electronic properties of the surface oxides. Atomic Force

Microscopy (AFM) was used in complement for topographic analysis.

Chapter III reports the study of the properties of the native oxide layer formed on a

polycrystalline austenitic 316L SS surface in air and the modifications brought by

electrochemical passivation in acid solution. ToF-SIMS and XPS surface analysis were used

to characterize the layered structure, thickness and composition of the oxide film and their

modifications. PCS, applied in situ and combined with electrochemical analysis, was used to

obtain direct information on the electronic properties of the thin photo-conducting surface

films. LSV and EIS were applied to evidence the modifications of the corrosion resistance.

Chapter IV focuses on the mechanisms by which the Cr and Mo enrichments in the native

surface oxide film are modified when exposing a polycrystalline austenitic 316L SS to an acid

aqueous solution. ToF-SIMS elemental depth profile analysis and XPS compositional surface

analysis were applied to interrogate the modifications induced by immersion without and with

application of anodic polarization in the passive domain. An experimental protocol avoiding

contact to ambient air of the samples during transfer from liquid environment for

electrochemical treatment to the different UHV platforms for surface analysis was adopted,

enabling us to highlight the key effect of immersion under open circuit conditions on the Cr

and Mo enrichments.

Chapter V addresses the alterations of the surface oxide films brought by electrochemical

passivation in Cl-containing sulfuric acid solutions. Potentiodynamic and potentiostatic

polarization measurements were used to define the electrochemical conditions best suited to

alter the passive state without initiating localized corrosion (i.e metastable pitting) at the

micrometer scale. ToF-SIMS and XPS were applied to characterize the layered structure,
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thickness and composition of the passive film and the entry of chlorides. Surface morphology

was studied by AFM.

The three chapters presenting the results of this work, Chapters III, IV, and V, are in form of

articles published or to be published in scientific journals.

The main conclusions of this thesis are given in the final section together with the

perspectives opened by the present study.

A summary of this work in French language is presented in Annex.
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Chapter I

State of the art and objectives of the thesis

I.1. Introduction to stainless steels

I.1.1. General introduction

Stainless steels are iron-based alloys which have a minimum chromium weight of 10.5% and

maximum carbon weight of 1.2%. The word ‘stainless’ means ‘resistant to corrosion’ and

indicates the higher corrosion resistance of this type of steel compared to other steels. The key

to the high corrosion resistance is the presence of an ultrathin (several nanometers) but

continuous and protective surface film, the passive film, mixing iron and chromium

(hydr)oxides and strongly enriched in chromium. Some other elements (nickel, molybdenum,

niobium, titanium or others) can be added to stainless steels to improve their properties, thus

creating the huge family of stainless steel combining excellent mechanical properties and high

corrosion resistance. This advantage of stainless steel opens a large application domain. In our

daily life, many objects such as kitchen ustensils and office tools are made of stainless steel.

In the industrial world, stainless steels are widely used in several domains such as the

chemical industry and the energy industry for example. The increasing demand for stainless

steel led to an exponential increase of the world production, from 1 million tons yearly in

1950s to 50.7 millions tons in 2018 [1].

Compared to the history of iron and steel which go back to the Iron Age, the history of

stainless steel is still very young. In his book “History of Stainless Steel” [2], Harold M. Cobb

pointed out in 1797 that french chemist Louis Nicolas Vauquelin discovered chromium oxide

and first isolates chromium metal from chromium oxide. After one quarter century, in 1821,

Pierre Berthier observed that iron alloyed with chromium was more resistant to acid than

without chromium. Then, different stainless steel such as high chromium steel, low carbon

ferrochromium have been discovered but there were no systematic classification of stainless

steel. In 1904, Léon Guillet, Albert Portevin and Walter Giesen published series of research

and first classified the different stainless steels according to their crystallographic structure.
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From this moment stainless steels were classified in three different types: ferritic, martensitic

and austenitic stainless steels [2].

I.1.2. Types of stainless steels

a. Ferritic stainless steels

Ferritic stainless steels have ferrite (body-centered cubic, bcc, crystalline structure) as their

main phase. The quantity of chromium is often between 11 and 18 wt%. They have a yield

strength generally higher than austenitic stainless steels, but are less resistant to corrosion and

are more fragile at low temperatures. Several operations can improve the corrosion resistance

of this type of stainless steel. Increasing the chromium content can increase the corrosion

resistance. Adding other elements has a similar effect. For example, the addition of

molybdenum improves the corrosion resistance of ferritic stainless steel. Thus this type of

stainless steel is interesting for applications where moderate corrosion resistance is required

because of its lower cost, especially thanks to the low nickel content. The different grades of

ferritic stainless steel and their applications are presented in Figure I-1

Figure I-1 Different grades and applications of ferritic stainless steel



7

b. Martensitic stainless steels

Martensitic stainless steels contain the martensite phase, which is a metastable tetragonal

crystallographic structure due to the presence of carbon atoms in the interstitial sites. This

type of stainless steels is made by a rapid cooling (quenching) where the carbon can not

diffuse to the intergranular boundaries. The quantity of carbon influences the ratio of

martensite, the higher carbon content increasing the martensite ratio. The specificity of

martensitic stainless steel is its high hardness thanks to the presence of the martensite

structure. But this phase decreases the corrosion resistance and makes the material brittle. So

this type of stainless steel is used for applications where hardness is required, such as cutting,

bearing, grinding etc. The different grades of martensitic stainless steel and their applications

are presented in Figure I-2.

Figure I-2 Different grades and applications of martensitic stainless steel

c. Austenitic stainless steels
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Austenitic stainless steels have austenite (face-centered cubic, fcc) crystalline structure as

their primary phase. The content in chromium is generally between 16 and 18 wt% and that in

nickel between 8 and 10 wt%. The addition of nickel keeps the austenitic structure stable but

increases the cost. This type of stainless steel combines good corrosion resistance in many

environments with good mechanical properties, in particular ductility. The excellent

combination gives them a large application domain and makes them the most commonly used

in our daily life. Thus the production of austenitic stainless steel is higher than that of other

types of stainless steels since they represent more than half of the total stainless steel

production. The different grades of austenitic stainless steel and their applications are

presented in Figure I-3.

Figure I-3 Different grades and applications of austenitic stainless steel

I.2. Passivity of stainless steel

In 1908, Philip Monnartz studied the effect of the carbon content on the corrosion resistance

of high chromium steel and showed that the passivity phenomenon is the key factor of the

stainlessness of the stainless steel. In 1911, he studied the resistance of iron chromium alloy in
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acid solution [3]. It was in this paper that the term “passivity” has been used and described as

dependent on oxidizing conditions, and that passivity is responsible for the great increase in

corrosion resistance. It was also in this paper that the quantity of 12 wt% chromium was

pointed out as necessary to maintain the stainlessness of stainless steel.

The passive film formed on stainless steel, which is the key to passivity, has been widely

studied since then and until now. In the following, the mechanism of passivation and the

formation of passive film will be presented first and then the properties of the passive film.

I.2.1. Passivation mechanism

Passivation is often produced in a humid atmosphere or in aqueous media, at moderate

temperatures. The oxidation mechanisms at high temperatures are different and will not be

discussed here. Figure I-4 present a schematic view of the formation of the passive film on

stainless steel [4].

Figure I-4 Formation of the passive film on stainless steel [4]

There are five steps of formation of the passive film:

a) adsorption of H2O on the metal surface,

b) deprotonation and migration of metal cations from the metal,

c) further deprotonation and bridging between neighboring oxide sites,

d) adsorption of H2O on the oxide surface,

e) deprotonation and migration of a metal cation in the oxide which creates a vacancy

for migration of metal cations from the metal.
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Several steps of this process can be expressed by chemical equations. Steps a and b can be

expressed as:

  eHMOHOHM 2 eq. I-1

Steps from b to c can be expressed as:

  eHMOMOH eq. I-2

Once the step c is completed, the formation of a single layer of oxide on the surface is

completed. The growth of the passive film can be seen as a repetition of eq. I-1 and eq I-2. So

the global equation of passivation can be expressed as

  eHMOOHM 222 eq. I-3

For stainless steel, the metal M is principally Fe and Cr.

The growth of oxide layers is a complex process combining the transport of species at the

metal/oxide interface, across the oxide and at the oxide/electrolyte interface. Different models

have been proposed to describe the growth of oxide layers on the surface of metals and alloys,

for example, the Cabrera-Mott model [5], the Fehlner-Mott model [6], the point defect model

(PDM) of Macdonald [7], the general model proposed by Seyeux and Marcus [8][9].

I.2.2. Electrochemical aspects of passivity on stainless steels

Electrochemical analysis is widely used to study the reactivity and especially the corrosion

resistance of alloys. In this part, we present electrochemical results obtained on Fe-Cr, Fe-Cr-

Mo, Fe-Cr-Ni and Fe-Cr-Ni-Mo alloys to illustrate the influence of addition elements on the

passivity of stainless steels.

a. Fe-Cr alloys

Potentiodynamic polarization is a method widely used for characterizing the electrochemical

properties and passivity. Figure I-5 presents typical potentiodynamic polarization curves

obtained on Fe-Cr alloys [10].
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Figure I-6 Potentiostatic polarization curves of the Fe-Cr alloys in 0.5M H2SO4 [10]

In Figure I-6, the passivation current decreases with time due to formation of an increasingly

protective passive film until reaching steady state. With chromium increase, the passivation

current decreases showing improved passivity properties. This also confirms the improved

corrosion resistance of Fe-Cr alloy obtained with higher chromium content.

These electrochemical studies clearly show that chromium has a positive effect on the

corrosion resistance of Fe-Cr alloys.

b. Fe-Cr-Mo alloy

Starting from an Fe-Cr alloy, the addition of other elements can modify the property of

passivity, which can be characterized also by electrochemical analysis. Molybdenum is one

of the addition elements that improves the corrosion resistance of stainless steel, as shown by

the potentiodynamic polarization curves presented in Figure I-7 [20].
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Figure I-7 Potentiodynamic polarization for Fe-18Cr-xMo alloys in 0.5 M H2SO4 [20]

It can be seen that, with the same Cr content, a higher Mo ratio increases the corrosion

potential and decreases the passivation potential and current. It also broadens the passive

region and shrinks the active region. Thus Mo facilitates the passivation process. No effect is

observed on the transpassive potential. These effects have also been observed in other studies,

see e.g. [11][12][21][22][23]. For a high Mo content of at 8%, there is no more an activation

peak, as also observed in other studies [25][24].

Potentiostatic polarization curves showing the effect of Mo addition in Fe-Cr alloys are

presented in Figure I-8 [18].
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Figure I-8 Potentiostatic polarization curves for Fe-Cr alloy and Fe-Cr-Mo alloys in 0.1 M

H2SO4 [18]

It is clearly seen that the decrease of the passivation current is faster with the addition of Mo

in the Fe-Cr alloy, especially at +920 mV/SHE, which confirms that Mo promotes the

passivation process. Other studies confirm this observation [22].

c. Fe-Cr-Ni alloy

Beside molybdenum, nickel is also an element often added into Fe-Cr alloys not only to

stabilize the austenitic structure but also to improve the corrosion resistance. The influence of

Ni addition is exemplified in Figure I-9 [19].

Compared to curve 1 for the Fe-17Cr alloy Figure I-9 (a), curve 3 for the Fe-Cr-Ni alloy (304

SS) exhibits a much higher corrosion potential, a lower active current and a lower passive

current. No remarkable difference of the transpassive potential is observed. Compare to curve

2 for the Fe-15Cr-4Mo alloy, curve 1 and 3 show the same effects, evidencing that the

addition of Ni has the similar effect as the addition of Mo but is much more efficient.

This is confirmed by the polarization curves in Figure I-9 (b) that also show that the Fe-

18.5Cr-9.6Ni alloy has the lowest passivation current compared to the Fe-17Cr and Fe-15Cr-

4Mo alloys.
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Figure I-10 Potentiodynamic polarization curves of Fe-Cr-Ni and Fe-Cr-Ni-Mo alloys in 1 N

HCl [11]

I.2.3. Composition and duplex structure of passive films on stainless steels

As we know, the properties of the passive film and thus the corrosion resistance of passivable

metals and alloys are governed by their composition and structure. Several surface analytical

techniques can be applied to seek this information. X-ray Photoelectron Spectroscopy (XPS)

and Auger Electron Spectroscopy (AES) can be used to measure the surface composition, and

XPS to identify the surface chemical species and quantify their concentrations. Among other

techniques, Time of Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is quite powerfull

to seek the variations of the elemental composition with depth and the eventual stratification

of the chemical structure of the surface oxide. Scanning Tunnelling Microscopy (STM) and

Atomic Force Microscopy (AFM) provide topographic information of the topmost surface at

the nanometer scale and atomic scale in the most favorable cases. These methods are often

used in combination with electrochemical analysis.

In the following, the composition and structure of passive films obtained from surface

analysis are presented.

a. Fe-Cr alloy
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For binary Fe-Cr alloys, even though there are only two principal elements, the composition

of the passive film may not be simple.

XPS result shows that chromium is present in the trivalent valence state Cr(III) but the formed

species would depend on the treatment of the surface. Several studies reported a CrOx(OH)3-

2x·nH2O composition after electrochemical polarization in acidic solution [21][22][30], with x

and n depending on the sample composition and polarization conditions. Marcus and Olefjord

reported that chromium hydroxide would become the principal Cr3+ species after

electrochemical polarization in acidic solution [27]. After electrochemical polarization at a

potential higher than the transpassive potential, chromium is in the hexavalent state Cr(VI)

[10].

For iron, some authors reported both the divalent Fe(II) and trivalent Fe(III) states to be

present at the same time [10][14][15][21][22][27][30][31], but others observed only iron as

Fe3+ [17][32]. The valence state of iron would depend on the electrochemical polarization

conditions, the Fe(III) state being only detected after a very long passivation time (> 24 h)

[14][15].

The structure of the film is not simple either. A duplex structure has been proposed with an

inner region mixing Fe(III) and Cr(III) oxides and enriched in chromium and an outer region

of Cr(III) hydroxide [17]. Other studies also reported a duplex structure but with an inner

region also mixing Fe(III) and Cr(III) oxides and enriched in chromium but with the outer

region consisting of iron oxide instead of chromium hydroxide [33]. The main difference lies

in the outer region of the film and might arise from the different passivation conditions. The

work of Maurice et al [17] was performed in acidic solution (0.5 M H2SO4) where iron oxide

preferentially dissolves and that of Hakiki et al [33] in a buffer solution (0.05 M H3BO3 +

0.075 M Na2B4O7∙10 H2O) where iron oxide is more stable.

The thickness of the film is reported in the range 1-3 nm in acidic solution, but several

parameters have an influence. Castle and Qiu reported that, in acidic solution, a higher

polarization potential and a longer passivation time induces a higher thickness [18][34]. In

alkaline solution, the passive film is often thicker than in acidic solution, because dissolution

has less impact in alkaline solution [35].

b. Fe-Cr-Mo alloy
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The addition of Mo in a ferritic Fe-Cr alloy has two main effects on the passive film: it

impacts the Cr content and Mo is present in the film.

Several studies reported that the main component of the passive film on Fe-Cr-Mo alloys

remains chromium (hydr)oxide, but the addition of Mo would promote the Cr enrichment in

the passive film [18][19][23][34]. According to Marcus and Olefjord, the addition of Mo has

no significant influence on the Cr enrichment [27]. The presence of Mo in the passive film has

been confirmed by many authors but there are different points of view. Some authors reported

that Mo is enriched in the passive film after passivation in acidic solution [23] [36]. Other

studies reported no enrichment [37].

Molybdenum is present in different valence states. Many studies reported the hexavalent state

Mo(VI) [11][23][27][26][29][38][39][40][41][42], but the presence of the Mo(II) [29], Mo(III)

[26], Mo(IV) [26][27][38] and Mo(V) [27][40] valence states has also been reported.

The presence of Mo does not modify the duplex structure of the passive film [27][43]. Also,

Mo does not influence signicantly the thickness of the passive film [27][37][40].

c. Fe-Cr-Ni alloy

The presence of Ni in austenitic Fe-Cr-Ni stainless steels has very little influence on the

passive film.

The composition of the passive film is similar to that on Fe-Cr alloys, and also enriched in

chromium (hydr)oxides. Some authors reported that there is no Ni oxide present in the passive

film [23][24][44][45]. Other researchers observed the presence of Ni oxide in the passive film

but only at trace level [19][46]. Hashimoto et al explain that this is due to Ni being less

reactive than Fe and Cr it is more difficult to oxidize Ni than Fe and Cr [40], which is in

agreement with thermodynamic predictions based on the standard Gibbs energies of oxide

formation (∆fGm°(Cr2O3(s))=-1058.1 kJ·mol–1, ∆fGm°(Fe2O3(s))=-714.0 kJ·mol–1,

∆fGm°(NiO(s))=-211.7 kJ·mol–1).

The duplex structure of the passive film of Fe-Cr-Ni alloys is also unchanged compared to

that on Fe-Cr alloys. However, the addition of Ni impacts the composition of the modified

alloy region underneath the passive film. Many authors agree that Ni is enriched in this

modified alloy region film [10][19][23][24][44][45]. In the work of Castle and Qiu, the Ni

enrichment was not detected after 1 hour of passivation but becomes detectable after a
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passivation time of 69 hours. The Ni enrichment is the result of the selective oxidation of Fe

and Cr for the growth of the passive film.

The thickness of the passive film is also in the range of 1-3 nm [17][24]. with no significant

influence of the addition of Ni in the alloy.

d. Fe-Cr-Ni-Mo alloy

Fe-Cr-Ni-Mo alloys can be considered as a combination of the Fe-Cr-Mo and Fe-Cr-Ni alloys.

The main components of the passive film remain Cr oxide and Fe (hydr)oxides.

With Mo present in the austenitic Fe-Cr-Ni alloy, the passive film also includes Mo oxide like

on the Fe-Cr-Mo alloy. The main valence state is Mo(VI) [23][24][26][39][41][42]. Some

studies reported that Mo(VI) is present as MoO42- [52], but others reported Mo(VI) present as

MoO3 [47][48]. According to Pardo et al [47][48], Mo(IV) can be found for passivation in

acidic solution, but the presence of Mo(VI) is independent of the pH of the solution. Ni oxide

is only present in trace quantity in the passive film when detected, like for Fe-Cr-Ni alloys

[23][41][42][49]. The enrichment of Ni in the modified alloy region underneath the passive

film has also been reported for Fe-Cr-Ni-Mo alloys [23][24].

The duplex structure of the passive film is similar to that on Fe-Cr-Mo alloys. Researchers

agree that the inner part is enriched in Cr(III) oxide [23][24][41][42][49][50][53][54]. The

outer part is a mix of iron and chromium (hydr)oxides depending on the conditions of

passivation [23][24][41][42][54]. Some studies reported that Mo is principally in the outer

part of the passive film [24][47][48][52][54]. The duplex model proposed by Maurice et al for

a model single crystal Fe-17Cr-14.5Ni-2.3Mo (100) surface is presented in FigureI-11 [54].

According to their work, the inner layer essentially consists of Cr(III) oxide and the outer

layer of Fe(III) (hydr)oxide. Mo would be in the inner layer of the native oxide film formed in

air and Mo would become enriched in the outer layer of the film after passivation in sulfuric

acid.
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Figure I-11 Model of duplex structure proposed for the passive film on single crystal Fe-

17Cr-14.5Ni-2.3Mo (100) surface [54]

The thickness of the passive film on Fe-Cr-Ni-Mo alloys is also in the range 1-3 nm

[41][42][54], showing no impact of the presence of Mo and Ni.

I.3. Corrosion of stainless steel

Passive films on stainless steels are in principal compact and protective and form a physical

barrier isolating the substrate from the environment. In case of local breakdown, generated by

a mechanical event, for example a scratch, or due to local chemical instability, the passive

film has, in general, the ability to reform through a process called repassivation. Nevertheless,

in most aggressive environments, the stability of the passive film and its ability to self-repair

may be compromised, which may result in localized corrosion processes.

I.3.1. Mechanism of corrosion

Here we concentrate on aqueous corrosion. Other types of corrosion such as high temperature

corrosion will not be discussed. Corrosion reactions are redox reactions which contain anodic

and cathodic counterparts. In aqueous corrosion, the anodic reactions imply the metal which is

the principal element giving electrons and gets oxidized to produce metallic cations. The

reaction can be expressed as:

  neMM n eq.I-4

The metallic cation formed by eq. I-4 becomes a corrosion product via different reactions

such as:



21

n
nn OHMOnHM )( 22
  eq. I-5

  nHMOOHnM n
n

2
22

eq. I-6

  nHOHMOnHM n
n )(2 eq. I-7

As we can see from these equations, the corrosion product can be a complex, an oxide or a

hydroxide depending on the environment.

At free potential, i.e. in the absence of applied polarization, these anodic processes of

oxidation require that the electrons that are produced are consumed by a cathodic reaction.

Any oxidant present in solution can be reduced. Typical examples of cathodic reactions are

the reduction of dissolved oxygen and reduction of H+/H2O:

  OHeOHO 442 22 eq. I-8

OHeHO 22 244   eq. I-9

222 HeH   eq. I-10

Eq. I-8 is the reaction in neutral or basic environment, eq. I-9 and eq. I-10 are reactions in

acidic environment where eq. I-9 is the reaction in presence of oxygen and eq. I-10 the

reaction in the absence of oxygen.

I.3.2. The different types of corrosion

In the real world, different types of corrosion such as general corrosion and localized

corrosion can take place depending on material and environmental conditions. These different

types of corrosion are presented in the following.

a. General corrosion

General corrosion is a uniform degradation of the material by dissolution at any point of the

surface, as opposed to other forms of corrosion that are localized. In this case, anodic and

cathodic sites are very close and randomly distributed on the surface. This phenomenon is

translated on a macroscopic scale by a loss of thickness in function of time, which

corresponds to the rate of corrosion. The unit of the corrosion rate can be expressed as

mm/year. For stainless steels, this type of corrosion can happen in very extreme environments
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like very acidic environment where the passive film is not stable. General corrosion can be

detected by measuring the time evolution of the thickness of the material.

b. Galvanic corrosion

Galvanic corrosion occurs when two metals with different activity are in electric contact in an

electrolyte. It is typical of the functioning of an electrochemical battery. In this case, most of

the active metal will be attacked (anode) while the less active metal will be protected

(cathode). Galvanic corrosion is aggravated if the area of the cathode surpasses by far the area

of the anode. This type of corrosion can be avoided by many methods such as decreasing the

area of the cathode. This type of corrosion can be used voluntarily to protect a metal (the

cathode) by sacrificing with an active anode. Galvanic corrosion happens often on duplex

stainless steels due to the galvanic coupling between two phases which leads to the

preferential dissolution of one phase. This type of corrosion depends on the potential applied,

the composition of the medium and the composition of each phase. Single phase stainless

steels are less sensitive to galvanic corrosion.

c. Stress corrosion cracking

Stress corrosion cracking is an extremely dangerous type of corrosion. It happens in corrosive

environment on a material subject to tensile forces, either residual or directly applied. It is

characterized by the appearance of cracks propagating perpendicular to stress, along grain

boundaries (intergranular cracking) or through grains (transgranular cracking) [55]. Austenitic

stainless steels are sensitive to this type of corrosion due to their face-centered cubic structure

that favors planar deformation and can generate local stress concentrations.

d. Crevice corrosion

Cavernous corrosion occurs in confined areas. These confined spaces are generally called

crevices, where exchanges of component with the outside environment is limited. In particular,

the dissolved oxygen content decreases over time, resulting in differential aeration between

the crevice (anode) and the outside environment (cathode) which is also called a concentration

cell. Moreover, the concentration of cations increases in the cavern, and their hydrolysis leads

to severe acidification of the medium. If the pH falls below the pH of depassivation, a

mechanism similar to generalized corrosion takes place in the cavern. Moreover, to respect

the electroneutrality, anions such as chloride ions migrate within the cavern, which may

further generate pitting corrosion. To prevent this form of corrosion, the design of the parts
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must be optimized so as to avoid caverns. Also regular flushing of the equipment is also

possible to allow a renewal of the environment.

e. Intergranular corrosion

On stainless steels, intergranular corrosion is most often related to chromium carbides or

secondary phases precipitated at the grain boundaries. The formation of chromium

precipitates locally depletes chromium in the surrounding alloy matrix, which favors passivity

breakdown and poisons repassivation in this region. Intergranular corrosion can be interpreted

as a galvanic coupling between the precipitates (cathode) and the zone depleted in chromium

(anode). This type of corrosion happens in very oxidative environment or at high potentials .

Decreasing the carbon content is a good method to avoid this type of corrosion. Examples in

industry is the 304L and 316L SS grades in which the carbon quantity is lower than in 304

and 316 SS grades.

f. Pitting corrosion

Pitting corrosion is a form of localized corrosion that usually occurs in neutral media in the

presence of aggressive ions such as halogen ions or sulfur species. Localized corrosion by

pitting is a major problem that can be encountered in metals and alloys protected by a passive

layer. Indeed, this mode of corrosion starts at a very small scale (atomic or nanometric) at

which the attack remains invisible, and then develops until it appears at the microscopic and

macroscopic scale. It then becomes extremely difficult to fight against pit propagation.

i) Pitting initiation mechanism

Three main mechanisms have been proposed for passivity breakdown induced by the

interaction with aggressive ions such as chlorides. They focus on passive film penetration by

the chlorides, chloride adsorption, or film breaking and poisoning of self-repair by chlorides

[56]. The schematic view of these three mechanisms is presented in Figure I-12.

The first step of this mechanism is the adsorption of chloride ions on the surface of the

passive layer. This surface is covered by a hydroxyl layer so the adsorption of the chloride

ions occurs by replacing the adsorbed OH. This requires the concentration of chlorides in the

solution to be sufficiently high, that the adsorbed chlorides are more stable than the adsorbed

OH and that the replacement kinetics be fast enough[57].
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The penetration mechanism for pit initiation (Figure I-12a) involves the transport of the

aggressive anions through the passive film to the metal/oxide interface where aggressive

dissolution is promoted. Some authors reported the observation of chloride ions in the passive

film during the passivation in electrolyte with chloride [29][58]. These observation support

the penetration mechanism. But other authors did not find any evidence of chlorides in

passive films [59][60].

The adsorption mechanism (Figure I-12b) is based on the notion of competitive adsorption of

chloride ions and oxygen. Strehblow reported the presence of chloride during passivation

enhanced the transfer of cations from the oxide to the electrolyte even without the formation

of pit corrosion. This phenomena would make the film thinner [60]. When thinning occurs

locally because of some local adsorbed species, the local electric field strength will increase,

which may eventually lead to complete breakdown and the formation of a pit nucleus. But

other studies reported that there was no difference in oxide thickness on Fe samples

prepassivated in borate solution and then galvanostatically anodized at 5 µA/cm2 in solutions

with or without Cl− [59].
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Figure I-12 Schematic view of three mechanism of pitting corrosion [56]

The film-breaking mechanism (Figure I-12c) considers that the thin passive film is in a

continual state of breakdown and repair. The breakdown of the passive film might be due

mechanic stress or attack of aggressive ions by one of the mechanisms mentioned above. The

breakdown can be repaired by repassivation of the surface. This phenomena can be detected

by electrochemical measurements since associated with a special type of current transient

presented in Figure I-13 [61]. The current transient starts with a slow increase of current

corresponding to the breakdown of the passive film and the creation of the pit nucleus; a

sudden shut down of current follows corresponding to the self-repair of the passive film. The

pits formed with this type of current transient are called metastable pits. Many authors

confirmed this observation [62][64][65][66].
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Figure I-13 Typical current transients for metastable pitting corrosion [61]

ii) Parameters influencing the pitting corrosion

Many parameters influence the process of pitting corrosion. These parameters can be

classified in two groups associated to the material or to the environment.

Marcus has discussed the influence on pitting corrosion of different addition elements in the

alloy [67]. Two categories of alloying elements that promote the passivation process has been

distinguished (Figure I-14). On the one hand, the passivation promoters are characterized by a

high heat (enthalpy) of oxygen adsorption combined with a relatively low metal-metal bond

strength. Thus the metal bonds can break easily and nucleation and growth the passive film is

favored. Examples of passivation promoters are chromium, aluminum and titanium. On the

other hand, moderators or blockers of dissolution are characterized by a high heat (enthalpy)

of oxygen adsorption and a relatively high metal-metal bond strength. Thanks to their high

oxygen adsorption heat, these elements may also participate in the passivation and be

incorporated in the passive film. Examples of moderators or dissolving blockers are

molybdenum, niobium, tantalum and tungsten. The moderators, especially molybdenum,

improve the pitting corrosion resistance. Some studies reported an effect of blocker of

dissolution [7][11][23][26][28][29][34][38][47][48][68], and some studies, sometimes the

same, reported an effect of (re)passivation promoter [21][23][39][41][28][47][48][68][69].
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In the first part of this chapter, the basic knowledge about the passivity and the properties of

the passive film on stainless steel has been introduced. The electrochemical aspects show that

the addition of different elements such as Ni and Mo improve remarkably the corrosion

resistance. Then the composition and duplex structure of passive films obtained in acid or

alkaline aqueous solutions have been presented. Most studies show that the passive film

formed in acid solution provides good corrosion resistance. But as we know, stainless steel

surfaces are already covered in air by a so-called native oxide film. In most studies, a cathodic

reduction treatment is applied in order to remove this air-formed native oxide however

without proper characterization of the surface state after pretreatment, so that the passive film

is produced starting from a surface state possibly reproducible but not well-defined. The

alterations brought by well-controlled electrochemical passivation to an air-formed native

oxide are rarely discussed in passivation studies, although the pre-passive state formed by the

native oxide-covered surface may largely influence the properties of the passive film.

The first objective of this thesis was to study in details the transition from native oxide-

covered surface state to passive surface state on 316L stainless steel, and in particular the

mechanisms of Cr and Mo enrichments that are key aspects of the passivity of Mo-bearing

austenitic stainless steels. The results obtained on this part of the work are presented in

chapter III and chapter IV.

In the second part of the present chapter, the different types of corrosion of stainless steels

were introduced with a focus on the initiation of localized corrosion by pitting. Many studies

addressed metastable pitting considering it as the initiation stage of pitting corrosion. But the

metastable pits formed in these studies are most often of micrometric scale dimensions, which

can be considered as far beyond passivity breakdown. On stainless steels, only

electrochemical studies have been done on metastable pitting at nanometric scale, which can

be considered as closer to the real initiation stage of localized corrosion by pitting [62][63].

However, to our knowledge, none of the studies applied surface analytical techniques to

characterize the chloride-induced alterations of the passive state at this initial stage of pitting

corrosion.

The second objective of this thesis was thus to study how chlorides added in the electrolyte

alter the passive state at a stage preceding metastable pitting at the micrometer scale and how

these alterations can be impacted by pre-passivation of the surface in a chloride-free

electrolyte. The results obtained on this part of the work are presented in chapter V.
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In order to reach these objectives, surface analysis using spectroscopic methods such as XPS,

ToF-SIMS and Photo-Current Spectroscopy (PCS) were applied in combination with

electrochemical analysis.

.
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Chapter II

Characterization techniques and experimental conditions

In this chapter, the electrochemical and surface characterization techniques used in this work

are presented as well as the experimental conditions. Electrochemistry was used to

characterize the passivation properties of 316L austenitic stainless steel and to control the

transition from native oxide-covered surface state to electrochemically passivated surface

state. The composition and bilayer structure of the surface oxide films were analyzed by XPS

and ToF-SIMS. AFM was used for surface morphology characterization and determination of

the conditions of metastable pitting corrosion at the nanometric scale. PCS was used for

characterizing the electronic properties of the oxide films. Sample composition and surface

preparation are also presented in details in this chapter.

II.1.Electrochemical setup

Several electrochemical methods have been used in this work. Potentiodynamic polarization

by Linear Scan Voltametry (LSV) was used to define the electrochemical response as a

function of applied potential and thus to determine corrosion potential, active and passive

regions and transpassivity domain. Potentiostatic polarization was used to produce a well-

defined passivated surface state and to control passivity breakdown and metastable pitting

corrosion.

A three-electrodes system was used. Figure II-1 shows the electrochemical cell connected to

the potentiostat. This cell is a closed vessel containing the electrolyte with apertures for:

- the Working Electrode (WE), which is the 316L SS sample. The sample is in a sample

holder enabling electrical contact with the potentiostat. The sealing between sample and

electrolyte is insured by a viton O-ring. The area exposed to the electrolyte is 0.5 cm2.
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less than or equal to about 10 nm. This nondestructive method can detect quantitatively the

chemical environment and chemical composition. Varying the take-off angle of the measured

photoelectrons gives the possibility to retrieve information on the stratification of the extreme

surface over a depth of less than 10 nm. This technique is sensitive to almost all chemical

elements except hydrogen and helium. The detection limit is about 0.5 to 1 atomic percent.

These capabilities are perfectly adapted for the analysis of ultrathin oxide films and metal or

alloy surfaces including on stainless steel [1]-[6].

II.2.1.Principle

The principle of XPS is based on the photoelectric effect that describes the ejection of

electrons from a surface when photons impinge upon it. This process is called photoemission.

Figure II-2 presents a schematic view of the photoemission process.

Figure II-2 Schematic view of photoemission [7]

From Figure II-2 b, energy conservation can be written as :

WEEhν kB  eq. II-1

where

hν is the photon energy with h the Planck constant (6.62 x 10-34 Js) and ν the frequency (Hz)

of the radiation. hν is a known value fixed by the X-Ray source (1486.6 eV for Al-Kα and

1253.6 eV for Mg-Kα) .

EB is the binding energy of the photoelectron with respect to Fermi level. It is characteristic of

the chemical element and its chemical environment.
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Ek is the kinetic energy of the photoelectron ejected from the sample with respect to the

vacuum level. Its value is measured by the hemispherical analyzer.

W is the spectrometer work function. It represents the minimum energy required to remove an

electron from the solid. Its value can be determined using reference sample, e.g. with the Au

4f7/2 component of a pure gold sample.

In XPS, the emission of a photoelectron leads to a hole in the electronic orbital or origin, that

can be filled by an electron from a higher level. This phenomenon is accompanied by an

excess of energy dissipated by de-excitation, either by the emission of photons (X-ray

fluorescence), or by the emission of an electron located on a higher electronic level (Auger

electron). Auger electrons are characterized by specific kinetic energies independent of the

energy of the incident X-ray radiation. They are also characteristic of the emitting chemical

element.

II.2.2.Spectrum decomposition and quantitative calculations

A XPS spectrum records the number of photoelectrons as a function of binding energy.

Generally there are two types of spectrum, one type is the low resolution survey which is

recorded from 0 eV to 1200 eV binding energy with a high pass energy (100 eV) of the

analyzer and a large step size (1 eV). This type of spectrum is used to identify the chemical

nature of the elements present on the surface of the sample. Another type of spectrum is the

high resolution core level spectrum which is recorded for a small and specific binding energy

region corresponding to a selected core level of the elements. The pass energy for this type of

spectrum is lower (20 eV) and the step size is also smaller (0.1 eV). The high resolution

spectrum is used to identify the chemical information like oxidation state and chemical

environment of the element. Quantitative analysis is based on this type of spectrum.

The core level spectrum may contains several components, each oxidation state having a

contribution to the signal. In order to distinguish each component, decomposition of the

spectrum is very important for XPS analysis. In this work the XPS data processing is

performed with CasaXPS software.

Before starting the decomposition, it is necessary to subtract the continuous background,
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Based on this model, the intensity of element N in the matrix of metal M can be expressed as:
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Where

k is the constant dependent of the spectrometer but not of the element.

A(β) is the analyzed area of the sample dependent of angle β

β is the take-off angle between the surface of the sample and the direction in which the

photoelectrons are analyzed.

F is the photoelectron flux

T(Ek) is the transmission factor of the analyzer. It depends on the kinetic energy of the

analyzed electron

λ is the inelastic mean free path of the analyzed photoelectrons of element N in matrix M

D is the density of the element N in matrix M

σ is the photoionization cross section of element N for a given core level

d is the thickness of the oxide matrix

The intensity of element N in the matrix of the oxide inner layer Mox1 can be expressed as:
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The thickness of the inner layer can be expressed as:
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The intensity of element N in the matrix of the oxide outer layer Mox2 can be expressed as:
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The thickness of the outer layer can be expressed as:
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The calculation of composition and thickness are based on these equations.

II.2.3. Instrument and conditions

The instrument used in this work is a Thermo Electron ESCALAB 250 spectrometer (Figure

II-6) operating at about 10-9 mbar. The X-ray source was an AlK monochromatized radiation

(h = 1486.6 eV). Survey spectra were recorded with a pass energy of 100 eV at a step size of

1 eV. High resolution spectra of the core level regions were recorded with a pass energy of

20 eV at a step size of 0.1 eV. The take-off angles of the analyzed photoelectrons were 40°

and/or 90°. Further details on the conditions of measurement are given in Chapters III, IV and

V.

Figure

II-6 Photo of the Thermo Electron ESCALAB 250 XPS spectrometer

II.3.Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)
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Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) is a lightly sensitive surface

analytical technique well established for industrial and research applications [2][3][5][12]-

[14]. ToF-SIMS is an acronym for the combination of the analytical technique Secondary Ion

Mass Spectrometry with Time-of-Flight mass analysis. The technique provides detailed

elemental and molecular information about the surface, thin layers, interfaces of the sample,

and gives a full three-dimensional analysis. Moreover, the most interesting capabilities of this

spectrometry are the high sensitivity (part per billion), detection of isotope and the detection

of hydrogen.

II.3.1.Principle

ToF-SIMS uses a focused beam of ions (typically Bi+) that is pulsed on a material surface

with a kinetic energy of a few keV, resulting in a collision cascade inside the material and the

emission of various secondary particles, such as electrons, neutral species, atoms and

molecules from the surface. The ions, which are the species of interest analyzed in a ToF-

SIMS measurement are emitted from the first 2-3 monolayers and are characteristic of the

surface composition. In ToF-SIMS spectrometry, a static scheme is maintained. Under such

conditions, a nearly non-perturbated surface is probed during each primary beam pulse.

Figure II-7 shows a schematic view of this principle.

Figure II-7 Schematics of the principle of SIMS [15]
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The secondary ions, produced during the collision, are accelerated under an electric field (U)

and enter the ToF analyzer.

Based on this principle, the kinetic energy of the secondary ions can be expressed as:

2

2
1 vmUqEk  eq.II-7

Where

q is the charge of the secondary ion,

U is the acceleration tension,

m is the mass of the secondary ion,

v is the speed of secondary ion

Thus, as soon as the secondary ions enter the analyzer, they fly a path of length L in vacuum

(collision-free space) with a velocity equal to:

m
Uqv 


2 eq. II-8

The measured time of flight (t) is linked to the mass of the ions according to the relation :

Uq
mL

v
Lt




2
eq. II-9

For a given charge, lighter ions travel faster through the analyzer, and ions are sorted

according to their mass/charge ratio.

ToF-SIMS allows different analytical modes. In this work, we used the depth profiling. In this

mode, two ion beams are used (dual beam mode): a primary ion beam for analysis (Bi+) and

an ion beam for erosion (Cs+). The successive use of each beam allows to make a ToF-SIMS

analysis at the bottom of a crater eroded during the sputtering phase of the measurement. Thus,

one obtains a complete mass spectrum at each sputtering time step and one can build depth

elemental composition profiles that represent the intensity of each secondary ion as a function

of the sputtering time.
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II.3.2. Instrument and conditions

In this work, a ToF-SIMS 5 spectrometer (Ion ToF–Munster, Germany) has been used for

ToF-SIMS analysis, Figure II-8 presents a photo of the spectrometer. It is operated at about

10-9 mbar. The depth profile analysis interlaces topmost surface analysis in static SIMS

conditions using a pulsed 25 keV Bi+ primary ion source delivering 1.2 pA current over a

100 × 100 μm2 area with sputtering using a 1 keV Cs+ sputter beam giving a 32 nA target

current over a 300 × 300 μm2 area. Analysis was centered inside the eroded crater to avoid

edge effects. The profiles are recorded with negative secondary ions that have higher yield for

oxide matrices than for metallic matrices. The Ion-Spec software is used for data acquisition

and processing.

Figure II-8 Photo of the ToF-SIMS 5 spectrometer

II.4.Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) is a technique that provides a mapping of the topology of
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the surface of a sample with a vertical resolution that can be less than one nanometer. Unlike

Scanning Tunneling Microscopy (STM), it does not require an electrically conductive sample.

All types of samples can be analyzed with AFM, including insulating samples. This advantage

gives AFM a large application [16][17].

II.4.1.Principle

The AFM is based upon the principle of sensing the forces between a sharp tip and the surface

to be investigated. The forces are measured by measuring the deflection of a very small

cantilever. The deflection is produced in the cantilever as a result of the interaction of the tip

with the sample resulting from attractive/repulsive forces. The deflection of the cantilever is

measured by the movement of the reflection point of a laser beam on a photodetector. Figure

II-9 present a schematic diagram of the AFM working principle.

Figure II-9 Diagram of the AFM working principle
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II.5.Photo-Current Spectroscopy (PCS)

Photocurrent spectroscopy is a very powerful technique for characterizing in-situ the solid-

state electronic properties of semiconducting and insulating materials. It is able to provide

detailed information on characteristic energy levels of oxide film/electrolyte junctions such as

the band gap value (Eg), the flat band potential (Ufb) and conductor type. These details help us

to identify the composition and the structure of the thin passive films. Also it is possible to

study the mechanism of charge transfer (electrons and ions) at the metal/corrosion

layer/electrolyte interface. There are several advantages of PCS analysis. This technique can

be applied to large area on the microscopic region of the surface with a high sensitivity. Also

it is a non destructive surface analysis technique. All these advantages enables a large

application especially for solar energy conversion and microelectronics [12][19]-[22].

II.5.1.Principle

The principle of photocurrent spectroscopy is also based on the photoemission phenomena as

in XPS. But here the photoelectron are not analyzed directly but in the form of photocurrent

by applying a potential. In the case of a thin oxide film on a metal or alloy surface (e.g.

stainless steel), the relation between optical band gap (Eg) and photocurrent intensity (Iph) can

be expressed as [20]

2/).( n
gph EhvconsthvI  eq. II-10

Where

hν is the energy of photon, with h the Planck constant (6.62 x 10-34 Js) and ν the frequency

(Hz) of the radiation.

n is a value which depends on the transition state between valence band (VB) and conduction

band (CB). For a direct transition n = 1, for a direct forbidden n = 3 and, in our case, for an

indirect transition n = 4.

Based on the value of the band gap, it is possible to correlate the composition of the film by

the following equations [19]
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71.2)(17.2 2  OavgE  eq. II-11

49.1)(35.1 2  OavgE  eq. II-12

Eq. II-11 is for a sp metal oxide and eq. II-12 is for a d metal oxide.

χO is the oxygen electronegativity and χav is the average electronegativity of the metal partners

in the oxides expressed as:

nm
nm NM

av 



 eq. II-13

where χM and χN are the electronegativity of the metal partners and the m and n are their ratio.

Using these equations, it is possible to estimate the band gap value based on the composition

of the oxide film measured by XPS.

II.5.2. Instrument and conditions

A Zennium electrochemical workstation (ZAHNER, Germany) operated with the Thales

software was used (Figure II-12). The measurements were performed in 0.1 M Na2B4O7

electrolyte (di-Sodium tetraborate , pH ~9.5) prepared from pure chemicals

(R.P.NORMAPUR®) and Millipore® water using a standard 3-electrode cell with a Pt spiral

as the counter electrode and an Ag/AgCl (in 3.5 M KCl) electrode as reference electrode. The

photocurrent spectra were recorded in the wavelength range from 310 to 700 nm (correspond

to 1.7 eV to 4 eV) with the Zahner Zennium CIMPS system (TLS-03) at a 3.16 Hz frequency.

As we can see there is also a potentiostat in this workstation so there are also several

electrochemical analysis like Linear Sweep Voltammetry (LSV) and Electrochemical

Impedance Spectroscopy (EIS) that can be performed with this instrument. The

electrochemical impedance spectra were generated by applying a sinusoidal signal of 10 mV

amplitude over the frequency range 0.1 Hz–100 kHz. The spectra were analyzed with the

Zview software.



54

Figure II-12 Zennium electrochemical workstation

II.6.Sample and surface preparation

Square-shaped 316L stainless steel samples were used in this work. The composition is

detailed in Table II-1

Fe Cr Ni Mo C Mn P S Si N

wt% Balance 19 13 2.70 ≤0.03 ≤2 ≤0.04 ≤0.03 ≤0.75 ≤0.10

at% Balance 20 12 1.56 ≤0.14 ≤2 ≤0.07 ≤0.05 ≤1.49 ≤0.40

Table II-1 Composition of 316L SS samples used in this work

Surface preparation was performed by mechanical polishing first with emery paper of

successive 1200 and 2400 grades and then with diamond suspensions of successive 6, 3, 1 and

0.25 μm grades. Cleaning and rinsing was performed after each polishing step in successive

ultrasonicated baths of acetone, ethanol and Millipore® water (resistivity > 18 MΩ cm).

Filtered compressed air was used for drying.
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Chapter III

Passivation-induced physicochemical alterations of the native surface

oxide film on 316L austenitic stainless steel

This chapter reproduces the final preprint of an original article published in the Journal of
The Electrochemical Society with the reference:
Z. Wang, F.D. Franco, A. Seyeux, S. Zanna, V. Maurice, P. Marcus, Passivation-induced
physicochemical alterations of the native surface oxide film on 316L austenitic stainless steel,
J. Electrochem. Soc. 166 (2019) C3376-C3388, doi: 10.1149/2.0321911jes

Abstract

Time of Flight Secondary Ion Mass Spectroscopy, X-Ray Photoelectron
Spectroscopy, in situ Photo-Current Spectroscopy and electrochemical
analysis were combined to characterize the physicochemical alterations
induced by electrochemical passivation of the surface oxide film providing
corrosion resistance to 316L stainless steel. The as-prepared surface is
covered by a ~2 nm thick, mixed (Cr(III)-Fe(III)) and bi-layered
hydroxylated oxide. The inner layer is highly enriched in Cr(III) and the
outer layer less so. Molybdenum is concentrated, mostly as Mo(VI), in the
outer layer. Nickel is only present at trace level. These inner and outer
layers have band gap values of 3.0 and 2.6-2.7 eV, respectively, and the
oxide film would behave as an insulator. Electrochemical passivation in
sulfuric acid solution causes the preferential dissolution of Fe(III) resulting
in the thickness decrease of the outer layer and its increased enrichment in
Cr(III) and Mo(IV-VI). The further Cr(III) enrichment of the inner layer
causes loss of photoactivity and improved corrosion protection with the
anodic shift of the corrosion potential and the increase of the polarization
resistance by a factor of ~4. Aging in the passive state promotes the Cr
enrichment in the inner barrier layer of the passive film.

III.1. Introduction

Stainless steels (SS) are widely used thanks to their excellent mechanical properties and

corrosion resistance. Surface analytical studies, including X-Ray Photoelectron Spectroscopy

(XPS), performed on ferritic Fe-Cr(-Mo) [1]-[19] and austenitic Fe-Cr-Ni(-Mo) [20]-[40] SS

substrates have shown that a continuous and protective surface oxide/hydroxide layer, the
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passive film, markedly enriched in Cr(III) and only a few nanometers thick when formed at

ambient temperature, provides the corrosion resistance. The Cr enrichment in the passive film,

which is the key factor for the corrosion resistance, is strong in acid aqueous environment

because of the competitive dissolution of the iron and chromium oxide species and

comparatively small dissolution rate of Cr(III) oxide. In alkaline aqueous solutions, the lower

solubility of Fe(II)/Fe(III) oxides mitigates the Cr enrichment. For Ni-bearing SS, there is no

or very little Ni(II) in the passive films and the metallic alloy region underneath the oxide is

enriched with Ni(0) [20][21][22][27][28][29][30]. Mo-bearing SS, including austenitic AISI

316L, have better corrosion resistance in chloride-containing environments, where passive

film breakdown can be followed by the initiation of localized corrosion by pitting. Mo(IV) or

Mo(VI) oxide species enter the passive film composition at a few at% level without markedly

altering the thickness [10][21][22][27][30][32][35]. Molybdenum has been proposed to

mitigate passive film breakdown or to promote passive film repair.

The Cr(III) enrichment may not be homogeneous in the passive film, as suggested by recent

studies performed at the nanometer scale [27][41], and the heterogeneities may cause the local

failure of the corrosion resistance and of the initiation of localized corrosion [42]. These

heterogeneities of Cr enrichment would find their origin in the mechanisms of pre-passivation

leading to the initial formation, most often in air, of the native oxide and in the subsequent

modifications of the oxide film induced by immersion in solution. The better understanding of

the mechanisms governing the Cr enrichment requires to thoroughly investigate both the

initial stages of oxidation leading to pre-passivation of the SS surface [43] and the

modifications brought by electrochemical passivation of the native oxide-covered SS surface.

Here we report on the properties of the native oxide layer formed on a polycrystalline

austenitic 316L SS surface in air and modified by electrochemical passivation in acid solution.

Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS) and XPS surface analysis

were used to characterize the layered structure, thickness and composition of the oxide film

and their modifications. Photocurrent Spectroscopy (PCS), applied in situ and combined with

electrochemical analysis [44][45][46][47], was used to obtain direct information on the

electronic properties of the thin photo-conducting surface films. Linear Scan Voltammetry

and Electrochemical Impedance Spectroscopy were applied to discuss the corrosion resistance.

III.2. Experimental
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Polycrystalline AISI 316L austenitic SS samples were used. The bulk wt% composition of the

main alloying elements was Fe–19Cr–13Ni–2.7Mo (Fe–20Cr–12Ni–1.6Mo at%). Surface

preparation was performed by mechanical polishing first with emery paper of successive 1200

and 2400 grades and then with diamond suspensions of successive 6, 3, 1 and 0.25 μm grades.

Cleaning and rinsing was performed after each polishing step in successive ultrasonicated

baths of acetone, ethanol and Millipore® water (resistivity > 18 MΩ cm). Filtered compressed

air was used for drying. The Ra roughness of the as-polished surfaces was 2.4 nm measured

by AFM on 10 × 10 µm2 areas. The native oxide film was analyzed after short time (5-10 min)

exposure in ambient air after surface preparation. The passive oxide film was formed by

electrochemical passivation in a 3-electrode cell. The potential was stepped from open circuit

value (UOC = -0.23 V vs SCE) to UPass = 0.3 V vs SCE and maintained to this value for 1 or 20

hours. The selected value corresponded to the minimum of passive current in 0.05 M H2SO4

aqueous solution as determined from polarization curves (see Chapter V). The electrolyte was

prepared from ultrapure chemicals (VWR®) and Millipore® water. No cathodic pre-treatment

was performed in order to avoid any reduction-induced alteration of the initial native oxide

film prior to passivation. The Ra roughness of the passivated surfaces was 2.1 nm measured

by AFM on 10 × 10 µm2 areas.

Depth profile elemental analysis of the oxide-covered surfaces was performed using a ToF-

SIMS 5 spectrometer (Ion ToF – Munster, Germany) operated at about 10-9 mbar. The depth

profile analysis interlaced topmost surface analysis in static SIMS conditions using a pulsed

25 keV Bi+ primary ion source delivering 1.2 pA current over a 100 × 100 m2 area with

sputtering using a 1 keV Cs+ sputter beam giving a 32 nA target current over a 300 × 300 m2

area. Analysis was centered inside the eroded crater to avoid edge effects. The profiles were

recorded with negative secondary ions that have higher yield for oxide matrices than for

metallic matrices. The Ion-Spec software was used for data acquisition and processing.

Surface chemical analysis was performed by XPS with a Thermo Electron ESCALAB 250

spectrometer operating at about 10-9 mbar. The X-ray source was an AlK monochromatized

radiation (h = 1486.6 eV). Survey spectra were recorded with a pass energy of 100 eV at a

step size of 1 eV. High resolution spectra of the Fe 2p, Cr 2p, Ni 2p, Mo 3d, O 1s, and C 1s

core level regions were recorded with a pass energy of 20 eV at a step size of 0.1 eV. The

take-off angles of the analyzed photoelectrons were 40° and 90°. The binding energies (BE)

were calibrated by setting the C 1s signal corresponding to olefinic bonds (–CH2–CH2–) at

285.0 eV. Reconstruction of the spectra (curve fitting) was performed with CasaXPS, using a
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Shirley type background. Asymmetry was taken into account for the metallic components (Cr0,

Fe0, Mo0, Ni0) by using the peak shape of LA(α, β, m) [48]. Lorentzian/Gaussian (70%/30%)

peak shapes and a broader envelope was used to account for the multiplet splitting of the

oxide components (CrIII, FeIII, MoIV, MoVI) [48][49].

Photoelectrochemical and electrochemical analysis was performed using a Zennium

electrochemical workstation (ZAHNER, Germany) operated with the Thales software. The

measurements were performed in 0.1 M Na2B4O7 electrolyte (di-Sodium tetraborate , pH ~9.5)

prepared from pure chemicals (R.P.NORMAPUR®) and Millipore® water using a standard 3-

electrode cell with a Pt spiral as the counter electrode and an Ag/AgCl (in 3.5 M KCl)

electrode as reference electrode. This buffer solution was selected in order to provide stability

to the oxide films during measurements and thus to minimize their alteration. The

photocurrent spectra were recorded in the wavelength range from 310 to 700 nm with the

Zahner Zennium CIMPS system (TLS-03) at a 3.16 Hz frequency. The electrochemical

impedance spectra were generated by applying a sinusoidal signal of 10 mV amplitude over

the frequency range 0.1 Hz–100 kHz. The spectra were analyzed with the Zview software.

III.3. Results and discussion

III.3.1.Surface analysis

III.3.1.1. Native oxide film

The ToF-SIMS negative ion depth profiles of the 316L stainless steel sample covered by the

native oxide film are shown in Figure III-1. In Figure III-1a, the intensity profiles of

secondary ions characteristic for the oxide film (18O-, 18OH-, CrO2-, FeO2-, NiO2- and MoO2-)

and the substrate (Cr2-, Fe2- and Ni2-) are plotted in logarithmic scale versus sputtering time.

As proposed previously [50], the profile of the Ni2- ions is used to define the position of the

“modified alloy” region between the oxide film and the metallic bulk substrate regions, where

Ni is found enriched as observed previously on austenitic and duplex stainless steels [20]-

[22][27]-[30][50]. This region is measured from 20 to 48 s of sputtering time, meaning that

the oxide film region is from 0 to 20 s and the metallic substrate region after 48 s. The

sputtering rate can be estimated to 0.1 nm s-1 based on the thickness of the oxide film of 2 nm

determined by XPS as discussed below. In the surface oxide region, the most predominant

profiles of the oxidized metals are those of the CrO2-, FeO2- and to a lesser extent MoO2- ions









66

lower relative intensity of this Cr7 component, it was deliberately chosen to use a single but

wider peak rather than a series of five narrower peaks as done for the oxide component. No

additional CrVI component at a BE of 579.5 eV [48] was needed.

Table III-1 BE, FWHM and relative intensity values of the peak components used for

reconstruction of the XPS spectra on polycrystalline 316L SS after formation in ambient air of

the native oxide film and after passivation at 0.3 V/SCE in 0.05 M H2SO4.

Native oxide film Passive oxide film 1 h Passive oxide film 20 h

Core
level Peak Assignment

BE
(±0.1
eV)

FWHM
(±0.1
eV)

Intensity
(%)

BE
(±0.1
eV)

FWHM
(±0.1
eV)

Intensity
(%)

BE
(±0.1
eV)

FWHM
(±0.1
eV)

Intensity
(%)

Fe
2p3/2

Fe1 Fe metallic 707.0 0.8 55.1 707.0 0.8 63.3 707.0 0.8 63.8

Fe2 FeIII oxide 708.8 1.3 8.9 708.8 1.2 8.2 708.9 1.2 8.5

Fe3 FeIII oxide 709.9 1.1 8.0 709.8 1.1 7.4 709.9 1.1 7.6

Fe4 FeIII oxide 710.7 1.1 6.3 710.7 1.1 5.7 710.8 1.1 5.9

Fe5 FeIII oxide 711.7 1.3 3.6 711.7 1.3 3.3 711.8 1.3 3.4

Fe6 FeIII oxide 712.8 2.0 3.6 712.8 2.0 3.3 712.9 2 3.4

Fe7 FeIII
hydroxide 711.9 2.7 14.5 711.9 2.7 8.8 711.9 2.7 7.5

Cr
2p3/2

Cr1 Cr metallic 574.1 1.1 26.4 574.1 1.1 24.5 574.0 1.1 21.2

Cr2 CrIII oxide 576.0 1.2 17.8 576.2 1.4 17.4 576.1 1.3 19.0

Cr3 CrIII oxide 577.0 1.2 17.2 577.2 1.4 16.9 577.1 1.3 18.4

Cr4 CrIII oxide 577.8 1.2 9.4 578..0 1.4 9.2 577.9 1.3 10.1

Cr5 CrIII oxide 578.8 1.2 39 579.0 1.4 3.8 578.9 1.3 4.2

Cr6 CrIII oxide 579.2 1.2 2.5 579.4 1.4 2.4 579.3 1.3 2.6

Cr7 CrIII
hydroxide 577.2 2.5 22.8 577.2 2.5 25.8 577.2 2.5 24.4

Mo
3d5/2

Mo1 Mo metallic 227.7 0.5 28.4 227.8 0.5 28.6 227.7 0.5 27.4

Mo2 MoIV oxide 229.5 0.8 3.4 229.6 0.9 4.6 229.5 0.9 3.6

Mo3 MoVI oxide 232.6 2.3 28.4 232.7 2.5 27.1 232.6 2.5 29.3

Mo
3d3/2

Mo1’ Mo metallic 230.9 0.8 18.8 230.9 0.9 18.8 230.8 0.8 18.1

Mo2’ MoIV oxide 232.6 0.8 2.3 232.7 0.9 3.1 232.7 0.9 2.4

Mo3’ MoVI oxide 235.7 2.3 18.8 235.8 2.5 17.9 235.6 2.5 19.3

Ni
2p3/2 Ni Ni metallic 852.9 0.9 100 852.9 0.9 100 852.8 0.9 100

O 1s

O1 O2- 530.3 1.2 43.1 530.3 1.2 33.7 530.3 1.2 40.5

O2 OH- 531.6 1.7 39.9 531.8 1.7 39.5 531.7 1.8 44.2

O3 H2O 532.8 2.4 17 532.7 2.5 26.9 532.8 2.5 15.3

Similarly, in the Fe 2p3/2 spectrum (Figure III-3b), the peak at 706.8 eV (Fe1) relates to

metallic Fe0 in the substrate and the series of five peaks (Fe2-Fe6) to FeIII in the surface oxide

layer [7][23][34][48][51][52]. The additional peak needed at 711.9 eV (Fe7) is assigned to
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The equivalent thickness and composition of the outer and inner layers and the composition of

the alloy underneath were calculated from the intensities of the oxidized and metallic

components used for reconstruction: Cr2-Cr6 assigned to inner layer and Cr7 assigned to

outer layer, Fe2-Fe4 assigned to inner layer and Fe5-Fe7 assigned to outer layer, Mo2-Mo3

assigned to outer layer, and Cr1, Fe1, Mo1 and Ni1 all assigned to modified alloy substrate. A

classical model of intensity attenuation by continuous layers was used. The results are

presented in Table III-2.

Table III-2 Thickness and composition of the native and passive oxide films on

polycrystalline 316L SS as calculated form the XPS data based on the model in Figure III-4

Global film Outer layer Inner layer Modified alloy

Native film

d (nm) 2 0.8 1.2 /

[Fe] (at%) 39 41 36 52

[Cr] (at%) 55 44 64 18

[Ni] (at%) / / / 28

[Mo](at%) 6 15 / 3

Ratio Cr/Fe 1.4 1.1 1.8 /

Passive film 1h

d (nm) 1.9 0.7 1.2 /

[Fe] (at%) 26 26 26 51

[Cr] (at%) 67 56 74 20

[Ni] (at%) / / / 26

[Mo](at%) 7 18 / 4

Ratio Cr/Fe 2.6 2.2 2.8 /

Passive film
20h

d (nm) 1.9 0.6 1.3 /

[Fe] (at%) 26 32 23 53

[Cr] (at%) 68 49 77 16

[Ni] (at%) / / / 28

[Mo](at%) 6 19 / 2

Ratio Cr/Fe 2.6 1.5 3.3 /

The total thickness is found to be 2 nm, slightly larger than that (1.7 nm calculated using a

similar model) reported for the native oxide film formed in air on a Fe–17Cr–14.5Ni–2.3Mo

(wt%) single-crystalline surface prepared by mechanical polishing, electropolishing and high

temperature annealing in reducing hydrogen atmosphere [27]. This difference might be due, at

least partially, to the different surface preparation and the remaining presence of a cold-

worked layer on the polycristalline mechanically polished surface. In the present case, the
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thicknesses of the outer and inner layers of the surface oxide are 0.8 and 1.2 nm, respectively.

Their ratio of 2/3 is in agreement with the value of ~8/12 obtained from sputtering time in the

ToF-SIMS depth profiles, not far from the 41/59 value found on the single-crystalline surface

[27].

The overall composition of the oxide film, obtained by weighting the cation concentration

value of each element by the fractional thickness of the inner and outer layers, as well as the

composition of the modified alloy beneath the oxide film are also shown in Table III-2.

Chromium is found markedly enriched with CrIII ions representing 55% of the metal cations in

the film and slightly depleted (18 at% instead of 20 at% in the bulk alloy) in the modified

alloy underneath the oxide film. The overall Cr/Fe ratio in the oxide film is 1.4 vs. 0.3 in the

modified alloy. This ratio is found higher in the inner layer than in the outer layer of the oxide

film, reproducing the trend evidenced by the ToF-SIMS depth profiles. Nickel, not found in

measurable amount in the oxide film, is enriched in the alloy underneath the oxide film (28

at% instead of 12 at% in the bulk alloy), also in agreement with the ToF-SIMS depth profiles.

These enrichments are quite similar to the results for the single-crystalline surface [27].

Concerning molybdenum, it is found enriched in the native oxide film (6 at% of MoIV/VI

instead of 1.6 at% of Mo0 in the bulk alloy), more significantly than on the single-crystalline

surface (2 at%) but also enriched in the alloy underneath the oxide film (3 at%), in contrast to

the absence of enrichment found on the single-crystalline surface (1.5 at%), possibly also

owing to the different surface preparation and/or microstructure effects.

III.3.1.2. Passive films

The ToF-SIMS negative ion depth profiles for the 316L stainless steel samples passivated in

0.05 M H2SO4(aq) are shown in Figure III-5 (1 h) and Figure III-6 (20 h). In the surface

oxide regions, the most predominant profiles of the oxidized metallic elements remain those

of the CrO2-, FeO2- and to a lesser extent MoO2- ions for both passive films (Figure III-5a and

Figure III-6a). Like for the native oxide film, the NiO2- ions have much lower intensity. Using

the Ni2- ions profiles and the same criterion as for the native oxide-covered sample, the

metallic substrate regions are positioned at 49 s for both passive films. The oxide film is from

0 to 19 s for the 1 h passive film and from 0 to 20 s for the 20 h passive film, suggesting no

marked variation of the overall thickness compared to the native oxide film. For both passive

films, the modified alloy region is enriched in Ni as shown by the peaks (attenuated in
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of 41%FeIII-44%CrIII-15%MoIV/VI for the native oxide, confirming chromium and

molybdenum enrichment after passivation. The inner layer composition is 26%FeIII-74%CrIII

for 1 h and 23%FeIII-77%CrIII for 20 h passivation instead of 36% FeIII-64% CrIII for the

native oxide. It reproduces the increased balance in favor of chromium also observed by ToF-

SIMS (Figure III-5d and Figure III-6d) and reflected by the increase of the Cr/Fe ratio

calculated from the XPS data (Table III-2). The global composition of the film also reflects

the increase of the chromium enrichment induced by passivation. The CrIII concentration

increases to 67% in the oxide film after 1 h passivation versus 55% in the native oxide but

remains constant after 20 h passivation (68%). The passivation-induced MoIV/VI enrichment of

the oxide film outer layer is not marked when considering the global composition of the oxide.

The alloy underneath the oxide film is found still markedly enriched in nickel and only

slightly in molybdenum after passivation. The slight chromium depletion observed underneath

the native oxide seems vanished after 1 h passivation and would reappear after longer

passivation.

These modifications of the oxide film composition are consistent with the preferential iron

oxide dissolution induced by passivation in acid solution [16][27][30][32][37]. Comparing

with the results reported for the single-crystalline surface [27], the differences observed in the

present case are the absence of variation of thickness of the inner layer of the oxide film after

passivation whereas an increase was observed on the single-crystalline surface. The decrease

in chromium depletion in the alloy underneath the film observed after 1 h passivation was also

observed on the single-crystalline surface. The effect of aging in the passive state is to

increase the Cr enrichment in the inner layer of the oxide film, considered as the barrier layer,

but not in the outer layer, considered as an exchange layer with the electrolyte. It confirms

previous findings on Mo-free austenitic [20] and ferritic [2][12] SS. Concerning molybdenum,

its enrichment in the outer layer as well as its overall concentration in the oxide film do not

seem to be promoted by aging in the passive state, nor its enrichment in the modified alloy

underneath the passive film. The confinement of MoIV/VI enrichment in the outer layer of the

passive film is in agreement with previous works in the presence of molybdates [22][30][32].

It is supportive of the bipolar model developed to explain how molybdenum would mitigate

passive film breakdown [34]-[36].

III.3.2.Photoelectrochemical characterization

III.3.2.1. Native oxide
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The photoelectrochemical study was conducted in 0.1 M Na2B4O7 electrolyte (pH ~ 9.5) at

open circuit potential UOC = -0.07 V vs Ag/AgCl and at slightly higher potential (UE =

0.2 V vs Ag/AgCl in order to minimize the changes in the oxide film composition induced by

anodic polarization. Figure III-10a shows the photocurrent spectrum recorded at UOC on the

native oxide film. The decrease of the photocurrent efficiency to noise level with increasing

wavelength (decreasing energy) is consistent with the presence of a surface oxide film with an

optical band gap at the interface between electrolyte and metal substrate. It is possible to

estimate a band gap value using eq. III-1, valid for an indirect optical transition and photon

energies close to the band gap value [54]:

(Qph h)n ∝ (h – Eg) eq.III-1

where h is the photon energy and Eg is the optical band gap (or mobility gap for amorphous

materials); n is assumed to be 0.5 for non-direct optical transitions [54][55]. The photocurrent

yield Qph is assumed to be proportional to the light absorption coefficient. It is defined as:

)1(0 Re
I

Q ph
ph 



eq.III-2

where Iph is the collected photocurrent and e the electron charge. The incident photon flux on

the interface 0 is corrected for the reflection at the metal/oxide/electrolyte interface with R

being the total reflectivity of the junction.

The inset of Figure III-10a shows the (Qph·hν)0.5 vs hν plot. Two linear regions are evidenced.

From the line fitting of the high energy region, one estimates an optical band gap close to

3.0 eV by extrapolating the (Qphh)0.5 value to the noise level set at 1×10-3 a.u.. Using the

same procedure, a band gap close to 2.7 eV is estimated from the line fitting of the low energy

region.
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films with outer and inner layers of different chemical composition and associated to different

band gap values was also formed in these cases.

The plots of the photocurrent efficiency and phase recorded versus applied potential at a

wavelength of 309 nm are shown in Figure III-10c. The marked drop of the photocurrent at

UE ≥ 0.2 V vs Ag/AgCl can be the result of the very high electric field modifying the surface

oxide film in this potential range. At lower applied potentials, the photocurrent variation is

inversed when shifting in the cathodic direction. The photocurrent first decreases between 0.2

and -0.4 V, as typical for anodic photocurrent, and then increases between -0.4 and -0.8 V as

typical for cathodic photocurrent. The variation of the photocurrent phase shows a transition

centered at about -0.4 V, from about 10° in the anodic region to about -150° in the cathodic

region. This behavior characterizes an insulating material, for which depending on the applied

potential with respect to the flat band potential and thus on the direction of the electric field

both anodic and cathodic photocurrents can be measured [47]. Since for insulating layers the

flat band potential can be assumed to be close to the inversion photocurrent potential, we can

estimate the flat band potential of the native oxide film formed on 316L SS to be about -

0.4 V vs Ag/AgCl at pH ~9.5. This value is in agreement with the value reported for passive

films grown on pure chromium [55]. Due to the very low thickness of the oxide film, we

cannot exclude that the cathodic photocurrent arises from electron photoemission processes

[45]. In this case the oxide would behave as a thin n-type semiconductor.

In order to confirm the sign of the generated photocurrent, current vs time plots were recorded

at different UE values under constant wavelength while manually chopping the irradiation

(Figure III-11). The generated photocurrent changes from anodic to none when the applied

potential changes from 0.1 to -0.4 V vs Ag/AgCl. The drop to zero at UE= -0.4 V is consistent

with the data reported in Figure 7c and the determination of the flat band potential. The

cathodic current expected at lower applied potential cannot be detected because the

background current is too high.
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the contributions coming from each layer for the bilayered structure. The following equation

is used for interpolating the experimental data:

     2/12/1   hGTeGThQ inninn
D

outout
outout   eq.III-3

In this equation, the subscripts “inn” and “out” refer to the inner and outer layers, respectively,

G and T to the generation and transport term in each layer, respectively, αout to the absorption

coefficient of photon by the outer layer, and Dout to the thickness of the outer layer. The

photon flux impinging the inner layer surface is assumed to be 0e-outDout .

The expressions for the G and T terms are [57]:

  DG g   exp1 eq.III-4

and
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D
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 exp1 eq.III-5

where ηg (, F) is the generation efficiency, lower than 1 as result of geminate recombination

effects in disordered materials at low electrode potentials with respect to the flat band

potential [58]. α is the absorption coefficient at the given wavelength, D the total film

thickness (D = Dout + Dinn) and F the electric field inside the film. μ and τ are the mobility and

lifetime of the photogenerated carriers (holes, h, and electrons, e), respecting the following

equation:

 =  ee +  hh eq.III-6

In order to take into account possible multiple reflection effects at the metal/oxide interface,

an average value of the total reflectivity, R, of the electrolyte/surface oxide film/metal

junction has been estimated under the hypothesis of a single absorbing layer on an absorbing

substrate [59]. The refractive indexes relating to water [60], the composition of surface oxide

[61]and stainless steel [62]were used.

Figure III-13 presents the experimental (Q·h)0.5 vs h plots and their fit according to eq. III-4

for the native oxide film. The Dout and Dinn values obtained by XPS have been used. The fitted

values of in the range 105 - 103 cm-1 for the Fe-rich outer layer and 104 - 102 cm-1 for the

Cr-rich inner layer are in quite good agreement with the values usually reported for iron and

chromium oxides [63][64]. Table III-3 presents the other fitting parameters. For the native
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Eam = 0 for crystalline oxides, whilst increasing values are expected (up to around 0.5 eV)

if the lattice disorder affects the density of states distribution both near the valence and

conduction band edges [58].

In our case, we can develop eq.III-9 based on eq.III-8:

cBAav cba
c

cba
b

cba
a 








 eq.III-9

For the native oxide film the composition of the outer and inner layers are taken as 41%Fe-

44%Cr-15%Mo and 36%Fe-64%Cr, respectively, from the XPS data (Table III-2). We

assume �Fe3+ = 1.9 ± 0.05, �Cr3+ = 1.6 ± 0.05 and �Mo6+ = 1.65 ± 0.05. Using eq. III-7 and

eq. III-9 we can calculate the theoretical values of the band gaps and, considering the

electronegativity uncertainty, obtain values of 2.7 ± 0.3 eV and 2.8 ± 0.3 eV for the outer and

inner layers, respectively (considering ΔEam is 0 eV). These values are in reasonable good

agreement with the values obtained by the modeling of the experimental data of Figure III-10.

For the passive films, the theoretical values of the band gaps can also be calculated from the

composition of the layers determined by surface analysis. Considering the compositions of

26%Fe-56%Cr-18%Mo and 23%Fe-77%Cr for the outer and inner layers of the 1 h passive

film, we obtain values of 2.9 ± 0.3 eV and 3.0 ± 0.3 eV, respectively, reflecting the effect of

the increased Cr enrichment on the expected band gap values. For the 20 h passive film, the

expected respective values would also be 2.9 ± 0.3 eV and 3.0 ± 0.3 eV.

III.4. Electrochemical characterization

Figure III-14a compares the polarization curves recorded in 0.1 M Na2B4O7 electrolyte (pH

~9.5) at 1 mV s-1 for the native oxide-covered and 1 h pre-passivated samples. On both

samples, no active-passive transition is observed in agreement with the presence of Cr-

enriched surface oxides films. The passivity region is stable up to 0.4 V vs Ag/AgCl,

suggesting that transpassivity associated with Cr(VI) oxide formation and dissolution is not

reached in these conditions. The curves confirm that anodic polarization in 0.1 M Na2B4O7

does not modify markedly the passive film composition, as supported by the

photoelectrochemical characterizations performed at 0.2 V. The PCS data recorded at 0.4 V

(Figure III-10c) suggest however some modifications of the native oxide film. The corrosion

potential is shifted toward the anodic direction for the pre-passivated sample and the passive

current density is lower, meaning that the passive oxide film produced by polarization in acid
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Table III-4 Best fit parameters of the EIS spectra shown in Figure III-14b

Sample Rs
(Ω∙cm2)

RP
(Ω∙cm2)

Q
(S·sncm-2)

n

Native oxide film 47.2 1.8 105 2.5 10-5 0.92
Passive film 1 h 46.4 8.3 105 2.2 10-5 0.92
Passive film 20 h 43.4 8.3 105 2.2 10-5 0.92

III.5. Conclusion

ToF-SIMS, XPS, PCS and electrochemical measurements were combined in order to study

the physicochemical alterations induced by electrochemical passivation of the surface oxide

film providing corrosion resistance to 316L austenitic stainless steel. The native oxide film

formed on the mechanically polished SS surface is ~2 nm thick and consists of a mixed

Cr(III)-Fe(III) oxide hydroxylated in its outer part. It has a bilayer structure highly enriched in

Cr(III) in the inner layer and less so in the outer layer. Molybdenum is concentrated, mostly

as Mo(VI), in the outer layer and nickel is below the XPS detection limit. Photocurrent

spectroscopy performed in situ in a borate buffer solution at and near open circuit potential

confirmed the bilayer structure. The band gaps of the inner and outer layers are 3.0 eV and

2.6-2.7 eV, respectively, in agreement with the variation of the chromium enrichment.

According to the PCS data, the oxide film would behave as an insulator with an inversion

potential of ~ - 0.4 V vs. Ag/AgCl at pH ~ 9.5.

Electrochemical passivation in sulfuric acid solution causes the Cr(III) enrichment to increase

in both layers of the oxide film and the Mo(IV-VI) enrichment to increase in the outer layer,

owing to the preferential dissolution of Fe(III) in the electrolyte also reflected by the slight

decrease of thickness of the outer layer of the oxide film. The decrease of the photoactivity

measured in situ prevented a reliable experimental determination of the band gaps of the inner

and outer layers after passivation but values of 3.0 and 2.9 eV, respectively, were calculated

from the composition of the layers measured by XPS. Electrochemical passivation and the

related enrichment in chromium of the oxide film improves the corrosion resistance as

evidenced by the anodic shift of the corrosion potential and the increase of the polarization

resistance observed on the pre-passivated surface by linear sweep voltammetry and

impedance spectroscopy. Aging in the passive state promotes the Cr enrichment in the inner

barrier layer of the passive film, however with no detectable effects on the polarization

resistance. It also promotes dehydroxylation, thereby counter-acting the hydroxylation

increase induced by passivation in aqueous electrolyte.
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Chapter IV
Mechanisms of CrandMo enrichments in the passive oxide film on 316L

austenitic stainless steel

This chapter reproduces the final preprint of an original article published in Frontiers
Materials, section Environmental Materials with the reference:
Z. Wang, E.-M. Paschalidou, A. Seyeux, S. Zanna, V. Maurice, P. Marcus, Mechanisms of Cr
and Mo enrichments in the passive oxide film on 316L austenitic stainless steel, Front. Mater.
6 (2019) 232. doi:10.3389/fmats.2019.00232.

Abstract

An approach preventing contact to ambient air during transfer from liquid environment for
electrochemical treatment to UHV environment for surface analysis by X-Ray Photoelectron
Spectroscopy and Time-of-Flight Secondary Ion Mass Spectrometry was applied to study the
mechanisms of Cr and Mo enrichments in the passive oxide film formed on 316L austenitic
stainless steel. Starting from the air-formed native oxide-covered surface, exposures were
conducted in aqueous sulfuric acid solution first at open circuit potential and then under anodic
polarization in the passive range. At open circuit potential the thickness of the bi-layered oxide
film was observed to decrease and the enrichments of both Cr(III) and Mo, mostly Mo(VI), to
markedly increase as well as the film hydroxylation. This is due to preferential dissolution of
the Fe(III) oxide/hydroxide, not compensated by oxide growth in the absence of an electric
field established by anodic polarization. Anodic polarization in the passive domain causes the
bi-layered structure of the oxide film to re-grow by oxidation of iron, chromium and
molybdenum, without impacting the Cr enrichment and only slightly mitigating the Mo
enrichment. De-hydroxylation of the inner layer is also promoted upon anodic polarization.
These results show that the treatment of the surface oxide film in acid solution at open circuit
potential enhances Cr and Mo enrichments and promotes hydroxylation. Passivation by anodic
polarization allows dehydroxylation, yielding more Cr oxide, without markedly affecting the
Mo enrichment, also beneficial for the corrosion resistance.

IV.1. Introduction

Stainless steels (SS) are important technological materials of widespread application that

combine excellent mechanical and corrosion properties. The high corrosion resistance is

provided by the passive film, a surface oxide/hydroxide layer that is continuous and protective

and does not exceed a few nanometers in thickness when formed at ambient temperature, as

observed on Fe-Cr ferritic [1]-[19] and Fe-Cr-Ni austenitic [20]-[40] stainless steels. The

markedly Cr(III)-enriched composition of the passive film is a key factor for the corrosion

https://doi.org/10.3389/fmats.2019.00232
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resistance. In aqueous environments, it results from the competitive oxidation of iron and

chromium with faster dissolution of Fe(II)/Fe(III) compared to Cr(III) species, especially in

acid solutions [16].

On Fe-Cr-Ni austenitic stainless steels, the passive films contain no or very little Ni(II)

species and the metallic alloy region underneath the oxide is enriched in nickel [20]-[27]. SS

grades alloyed with a few at% Mo better resist localized corrosion by pitting in chloride-

containing environments. Their passive films are slightly enriched in Mo(IV) or Mo(VI)

species with no alterations of the thickness [10][21][22][24][35][37]. It has been proposed

that the presence of molybdenum would mitigate the breakdown of the passive film preceding

the initiation of localized corrosion [10][11][19][21][25][28][30][33]-[36][39] or promote the

passive film repair after breakdown [18][21][29]-[31].

More recently, it has been reported that the Cr(III) enrichment in the passive film may not be

homogeneous at the nanometer scale [27][41] and that the heterogeneities of the Cr local

distribution may be responsible for the passive film breakdown leading to the local failure of

the corrosion resistance [42]. The mechanisms of formation of the passive film include a pre-

passivation stage during which a native oxide film is formed, most often in ambient air, and a

subsequent stage where the native oxide film is altered, once exposed to the aqueous

environment, to become the passive film. Hence, a thorough investigation of the Cr(III)

enrichment mechanisms is necessary to develop the comprehensive knowledge on how to

improve the resistance to local failure of passivity. It must address the initial stages of

oxidation leading to pre-passivation of the SS surface [43][44] as well as the alterations of the

native oxide film brought by immersion in the aqueous environment and by electrochemical

anodic polarization in the passive range [45] (Chapter III).

In the present study, we addressed the mechanisms by which the Cr and Mo enrichments in

the native surface oxide film are modified when exposing a polycrystalline austenitic 316L SS

to an acid aqueous solution. Time-of-Flight Secondary Ion Mass Spectroscopy (ToF-SIMS)

elemental depth profile analysis and X-ray Photoelectron Spectroscopy (XPS) compositional

surface analysis were applied to interrogate the modifications induced by immersion without

and with application of anodic polarization in the passive domain. An experimental protocol

avoiding contact to ambient air of the samples during transfer from liquid environment for

electrochemical treatment to the different UHV platforms for surface analysis was adopted,

enabling us to highlight the key effect of immersion under open circuit conditions on the Cr

and Mo enrichments
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IV.2. Experimental

Polycrystalline 316L austenitic SS samples of bulk composition Fe–19Cr–13Ni–2.7Mo (wt%)

(Fe–20Cr–12Ni–1.6Mo at%) were used. The surfaces were prepared by mechanical polishing

first with emery paper of successive 1200 and 2400 grades and then with diamond

suspensions of successive 6, 3, 1 and 0.25 μm grades. Ultrasonicated baths of acetone, ethanol

and Millipore® water (resistivity > 18 MΩ cm) were successively used for cleaning and

rinsing after each polishing step. Filtered compressed air was used for drying.

Similarly to approaches developed in the past for surface analytical studies of passivity

[21][46][47], the experimental protocol was designed to avoid ambient air exposure of the

electrochemically-treated samples. The samples, as received from surface preparation, were

introduced in an Ar-filled (P = ~200 Pa) glove box (Jacomex, France) equipped with a 3-

electrode electrochemical cell for electrochemical treatment. The 3-electrode electrochemical

cell was controlled by a Gamry 600 potentiostat. It included a Pt grid as counter electrode and

saturated calomel reference electrode. The area (0.5 cm2) of the working electrode was

delimited by a Viton O-ring. The electrolyte was a 0.05 M H2SO4 aqueous solution prepared

from ultrapure chemicals (VWR®) and Millipore® water and bubbled with argon prior to

introduction in the glove box. Oxygen and water vapor concentrations in the glove box

evolved from < 250 ppm and < 1000 ppm after introduction of the electrolyte to < 55 ppm and

< 200 ppm after performing the electrochemical treatments, respectively.

The samples, covered by the native oxide film formed in air, were first stored under Ar

atmosphere, then immersed at open circuit potential (-0.26 ≤ UOCP ≤ -0.22 V/SCE) for 30 min

and then passivated by a potential step to UPass = 0.5 V/SCE for 30 min. The selected UPass

value corresponded to the minimum of passive current measured by linear sweep voltammetry

(Figure IV-1). No cathodic pre-treatment was performed in order to avoid any reduction-

induced alteration of the initial native oxide film exposed at UOCP. After electrochemical

treatment, the samples were emerged from the electrolyte at free potential, rinsed with

Millipore® water and dried with argon. They were then installed under argon in containers

that were air tight sealed for transfer to surface analysis by XPS and ToF-SIMS.
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CasaXPS software. Shirley type background subtraction and Lorentzian/Gaussian (70%/30%)

peak shapes were used. Asymmetry of the peaks was taken into account for the metallic

components (Cr0, Fe0, Mo0, Ni0). Symmetric but broader peak envelopes were used to account

for the multiplet splitting of the oxide components (Cr3+, Fe3+, Mo4+/6+).

A ToF-SIMS 5 spectrometer (Ion ToF – Munster, Germany) operated at about 10-9 mbar was

used for depth profile elemental analysis. The analysis interlaced topmost surface analysis in

static SIMS conditions using a pulsed 25 keV Bi+ primary ion source delivering 1.2 pA

current over a 100 × 100 m2 area with sputtering using a 1 keV Cs+ sputter beam giving a

32 nA target current over a 600 × 600 m2 area (300 × 300 m2 for the sample treated at

Upass). Analysis was centered inside the eroded crater to avoid edge effects. The profiles were

recorded with negative secondary ions which have higher yield for oxide matrices than for

metallic matrices. The Ion-Spec software was used for data acquisition and processing.

IV.3. Results and discussion

IV.3.1. Bi-layered chemical structure of the surface oxide films

Figure IV-2 presents the ToF-SIMS analysis of the elemental in-depth distribution for the

native oxide-covered sample. In Figure IV-2a, the intensities of selected secondary ions

characteristic of the oxide film (18O-, CrO2-, FeO2-, NiO2- and MoO2-) and substrate (Cr2-, Fe2-

and Ni2-) are plotted in logarithmic scale versus sputtering time. The position of the “modified

alloy” region between the oxide film and metallic bulk substrate regions, where Ni is found

enriched in agreement with previous studies on austenitic stainless steels [20]-[27] (also see

Chapter III), was defined using the Ni2- ions intensity profile and placed between 70 and 130 s

of sputtering. In the oxide film region, the most intense profile of the alloying elements are

those of the CrO2- and FeO2- ions followed by the MoO2- ions. The NiO2- ions are the least

intense.
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Following the previously proposed procedure (Chapter III) [46]-[49], the Fe 2p3/2 spectra

were fitted with seven peaks, as exemplified in Figure IV-5 and detailed in Table IV-1. The

first peak (Fe1) corresponds to metallic Fe0 in the substrate. The next five peaks (Fe2-Fe6)

form a series at fixed BE intervals, FWHMs and relative intensities and correspond to FeIII

oxide in the surface oxide layers. The additional peak (Fe7), needed at higher BE to optimize

the fit, corresponds to FeIII hydroxide also in the oxide films. No series of five peaks, at lower

BEs and associated to FeII oxide [48], was needed for reconstruction. After treatment at UOCP

(Figure IV-6, Table IV-1), the FeIII to Fe0 intensity ratio markedly decreases, reflecting the

loss of oxidized iron in the surface oxide film in agreement with the ToF-SIMS data. Within

the range of ±0.1 eV allowed for fitting, one observes no significant changes of the BE and

FWHM values of the metallic and oxidized iron components. After treatment at UPass (Figure

IV-7, Table IV-1), the FeIII to Fe0 intensity ratio increases, indicating re-oxidation of iron. The

BE and FWHM values remain unchanged.

Consistently, and also as proposed before (Chapter III) [48][50], seven peaks were also used

for reconstructing the Cr 2p spectra (see e.g. Figure IV-5, Table IV-1). The first one (Cr1) is

associated to metallic Cr0 in the substrate, the next five peaks (Cr2-Cr6), also forming a well-

defined series, to CrIII oxide in the surface oxide layers, and the additional peak (Cr7) to CrIII

hydroxide in the oxide film. No CrVI peak expected at a BE of ~579.5 eV [48] was needed for

curve fitting. After treatment at UOCP (Figure IV-6, Table IV-1), the CrIII(ox) to Cr0 intensity

ratio slightly decreases but the CrIII(hyd) to Cr0 intensity ratio markedly increases, indicating

significant hydroxylation of chromium in the surface oxide. After treatment at UPass (Figure

IV-7, Table IV-1), the CrIII(ox) to Cr0 intensity ratio increases markedly but the CrIII(hyd) to

Cr0 intensity ratio only slightly, indicating re-oxidation and dehydroxylation of chromium. BE

and FWHM values show no significant variations after treatment at UOCP and UPass.
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Table IV-1. BE, FWHM and relative intensity values of the components measured by XPS on

polycrystalline 316L SS after formation in ambient air of the native oxide film, after

immersion for 30 min at OCP in 0.05 M H2SO4, and after passivation for 30 min at 0.5 V/SCE

in 0.05 M H2SO4.

Native oxide film OCP oxide film Passive oxide film

Core
level

Pea
k

Assignm
ent

BE
(±0.1 e
V)

FWH
M

(±0.1 e
V)

Intensi
ty
(%)

BE
(±0.1 e
V)

FWH
M

(±0.1 e
V)

Intensi
ty
(%)

BE
(±0.1 e
V)

FWH
M

(±0.1 e
V)

Intensi
ty
(%)

Fe 2p3/
2

Fe1 Fe0 (met) 706.9 0.8 42.4 706.8 0.8 71.0 706.9 0.8 59.6

Fe2 FeIII (ox) 708.8 1.4 10.7 708.7 1.2 7.2 708.8 1.2 8.8

Fe3 FeIII (ox) 709.9 1.1 9.6 709.7 1.1 6.5 709.8 1.1 7.9

Fe4 FeIII (ox) 710.7 1.0 7.5 710.7 1.1 5.0 710.7 1.1 6.2

Fe5 FeIII (ox) 711.7 1.4 4.3 711.7 1.3 2.9 711.7 1.3 3.5

Fe6 FeIII (ox) 713.0 2.1 4.3 712.8 1.9 2.9 712.8 2.1 3.5

Fe7 FeIII
(hyd) 711.8 2.7 21.3 711.9 2.7 4.5 711.9 2.7 10.5

Cr 2p3/
2

Cr1 Cr0 (met) 574.1 1.1 28.1 574.0 1.1 28.3 574.0 1.1 19.5

Cr2 CrIII (ox) 576.0 1.3 24.6 576.2 1.4 14.2 576.1 1.5 19.2

Cr3 CrIII (ox) 577.0 1.3 23.9 577.2 1.4 13.8 577.1 1.5 18.6

Cr4 CrIII (ox) 577.8 1.3 13.0 578.0 1.4 7.5 577.9 1.5 10.1

Cr5 CrIII (ox) 578.8 1.3 4.9 579.0 1.4 3.1 578.9 1.5 4.2

Cr6 CrIII (ox) 579.2 1.3 2.5 579.4 1.4 2.0 579.3 1.5 2.7

Cr7 CrIII
(hyd) 577.2 2.5 3.1 577.2 2.5 31.1 577.2 2.5 25.7

Ni 2p3/
2 Ni1 Ni0 (met) 852.8 1.0 100 852.7 1.0 100 852.8 1.0 100

Mo 3d5
/2

Mo
1

Mo0
(met) 227.6 0.5 32.2 227.5 0.5 31.3 227.6 0.5 26.1

Mo
2

MoIV
(ox) 229.4 1.0 3.8 229.3 1.1 3.6 229.3 1.1 4.1

Mo
3

MoVI
(ox) 232.2 2.3 24.3 232.3 2.5 25.4 232.2 2.3 30.2

Mo 3d3
/2

Mo
1’

Mo0
(met) 230.7 0.8 21.2 230.7 0.8 20.6 230.7 0.8 17.2

Mo
2’

MoIV
(ox) 232.6 1.0 2.5 232.4 1.1 2.4 232.4 1.1 2.7

Mo
3’

MoVI
(ox) 235.3 2.3 16.0 235.4 2.5 16.7 235.3 2.5 19.9

O 1s

O1 O2- 530.1 1.2 58.6 530.2 1.2 29.4 530.3 1.2 38.1

O2 OH- 531.5 1.7 34.1 531.7 1.7 50.7 531.7 1.8 47.3

O3 H2O 532.8 2.5 7.3 532.8 2.5 19.9 532.8 2.5 14.7

S 2s S1 SO42- -- -- -- 233.0 1.5 100 232.9 1.6 100

S 2p3/2 S2 SO42- -- -- -- 168.9 1.2 64.34 168.8 1.3 66.90

S 2p1/2 S3 SO42- -- -- -- 170.1 1.2 35.66 170.1 1.3 33.10
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passivation causes competitive re-oxidation of the metallic elements leading to the oxide film

growth in thickness, with the preferential formation of oxide ligands since the fractions of

hydroxyl and water ligands decrease.

Based on the ToF-SIMS results, the 2-layer model, previously proposed to calculate the

thickness and composition of the outer and inner layers of the oxide films as well as the

composition of the modified alloy underneath the oxide films (see Chapter III), was used to

process the XPS intensity data. This model assumes a mixed iron-chromium hydroxide outer

layer and a mixed iron-chromium oxide inner layer. Molybdenum oxide is included in the

outer layer and neglected in the inner layer. Assignment of the intensities of the different

components was as follows: Cr2-Cr6 and Fe2-Fe4 components to the oxide film inner layer,

Cr7, Fe5-Fe7 and Mo2-Mo3 components to the oxide film outer layer and Cr1, Fe1, Mo1 and

Ni1 components to the modified alloy region underneath the oxide film. The results are

presented in Table IV-2. The overall compositions of the oxide films were obtained by

weighting the cation concentration value of each element by the fractional thickness of the

inner and outer layers.

Let us first discuss the initial native oxide film. The total thickness is found to be 2.2 nm with

outer and inner layers of 0.7 and 1.5 nm thickness, respectively. This total value is very close

to that (2 nm) found following the same procedure on the same as-prepared surface of

polycrystalline 316L samples (see Chapter III). The overall composition of the film shows

that chromium is already enriched in the air-formed native oxide film with CrIII ions

representing 41% of the metal cations in the film. Consistently, Cr0 is found depleted (17 at%

instead of 20 at% in the bulk alloy) in the modified alloy underneath the oxide film. Nickel,

not in measurable amount in the oxide film, is found enriched in the alloy underneath the

oxide film (26 at% instead of 12 at% in the bulk alloy) in agreement with the ToF-SIMS

profile. Concerning molybdenum, the calculated composition shows that it is enriched in the

native oxide film (4 at% globally and 13 at% in the oxide outer layer instead of 1.6 at% in the

bulk alloy). It is also found enriched in the alloy underneath the oxide film (4 at% instead of

1.6 at% in the bulk alloy). Compared to the more hydroxylated native oxide film formed on

the same as-prepared surface of polycrystalline 316L samples (OH-/O2- intensity ratio of 0.93

instead of 0.58 in the present case) (see Chapter III), the present data show lower CrIII (41 vs

55% of the metal cations) and MoIV/VI (4 vs 6%) enrichments in the oxide film. This might be

due to an aging effect, some studies having reported a decreasing Cr/Fe balance in the native

oxide with aging in air [2][12][20].
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Table IV-2. Thickness and composition of the air-formed native oxide film on polycrystalline

316L SS and variations after immersion for 30 min at OCP in 0.05 M H2SO4, and after

passivation for 30 min at 0.5 V/SCE in 0.05 M H2SO4 as calculated from the XPS data.

Global film Outer layer Inner layer Modified alloy

Native oxide film

d (nm) 2.2 0.7 1.5 /

[Fe] (at%) 54.7 82.0 42.0 54.0

[Cr] (at%) 41.1 5.0 58.0 17.0

[Ni] (at%) / / / 26.0

[Mo](at%) 4.1 13.0 / 4.0

Ratio Cr/Fe 0.8 0.1 1.4 /

OCP oxide film

d (nm) 1.8 (1.7) 0.8 (0.5) 1.0 (1.2) /

[Fe] (at%) 24.1 (23.9) 18.0 (26.0) 29.0 (23.0) 52.0 (52.0)

[Cr] (at%) 68.3 (68.5) 65.0 (48.0) 71.0 (77.0) 20.0 (20.0)

[Ni] (at%) / / / 24.0 (24.0)

[Mo](at%) 7.6 (7.6) 17.0 (26.0) / 4.0 (4.0)

Ratio Cr/Fe 2.8 (2.9) 3.6 (1.8) 2.4 (3.3) /

Passive oxide
film

d (nm) 2.2 0.8 1.4 /

[Fe] (at%) 26.1 28.0 25.0 52.0

[Cr] (at%) 67.7 55.0 75.0 18.0

[Ni] (at%) / / / 26.0

[Mo](at%) 6.5 18.0 / 3.0

Ratio Cr/Fe 2.6 2.0 3.0 /

After treatment in sulfuric acid at UOCP, the results reported in Table IV-2 confirm the overall

thickness decrease of the oxide film observed by ToF-SIMS. However, this decrease affects

the inner layer only, in contrast with the ToF-SIMS data. The overall composition of the film

shows the loss of Fe and the related increases of the Cr and Mo enrichments suggested by

ToF-SIMS but the hierarchy of the Cr/Fe ratio between outer and inner layers is not respected.

These discrepancies originate from the assignment of the Cr7 component, markedly increased

in intensity. Since immersion at OCP causes iron oxide dissolution and pronounced

hydroxylation of the film, it can be reasonably assumed that not only the outer layer but also

the inner layer is hydroxylated, and thus that a fraction of the intensity of the Cr7 component

can be assigned to the inner layer. The values reported in brackets in Table IV-2 have been

calculated assigning 50% of the Cr7 intensity to the oxide inner layer. The hierarchy of the

Cr/Fe ratio between outer and inner layers is now reproduced as well as the decrease in

thickness of both the outer and inner layers. Based on these assumptions, the composition in

the outer and inner layers are calculated as 26FeIII-48CrIII-26MoIV/VI and 23FeIII-77CrIII,



110

respectively, versus 82FeIII-5CrIII-13MoIV/VI and 42FeIII-58CrIII for the native oxide. The

overall composition of the film also reflects the compositional changes, independently of the

balance in the assignment of the Cr7 peak. The CrIII and MoIV/VI concentrations increase up to

68.5 % and 7.6 % in the oxide film, respectively, after treatment at UOCP, as a result of the

preferential loss of iron oxide by dissolution. In the modified alloy underneath the oxide film,

the calculated values suggest no preferential consumption of one of the alloying elements if

one considers a ±1 at% accuracy.

Clearly, these data show that the loss of oxide is caused by the preferential dissolution of iron

oxide at open circuit potential. It is also shown that oxide growth is too slow to compensate

the loss of oxide due to dissolution and, if occurring, does not preferentially consumes one of

the alloying elements. To our knowledge, this is observed for the first time on an oxide pre-

covered SS surface thanks to the transfer from liquid to UHV environments avoiding the

contact with ambient air. Such a procedure was previously applied to ferritic Fe-17Cr samples

but starting from an oxide-free surface, not an oxide pre-covered surface, and showed the

preferential growth of Cr(III) oxide at anodic potential [16]. The present data highlight that

the alterations of the surface oxide film caused by immersion at open circuit potential results

from the preferential dissolution of iron oxide.

After passivation at UPass and compared to the treatment at UOCP, the overall thickness of the

oxide film increases with both partitions growing (Table IV-2), which confirms the ToF-

SIMS observation. The steady state thickness of the passive film increases due to faster

growth of the surface oxide film. There are no significant variations of the overall

composition of the oxide film and of the composition of the modified alloy region if one

considers a ±1 at% accuracy of the calculated values, indicating that all alloying element are

consumed but with iron oxide preferentially dissolving in order to maintain the Cr enrichment.

Cr remains enriched in both layers of the passive film and more predominantly in the inner

layer. In the hydroxide outer layer, Mo would be less enriched than before re-growth of the

oxide film under anodic polarization.

Compared to the native oxide film, there is no significant thickness variation after passivation

at UPASS. However, the composition of the oxide film is markedly modified with further Cr(III)

enrichment in both layers and Mo(IV-VI) enrichment in the outer layer, in agreement with the

previous studies on the same polycrystalline 316L surface (Chapter III) and on a single-

crystalline model Fe-Cr-Ni-Mo surface [27]. Thanks to the transfer procedure adopted here

and avoiding the contact with ambient air, it is shown here that the preferential dissolution of
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Fe(III) is at the origin of these enrichments and essentially takes place at open circuit potential

in the absence of any applied anodic polarization. Anodic passivation causes competitive re-

growth of the oxide film and dehydroxylation of Fe(III), Cr(III) and Mo(IV-VI) oxide species

It increases the steady state thickness of the passive film despite dissolution still occurring and

counteracting the formation of the oxide species. The preferential dissolution of Fe(III) oxide

species persists to maintain the Cr and Mo enrichments.

IV.4. Conclusion

Starting from the air-formed native oxide-covered surface, ToF-SIMS and XPS were

combined to study the mechanisms of Cr and Mo enrichments leading to passivation of 316L

austenitic stainless steel.

The native oxide film formed in ambient air on the 316L surface prepared by mechanical

polishing was found to have a thickness of 2.2 nm. It is a mixed Cr(III)-Fe(III) hydroxylated

oxide with a bi-layered structure highly enriched in Cr(III) oxide in the inner layer. Iron is

concentrated as Fe(III) hydroxide in the outer layer together with molybdenum, mostly

present as Mo(VI). Nickel is below the XPS detection limit. Immersion at open circuit

potential in aqueous acid solution causes hydroxylation and preferential dissolution of Fe(III)

from both layers of the film, decreasing the thickness and promoting the enrichments in Cr

and Mo. In the absence of an anodizing electric field, oxide growth and thickness increase do

not happen. Upon anodic polarization in the passive domain, dehydroxylation is promoted in

the inner layer and oxidation of iron, chromium and molybdenum takes place, leading to re-

growth of the oxide film and increase of the steady-state thickness without affecting the

overall Cr enrichment but slightly mitigating the Mo enrichment. Cr and Mo enrichments

persist owing to preferential dissolution of Fe(III).

These results were obtained using an experimental approach preventing contact to ambient air

of the samples during transfer from liquid environment for electrochemical treatment to UHV

environment for surface analysis. They show that the treatment of the surface native oxide

film in acid solution, in the absence of applied electric field, promotes the Cr and Mo

enrichments known as beneficial to the resistance to passivity breakdown and initiation of

localized corrosion.
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ChapterV
Chloride-induced alterations of the passive film on 316Lstainless steel and

blocking effect of pre-passivation

This chapter reproduces the final preprint of an original article published in Electrochimica
Acta:
Z. Wang, A. Seyeux, S. Zanna, V. Maurice, P. Marcus, Chloride-induced alterations of the
passive film on 316L stainless steel and blocking effect of pre-passivation, Electrochimica
Acta. (2019) 135159. https://doi.org/10.1016/j.electacta.2019.135159.

Abstract

Electrochemical polarization measurements were combined with surface analysis by
Time of Flight Secondary Ion Mass Spectroscopy (ToF-SIMS), X-Ray Photoelectron
Spectroscopy (XPS) and Atomic Force Microscopy (AFM) to study the alterations of the
passive film on 316L austenitic stainless steel induced by the presence of chlorides in
sulfuric acid electrolyte. The work was performed at a stage of initiation of localized
corrosion preceding metastable pitting at the micrometer scale as verified by current
transient analysis and AFM. The results show that Cl- ions enter the bilayer structure of
the surface oxide already formed in the native oxide-covered initial surface state at
concentrations below the detection limit of XPS (< 0.5 at%), mostly in the hydroxide
outer layer where Fe(III) and Mo(IV,VI) species are concentrated but barely in the oxide
inner layer enriched in Cr(III). Their main effect is to produce a less resistive passive
state by poisoning dehydroxylation and further Cr(III) and Mo(IV,VI) enrichments
obtained in the absence of chlorides. This detrimental effect can be suppressed by pre-
passivation in a Cl-free electrolyte, which blocks the entry of chlorides in the passive
film, including in the outer exchange layer, and enables the beneficial aging-induced
variations of the composition to take place despite the presence of chlorides in the
environment.

V.1. Introduction

Passive films consisting of ultrathin oxide/hydroxide layers formed at the surface make

stainless steels (SS) highly resistant against corrosion, even in harsh environmental conditions.

On ferritic Fe-Cr(-Mo) [1]-[19] and austenitic Fe-Cr-Ni(-Mo) [20]-[40] SS substrates, the

surface oxide/hydroxide layer is only a few nanometers thick but markedly enriched in Cr(III),

which is the key for efficient passivity because of the higher stability of Cr(III) compared to

Fe(II-III) oxide species. For austenitic SS, only very little Ni(II) is present when detected in

https://doi.org/10.1016/j.electacta.2019.135159
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the passive film and the metallic alloy region underneath the oxide is enriched with Ni(0)

[20]-[22][27]-[30].

With the addition of Mo in the alloy, e.g. in austenitic AISI 316L, an increased corrosion

resistance is obtained in chloride-containing environments, where passive film breakdown can

be followed by the initiation of localized corrosion by pitting. The passive films are similarly

ultrathin but the composition include Mo(IV) and Mo(VI) oxide species at a few at% level

[10][21][22][30][32][35][37]. It has been proposed, and it is still debated, that the beneficial

role of molybdenum would be to mitigate passive film breakdown

[10][19][28][30][36][39][40]-[45] or to promote passive film repair [18][30][32][33][41][43]-

[45].

As suggested by recent nanometer scale studies [27][48], the Cr(III) enrichment may not be

homogeneous in the passive film, and the Cr enrichment heterogeneities may cause the local

failure of the passivity and the initiation of localized corrosion followed by pit growth where

the passive film fails to self-repair [49]. The better understanding of the mechanisms

governing the Cr (and Mo) enrichment requires to thoroughly investigate the initial stages of

oxidation leading to pre-passivation of the SS surface [50][51][52] as well as the alterations

brought by electrochemical passivation of the native oxide-covered SS surface [46][47].

On AISI 316L, recent surface analytical studies performed by Time-of-Flight Secondary Ion

Mass Spectroscopy (ToF-SIMS) and X-ray Photoelectron Spectroscopy (XPS)

[27][46][47]confirmed the bilayer structure of the passive film previously reported

[21][22][27][30][32]. The native oxide film formed in air was found to already develop this

bilayer structure with both the hydroxide outer and oxide inner layers enriched in Cr(III) and

with Fe(III) more concentrated in the outer layer together with Mo(IV,VI). Electrochemical

passivation in chloride-free sulfuric acid solution did not alter the bilayer structure and

thickness of the surface oxide but promoted its Cr and Mo enrichments, owing to the lower

stability and preferential dissolution of Fe(III) as previously proposed [4][16][53], and

thereby increased the corrosion resistance of the passive state.

In the present work, we address the alterations of the surface oxide films brought by

electrochemical passivation in Cl-containing sulfuric acid solutions. Potentiodynamic and

potentiostatic polarization measurements were used to define the electrochemical conditions

best suited to alter the passive state without initiating localized corrosion (i.e metastable

pitting) at the micrometer scale. ToF-SIMS and XPS were applied to characterize the bilayer

structure, thickness and composition of the passive film and the entry of chlorides. Surface
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morphology was studied by Atomic Force Microscopy (AFM). The results provide new

insight on the effect of pre-passivation on the entry of chlorides in the passive film and

increased resistance to metastable pitting at the nanometer scale.

V.2. Experimental

The same polycrystalline AISI 316L austenitic SS samples as in previous work were used

(Chapters III and IV). The bulk composition in the main alloying elements was Fe–19Cr–

13Ni–2.7Mo wt% (Fe–20Cr–12Ni–1.6Mo at%). The surface was prepared by mechanical

polishing first with emery paper of successive 1200 and 2400 grades and then with diamond

suspensions of successive 6, 3, 1 and 0.25 μm grades. Cleaning and rinsing were performed

after each polishing step in successive ultrasonicated baths of acetone, ethanol and Millipore®

water (resistivity > 18 MΩ cm). Filtered compressed air was used for drying.

A 3-electrode electrochemical cell controlled by a Gamry 600 potentiostat was used for the

electrochemical measurements. It included a Pt grid as counter electrode and a saturated

calomel electrode as reference electrode. The area of the working electrode was 0.5 cm2

delimited by a Viton O-ring. The electrolyte was a 0.05 M H2SO4 aqueous solution in which

NaCl was added at varying concentration. It was prepared from ultrapure chemicals (VWR®)

and Millipore® water and bubbled with argon for 30 minutes prior to and continuously during

the measurements. All experiments were performed at room temperature.

Passivation in the Cl-containing electrolyte was performed starting from two different surface

states previously analyzed in details (see Chapter III): the native oxide-covered surface state

and the pre-passivated surface state. The native oxide-covered sample was obtained after a

short time (5-10 min) exposure in ambient air after surface preparation. The pre-passivated

sample was produced by potentiostatic anodic polarization in the passive domain in the Cl-

free 0.05 M H2SO4 electrolyte: after resting for 0.5 hour at open circuit value (UOC = -

0.23 V/SCE), the potential was stepped to UPass = 0.3 V/SCE and maintained at this value for

1 hour. The UPass value was selected from potentiodynamic polarization as described below.

No cathodic pre-treatment was performed in order to avoid any reduction-induced alteration

of the initial native oxide film prior to passivation. These exact same conditions as in our

previous study were adopted so as to enable the comparative analysis of the effects brought by

the presence of chlorides in the electrolyte.
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In the Cl-containing electrolyte, two different passivated samples were prepared in order to

study the alterations of the passive films brought by passivation in the presence of chloride

and the modifications induced by pre-passivation of the surface. One sample was passivated

directly from the initial native oxide-covered surface state using the same treatment

conditions as for pre-passivation but in a 0.05 M H2SO4 + 0.05 M NaCl electrolyte. This

concentration was selected from potentiostatic polarization curves as discussed below. The

other sample was passivated in the same conditions but starting from the pre-passive surface

state obtained in the Cl-free electrolyte.

Depth profile elemental analysis of the oxide-covered surfaces was performed using a ToF-

SIMS 5 spectrometer (Ion ToF – Munster, Germany) operated at about 10-9 mbar. Topmost

surface analysis in static SIMS conditions using a pulsed 25 keV Bi+ primary ion source

delivering 1.2 pA current over a 100 × 100 µm2 area was interlaced with sputtering using a

1 keV Cs+ ion beam giving a 32 nA target current over a 300 × 300 µm2 area. Analysis was

centered inside the eroded crater to avoid edge effects. The profiles were recorded with

negative secondary ions that have higher yield for oxide matrices than for metallic matrices.

The Ion-Spec software was used for data acquisition and processing.

Surface chemical analysis was performed by XPS with a Thermo Electron ESCALAB 250

spectrometer operating at about 10-9 mbar. The X-ray source was an AlKα monochromatized

radiation (hν = 1486.6 eV). Survey spectra were recorded with the pass energy of 100 eV at a

step size of 1 eV. High resolution spectra of the Fe 2p, Cr 2p, Ni 2p, Mo 3d, O 1s, S 2p, Cl 2p

and C 1s core level regions were recorded with a pass energy of 20 eV at a step size of 0.1 eV.

The take-off angle of the analyzed photoelectrons was 90°. The binding energies (BE) were

calibrated by setting the C 1s signal corresponding to olefinic bonds (–CH2–CH2–) at

285.0 eV. Data processing (curve fitting) was performed with CasaXPS, using a Shirley type

background and Lorentzian/Gaussian (70%/30%) peak shapes. Asymmetry was taken into

account for the metallic components (Cr0, Fe0, Mo0, Ni0) and a broader envelope was used to

account for the multiplet splitting of the oxide components (CrIII, FeIII, MoIV, MoVI).

AFM analysis was performed with a Nano-Observer microscope (CSI instruments) operated

in oscillating (Tapping®) mode. A “Model FORT” silicon probe from AppNano company

was used. The resonant frequency f of the cantilever was 50-70 kHz and the stiffness factor k

1-5 N/m. Nominal tip radius was inferior to 10 nm. The AFM images were acquired in the

topographic mode and analyzed with the Gwyddion software. The local measurements were
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performed on three different zones on each sample.

V.3. Results and discussion

V.3.1. Electrochemical conditions for Cl-induced alteration of the passive

film

Several parameters such as electrolyte, pH, chloride concentration, temperature, time,

polarization potential, material composition and microstructure, surface composition and

microstructure, and surface roughness can influence the initiation of localized corrosion and

pit growth on stainless steel [54]-[57]. In this work, only the polarization potential and the

chloride concentration were varied in order to find the appropriate conditions to alter the

passive state, however without initiating localized corrosion at least at the micrometer scale.

All other parameters were kept unchanged by careful reproduction of the experimental

conditions.

Figure V-1a shows the polarization curve recorded in the Cl-free electrolyte in the range -

0.8 V < U < 1.5 V/SCE. In the anodic region starting at -0.34 V/SCE, a narrow “active”

domain is observed before passivation at -0.30 V/SCE. At the active-passive transition, the

current density is quite low (1.3 × 10-5 A cm-2) owing to the presence of the native oxide

initially protecting the surface and already impeding dissolution before anodic passivation.

The passive domain extends from -0.30 V/SCE to about 0.80 V/SCE, beyond which

transpassivity is observed before the onset of oxygen evolution. In the passive domain, the

lowest current density, of about 5 × 10-6 A cm-2, is reached in the 0.3-0.5 V/SCE range. Since

corresponding to the most stable surface state reached in these non-steady state conditions, the

lower limit at 0.3 V/SCE of this potential range was selected as passivation potential value for

producing the steady state passive films to be studied.
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almost identical (1.8 × 10-4 A cm-2) to that in 0 M NaCl after 1 s of passivation, suggesting

nearly no effect on early passivation. However, it becomes slightly higher in the later stages of

passivation (1.2 × 10-7 vs 0.9 × 10-7 A cm-2 after 3600 s of passivation), showing a slightly

delayed and milder poisoning effect than in 0.1 M NaCl.

Figure V-1c shows a blowup in semi-log scale of the current transients in the 1700-1800 s

time range. In 0.1 M NaCl, one observes, in addition to the spike already seen in Figure V-1b,

a transient typical for metastable pitting. The slow increase of current represents the anodic

dissolution during the initial growth of the pit, and the sudden shut down the repassivation of

the pit [58]-[60]. No such transient are observed in 0.05 M NaCl and in 0 M NaCl. The

passive currents are increasingly higher with increased chloride concentration and appear

stable in this semi-log scale although they are not (Figure V-1b). Figure V-1d presents another

blowup of the current transients corresponding to the 3500-3600 s time range. No transients

associated to metastable pitting are observed in 0.05 M NaCl and in 0 M NaCl. The positive

current spikes observed in 0.1 M NaCl possibly correspond to metastable events occurring too

fast to be resolved by the measurement sampling. The differences in passive currents with

increasing chloride concentration can be explained by two hypothesis, first is the increase of

chloride concentration changes the charge state of the double layer and modified the passive

current. Also it can be a characteristic of the poisoning of the passive state due to the present

of chloride ions.

From the current transient of metastable pitting observed in Figure V-1c, one can estimate the

dimension of the associated metastable pitting event. To do so we consider that only one pit

has formed in a single event and that it has a hemispherical shape. As Fe is the most

concentrate and the less noble metal in the metallic substrate so we have considered the most

consumed metal is Fe in the pitting process. Based on the Pourbaix diagram, with out

electrochemical condition 0.3V/SCE and 0.05M H2SO4 (pH near 1.2), the Fe2+ is the most

stable ion in the solution. The principal reaction considered is the oxidative dissolution of the

metal M(0) to M(II) with the transfer of 2 electrons. The diameter d of the pit is expressed as:

3

MA

M

π*ρ*N*e*2*4
M*Q*3*2*2d  eq. V-1

where Q is the charge of the current transient (with the passive current eliminated), e the

elementary charge (1.6 × 10-19 C), NA the Avogadro number (6.02 × 1023 mol-1), M the molar

mass of the metal (56 g mol-1 for Fe) and  its density Fe (7.8 g cm-3 for Fe).
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From the charge of 6.1 μC of the current transient measured in 0.1 M NaCl (Figure V-1c), one

obtains a diameter of 9.5 μm. Also, the presence of the pits at micrometric scale has been

confirmed by optic microscope. This means that not only metastable pitting has occurred,

which we want to avoid, but also that the generated pit, or pits if several have formed

simultaneously, has reached micrometer dimensions before repassivating, which is far beyond

the early stage of passivity alteration preceding passivity breakdown that we want to study. In

other words, the concentration of 0.1 M NaCl is too high for our study. In 0.05 M NaCl, no

metastable pitting transient are detected and this concentration is thus more adapted for our

investigation.

With a simple transformation, eq. V-1 can be reverted to express the charge Q associated with

the formation a single hemispherical pit of diameter d. The expression is:

M

MA3

M*3*2
π*ρ*N*e*2*4*)

2
d(Q  eq. V-2

For a pit of sub-micrometer diameter of 500 nm (which is the average value for nanometric

pits), the estimated charge is 0.88 nC. Assuming a metastable pitting time of 1 s, the current

amplitude of the associated transient would be 0.88 nA, which is below the background

currents of 80 and 60 nA measured after 3600 s in the 0.1 and 0.05 M NaCl electrolytes. The

dimensions of the working electrode could be reduced to micrometer size in order to reduce

the background current and detect sub-micrometer and even nanometer metastable pitting

events, like achieved in previous studies [58],[59]. However, this was not considered here for

the sake of surface analysis that requires a measuring area of at least 1 mm2. Hence, even

though the 0.05 M NaCl electrolyte was selected for mild alteration of the passive state in the

presence of chloride, it cannot be excluded that nanometer scale and even sub-micrometer

scale metastable pits formed during the applied passivation treatment.

V.3.2. Passivation transients and surface topography

Figure V-2 shows the log-log plots of the passivation transients obtained in the 0.05 M H2SO4

+ 0.05 M NaCl electrolyte starting from the native oxide-covered surface state and the pre-

passivated surface state on the samples subsequently used for surface analysis.

The transient obtained in the Cl-free 0.05 M H2SO4 electrolyte starting from the native oxide-

covered surface state, and corresponding to the pre-passivation treatment, is also shown for

comparison. No current spikes are observed in these experiments performed in more stable
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For the transient measured in the Cl-free 0.05 M H2SO4 electrolyte starting from the native

oxide-covered surface state (black curve), the charge obtained by integrating the current curve

from 1s to 3600 s is 1.9 mC corresponding to an equivalent thickness of 1.4 nm. From the fcc

structure of stainless steel of parameter 0.359 nm, this corresponds to 7.8 atomic (100) planes

of stainless steel being consumed by the transition from native-oxide surface state to

passivated surface state. For the transient obtained in the Cl-containing 0.05 M H2SO4

electrolyte also starting from the native oxide-covered surface state (red curve), the charge is

2.3 mC corresponding to an equivalent thickness of 1.7 nm. This slightly higher (about 20%)

value shows that the passivation process consumes more material in the presence of chlorides

in the electrolyte, and thus confirms the poisoning effect of chlorides on passivation.

On the pre-passivated sample, the decrease in passive current is also continuous and a stable

steady state is not reached after 3600 s. However, the current has much lower amplitude,

starting from 3.5 × 10-6 A cm-2 after 1 s, nearly two orders of magnitude lower, and ending at

7.0 × 10-8 A cm-2 after 3600 s, also lower than in the absence of pre-passivation. This shows

that the pre-passivation treatment increases the stability of the surface state, including in the

presence of chlorides in the electrolyte, and suggests that it reduces the Cl-induced alterations

of the passive state. The charge measured during this treatment is 0.4 mC corresponding to an

equivalent thickness of 0.3 nm. This value, markedly lower than the value of 1.4 nm, confirms

the beneficial effect of pre-passivation on the surface residual reactivity in the presence of

chlorides.

Figure V-3 presents the AFM topographic data for the initial native oxide-covered surface and

the surface passivated in the Cl-containing electrolyte.

In both cases, the grooves produced by the mechanical polishing treatment are clearly seen.

Protruding micro particles are also present, likely originating from dust deposited from the

ambient atmosphere. The two histograms present the distribution of the pixels along the

surface normal (Z position). Each distribution is referred to a zero value corresponding to the

median topographic level of the image. For the native oxide-covered surface (Figure V-3a),

the Z axis shows the deepest value of -15.9 nm, which is confirmed in the histogram (Figure

V-3c). The number of pixels at a depth in the range from -12 to -16 nm does not exceed 100

counts. They correspond to the deepest points located in the polishing grooves. For the

passivated surface (Figure V-3b), the deepest point with respect to the median topographic

level is lower, -24 nm. From the histogram (Figure V-3d), the number of pixels in the range

from -12 to -16 nm now exceeds 100 counts and there are more than 60 pixels in the depth
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Figure V-5b compares the CrO2- and FeO2- ions profiles. The profiles do not peak at the same

position, which is in agreement with the bilayer structure having iron and chromium oxides

more concentrated in the outer and inner layers, respectively, like reported for passivation in

the absence of chlorides [7][17][27][46][47]. The interface between outer and inner layers

was positioned at 5 s which is the median sputtering position between the two intensity

maxima. Figure V-5c shows that the MoO2- ions profile peaks concomitantly with the FeO2-

profile, meaning that Fe and Mo oxides are both concentrated in the outer layer, again like

observed for passivation of 316L SS in the absence of chlorides [27][46][47]. Figure V-5d

shows that, starting from the extreme surface, the CrO2-/FeO2- intensity ratio continuously

increases in the outer and inner parts of the oxide film before reaching saturation in the inner

layer, with values similar to that for the passive film formed in the Cl-free electrolyte (see

Chapter III and IV).

Figure V-5a also shows the depth distribution of anions. The Cl- ions profile is maximum at

the topmost surface and continuously decreases in the surface oxide region, whereas the 18O-

ions profile peaks at about 5 s of sputtering time where we position the interface between

outer and inner layers. The 18OH- ions profile is also more intense in the outer layer than in the

inner layer of the surface oxide.

In Figure V-6, the Cl- ions profile is superimposed to that recorded for the native oxide

covered sample prior to passivation using a linear plot. This plot shows that chlorides are

present at trace level in the native oxide film, most likely due to trace contaminants present in

the products used for degreasing and cleaning after polishing and/or in ambient atmosphere.

This trace contamination is accumulated in the outer part of the surface oxide. After

passivation in the Cl-free electrolyte, there is no increase of the trace chloride contamination.

However, after passivation in the Cl-containing electrolyte, more chlorides enter the passive

film but mostly in the outer layer. This is consistent with most of the alterations occurring in

the outer exchange layer of the surface oxide in direct contact with the Cl-containing

electrolyte. The inner barrier layer of the surface oxide film appears barely affected by the

penetration of chlorides.
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(~0.5 at%).

Figure V-7d shows the O 1s spectrum fitted with three components, O1, O2 and O3, assigned

to the oxide (O2-), hydroxide (OH-) and water (H2O) ligands in the surface oxide films,

respectively [27][46][47][61]. The OH-/O2- intensity ratio is 1.5, higher than for the native

oxide (0.9) but also higher than after passivation in the Cl-free electrolyte (1.2) [46], meaning

that the presence of chlorides in the outer layer of the passive film is associated with an

increased hydroxylation as suggested by the ToF-SIMS depth profile.

Figure V-7f shows the Cl 2p core level region spectrum. No peaks are observed, meaning that

the quantity of chlorides measured by ToF-SIMS was below the detection limit of XPS

(~0.5 at%).

The bi-layer model previously used to calculate the thickness and composition of the outer

and inner layers of the oxide films as well as the composition of the modified alloy

underneath the oxide films (Chapter III) was applied to process the XPS intensity data. This

model assumes a mixed iron-chromium hydroxide outer layer and a mixed iron-chromium

oxide inner layer. Molybdenum oxide is included in the outer layer and neglected in the inner

layer. Assignment of the intensities of the different components was as follows: Cr2-Cr6 and

Fe2-Fe4 components to the oxide film inner layer, Cr7, Fe5-Fe7 and Mo2-Mo3 components to

the oxide film outer layer and Cr1, Fe1, Mo1 and Ni1 components to the modified alloy

region underneath the oxide film. The results are presented in Table V-2, together with a

reminder of the results for the native oxide-covered surface and the surface passivated in the

Cl-free solution corresponding to the pre-passivation treatment. The overall compositions of

the oxide films were obtained by weighting the cation concentration value of each element by

the fractional thickness of the inner and outer layers.
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Table V-1 BE, FWHM and relative intensity values of the peak components measured by

XPS on 316L SS for the native oxide-covered sample passivated in the 0.05 M NaCl + 0.05M

H2SO4 electrolyte and for the pre-passivated sample passivated in the 0.05 M NaCl + 0.05M

H2SO4 electrolyte.
Native oxide-covered surface
passivated in 0.05 M [Cl-]

Pre-passivated surface
passivated in 0.05 M [Cl-]

Core
level Peak Assignment BE

(±0.1 eV)
FWHM
(±0.1 eV)

Intensity
(%)

BE
(±0.1 eV)

FWHM
(±0.1 eV)

Intensity
(%)

Fe 2p3/2

Fe1 Fe0 (met) 707.0 0.8 57.9 707.0 0.8 63.3
Fe2 FeIII (ox) 708.8 1.3 8.3 708.8 1.2 8.1
Fe3 FeIII (ox) 709.8 1.1 7.5 709.8 1.1 7.3
Fe4 FeIII (ox) 710.7 1.1 5.8 710.7 1.1 5.7
Fe5 FeIII (ox) 711.7 1.3 3.3 711.7 1.2 3.2
Fe6 FeIII (ox) 712.8 2.0 3.3 712.8 2.0 3.2
Fe7 FeIII (hyd) 711.9 2.7 13.9 711.9 2.7 9.2

Cr 2p3/2

Cr1 Cr0 (met) 574.0 1.1 22.3 574.0 1.0 20.7
Cr2 CrIII (ox) 576.1 1.4 18.5 576.2 1.5 21.8
Cr3 CrIII (ox) 577.2 1.4 17.9 577.2 1.5 21.1
Cr4 CrIII (ox) 577.9 1.4 9.8 578.0 1.5 11.5
Cr5 CrIII (ox) 578.9 1.4 4.1 579.0 1.5 4.8
Cr6 CrIII (ox) 579.3 1.4 2.6 579.4 1.5 3.1
Cr7 CrIII (hyd) 577.2 2.5 24.8 577.2 2.5 17.1

Ni 2p3/2 Ni1 Ni0 (met) 852.9 0.9 100 852.9 0.9 100

Mo 3d5/2
Mo1 Mo0 (met) 227.7 0.5 27.2 277.7 0.5 26.7
Mo2 MoIV (ox) 229.5 0.9 4.3 229.4 0.9 4.2
Mo3 MoVI (ox) 232.5 2.4 28.8 232.5 2.5 29.4

Mo 3d3/2
Mo1’ Mo0 (met) 230.8 0.8 17.9 230.8 0.8 17.6
Mo2’ MoIV (ox) 232.7 0.9 2.8 232.6 0.9 2.7
Mo3’ MoVI (ox) 235.7 2.4 19.0 235.6 2.5 19.4

O 1s
O1 O2- 530.2 1.2 33.8 530.2 1.2 37.2
O2 OH- 531.7 1.8 51.1 531.7 1.7 43.2
O3 H2O 532.6 2.5 15.1 532.6 2.5 19.6

S 2s S1 SO42- 232.9 1.7 100 232.9 1.7 100
S 2p3/2 S2 SO42- 168.8 1.1 66.5 168.7 1.1 61.6
S 2p1/2 S3 SO42- 170.0 1.1 35.5 169.9 1.1 38.4

Comparing the present data for passivation in the Cl-containing electrolyte with the native

oxide-covered surface, one notices no significant difference in thickness of the inner layer

taking into account an uncertainty of ±0.1 nm, like after passivation in the Cl-free electrolyte.

The outer layer is possibly slightly thicker owing to the incorporation of chlorides and

increased hydroxylation. The further enrichment of the inner layer in Cr(III) obtained by

passivation in the Cl-free solution appears to be blocked after passivation in the Cl-containing
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electrolyte. The further enrichment in Cr(III) in the outer layer is also attenuated in the

presence of chlorides. This is also observed for the enrichment in Mo(IV,VI) of the outer layer.

No marked variation of the composition of the modified alloy underneath the surface oxide

are observed. Thus it appears that the incorporation of chlorides in trace amounts (< 0.5 at%)

and the increased hydroxylation of the outer layer of the surface oxide is detrimental to the

passive state since mitigating the increase of the beneficial Cr and Mo enrichments brought by

passivation, including in the inner layer where chlorides do not enter.
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Table V-2 Thickness and composition of the surface oxide for the 316L SS native oxide-

covered sample before (from Chapter III) and after passivation in the 0.05 M NaCl + 0.05M

H2SO4 electrolyte, and for the pre-passivated sample before (from Chapter III) and after

passivation in the 0.05 M NaCl + 0.05M H2SO4 electrolyte.

Global film Outer layer Inner layer Modified alloy

Native oxide-
covered surface
(Chapter III)

d (nm) 2.0 0.8 1.2 /

[Fe] (at%) 39 41 36 52

[Cr] (at%) 55 44 64 18

[Ni] (at%) / / / 28

[Mo](at%) 6 15 / 3

Ratio Cr/Fe 1.4 1.1 1.8 /

Native oxide-
covered surface
passivated in

0.05 M H2SO4+
0.05M [Cl-]

d (nm) 2.0 0.9 1.1 /

[Fe] (at%) 36 36 36 52

[Cr] (at%) 57 48 64 18

[Ni] (at%) / / / 26

[Mo](at%) 7 16 / 4

Ratio Cr/Fe 1.6 1.3 1.8 /

Pre-passivated
surface (Chapter

III)

d (nm) 1.9 0.7 1.2 /

[Fe] (at%) 26 26 26 51

[Cr] (at%) 67 56 74 20

[Ni] (at%) / / / 26

[Mo](at%) 7 18 / 4

Ratio Cr/Fe 2.6 2.2 2.8 /

Pre-passivated
surface

passivated in
0.05 M H2SO4+
0.05M [Cl-]

d (nm) 1.9 0.6 1.3 /

[Fe] (at%) 26 34 22 51

[Cr] (at%) 68 45 78 17

[Ni] (at%) / / / 29

[Mo](at%) 6 21 / 3

Ratio Cr/Fe 2.6 1.3 3.5 /

V.3.4. Surface analysis of the effect of pre-passivation

Similarly to Figure V-5, Figure V-8 presents the ToF-SIMS data for the sample pre-passivated

in Cl-free conditions and further treated in the Cl-containing electrolyte. The “modified alloy”

region was positioned between 18 s to 37 s (Figure V-8a). The bilayer structure of the oxide

film is still observed with the interface between outer and inner layers placed at 6 s (Figure V-
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These results show that pre-passivation by anodic polarization in the Cl-free electrolyte

increases the stability of the passive state obtained in the Cl-containing electrolyte and blocks

the entry of the chlorides in the passive film, including in the outer exchange layer.

Comparison of the data in Table V-2 for the native oxide and pre-passivated films shows that

pre-passivation in chloride-free environment does not significantly change the thickness of the

passive film but that the composition of the passive film is changed, including in the outer

layer further enriched in Cr and Mo by the pre-passivation process. It is suggested that this

change of composition, possibly modifying the n-type electronic properties [63,64] and thus

the driving force for chloride entry under anodic polarization, is at the origin of the blocking

effect of pre-passivation on the chloride entry. Curing structural effects on the local sites for

entry of chloride ions cannot be excluded.

V.4. Conclusion

Surface analysis by ToF-SIMS, XPS and AFM were combined to electrochemical

measurements in order to study the alterations of the passive state of 316L austenitic stainless

steel brought by the presence of chlorides in sulfuric acid passivating electrolyte and the effect

of pre-passivation in the absence of chlorides. The passivation conditions (potential, time and

Cl concentration) were selected so as to enable Cl-induced alterations of the passive film,

however without generating stable pit growth and limiting metastable pitting to the nanometer

scale as confirmed by current transients and AFM measurements.

Passivation by anodic polarization in the Cl-containing electrolyte causes Cl- ions to enter the

bilayer structure of the surface oxide already formed in the native oxide-covered surface state,

mostly in the hydroxide outer layer where Fe(III) and Mo(IV,VI) species are concentrated but

barely in the oxide inner layer enriched in Cr(III). Their concentration is below the detection

limit of XPS (< 0.5 at%). The passivation mechanisms leading to dehydroxylation of the

oxide film and to further Cr(III) enrichment in the outer exchange layer and inner barrier layer

and to Mo(IV,VI) enrichment in the outer layer are negatively impacted, resulting in a less

protective passive state poisoned by the interactions with chlorides. These alterations suggest

that the preferential dissolution of iron oxide, leading to Cr and Mo enrichment, is slow down

by the interactions with the Cl- ions at the surface of the passive film.

Pre-passivation by anodic polarization in the Cl-free electrolyte increases the stability of the

passive state obtained in the Cl-containing electrolyte. It blocks the entry of the chlorides in

the passive film, including in the outer exchange layer, which enables the aging-induced
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variations of the composition to take place despite the presence of chlorides in the

environment.
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Conclusions and perspectives

The first objective of this work was to study in details the transition from native oxide-

covered surface state to passive surface state on 316L stainless steel, and in particular the

mechanisms of Cr and Mo enrichments that are key aspects of the passivity of Mo-bearing

austenitic stainless steels.

The native oxide film formed on a mechanically polished polycrystalline 316L SS surface has

been characterized in details. Surface analysis by XPS and ToF-SIMS showed that the oxide

film has a bilayer structure with a total thickness of ~2 nm. The outer layer is 0.8 nm thick

and consists of 44%Cr(III)-41%Fe(III)-15%Mo(VI). The inner layer is 1.2 nm thick with a

composition of 64%Cr(III)-36%Fe(III). Nickel is below the XPS detection limit in the oxide

film but enriched in the modified alloy region underneath the oxide film (18%Cr-52%Fe-

28%Ni-3%Mo). Photocurrent spectroscopy performed in a borate buffer solution at and near

open circuit potential confirmed the bilayer structure. The band gaps of the inner and outer

layers are 3.0 eV and 2.6-2.7 eV, respectively, in agreement with the variation of the

chromium enrichment. According to the PCS data, the oxide film would behave as an

insulator with an inversion potential of ~ - 0.4 V vs. Ag/AgCl at pH ~ 9.5.

Electrochemical passivation (at 0.3 V/SCE) in sulfuric acid (0.05 M) for 1 hour does not

destroy the bilayer structure of the native oxide but modifies its composition. The total

thickness is ~1.9 nm. The outer layer is 0.7 nm thick with a composition of 56%Cr(III)-

26%Fe(III)-18%Mo(VI). The inner layer is 1.2 nm thick with a composition of 74%Cr(III)-

26%Fe(III). Compared to the air formed native oxide film, the thickness barely changes but

Mo is further enriched in the outer layer and Cr in both layers after electrochemical

passivation. The increase of the corrosion resistance brought by the Cr and Mo enrichments is

evidenced by the anodic shift of the corrosion potential and the increase of the polarization

resistance observed on the pre-passivated surface by linear sweep voltammetry and

impedance spectroscopy.

In order to further study the mechanisms of the Cr and Mo enrichments brought by immersion

in acid solution, the samples were treated in sulfuric acid (0.05 M) at OCP for 30 min and
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analyzed by ToF-SIMS and XPS with a transfer procedure avoiding contact to ambient air.

The total thickness of the film decreases slightly to 1.7 nm. The bilayer structure of the air

formed native oxide film persists but the composition is altered. The outer layer becomes 0.5

nm thick with a composition of 48%Cr(III)-26%Fe(III)-26%Mo(VI). The inner layer is 1.2

thick and consists of 77%Cr(III)-23%Fe(III). Compared to air formed native oxide, the outer

layer becomes thinner and increasingly enriched in Mo(VI), the inner layer thickness is

unchanged but enriched in Cr(III). All these results show that the preferential dissolution of

the Fe(III) oxide species, less stable in sulfuric acid, is at the origin of the Cr and Mo

enrichments that are beneficial to the corrosion resistance. Upon anodic polarization in the

passive domain (at 0.3 V/SCE), dehydroxylation is promoted in the inner layer and oxidation

of iron, chromium and molybdenum takes place, leading to re-growth of the oxide film and

increase of the steady-state thickness without affecting the overall Cr enrichment but slightly

mitigating the Mo enrichment. Cr and Mo enrichments persist owing to preferential

dissolution of Fe(III).

The second objective was to study the influence of chlorides on the electrochemical

passivation process of 316L stainless steel in acid solution.

After passivation (at 0.3V/SCE) in sulfuric acid (0.05 M) in the presence of chlorides (0.05

M), the outer layer is 0.9 nm thick with a composition of 48%Cr(III)-36%Fe(III)-16%Mo(VI)

and the inner layer composition 64%Cr(III)-36%Fe(III). The composition is similar to that of

the air formed native oxide but the passive film contains less Cr(III) than when produced by

the same procedure in the absence of chlorides. ToF-SIMS depth profiling shows that Cl- ions

enter the bilayer structure of the native surface oxide, mostly in the hydroxide outer layer

where Fe(III) and Mo(IV,VI) species are concentrated but barely in the oxide inner layer

enriched in Cr(III). Their concentration is below the detection limit of XPS (< 0.5 at%). The

passivation mechanisms leading to dehydroxylation of the oxide film and to further Cr(III)

enrichment in the outer exchange layer and inner barrier layer and to Mo(IV,VI) enrichment

in the outer layer are negatively impacted, resulting in a less protective passive state poisoned

by the interactions with chlorides. These results suggest that the preferential dissolution of

iron oxide, leading to Cr and Mo enrichment, is slowed down by the interactions with the Cl-

ions at the surface of the passive film. Metastable pitting at the nanometer scale was detected

by AFM.

However, if the sample is pre-passivated (at 0.3V/SCE) in Cl-free sulfuric acid (0.05M) and
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further treated by passivation in the presence of chlorides, the outer layer of the passive film is

0.6 nm thick with a composition of 45%Cr(III)-34%Fe(III)-21%Mo(VI) and the inner layer

1.3 nm thick with a composition of 78%Cr(III)-22%Fe(III). Composition and structure are

very similar to those before exposure to chlorides. Moreover ToF-SIMS shows no entry of

chloride ions in the passive film and AFM does not reveal any metastable pitting at the

nanometer scale. These results show that the stability of the oxide film is increased by pre-

passivation in the absence of chlorides. Pre-passivation blocks the entry of chlorides in the

passive film, including in the outer exchange layer, which enables the aging-induced

variations of the composition to take place despite the presence of chlorides in the

environment.

Several perspectives for further work can be proposed based on the present research work.

It would be interesting to apply the methodology and passivation conditions used in the

present work to a single crystal 316L stainless steel in order to seek information at the

nanoscale making advantage of a better controlled surface topography. Using EC-STM

(Electrochemical Scanning Tunneling Microscopy), one should be able to apply the

passivation and treatment conditions studied in the present work and to characterize their

effects on the surface morphology at a local scale. The topographic and crystallographic

modifications induced by passivation could be observed and analyzed. Moreover, in the

presence of chlorides, it could be possible to determine the initiation sites of metastable

pitting and to relate their distribution to the presence of chemical defects in the passive film

impacting the local resistance to localized corrosion. This may result in a new vision of the

mechanisms of passivity breakdown and the initiation of localized corrosion by pitting.

Another perspective is related to the better understanding of the role of molybdenum on the

corrosion resistance. The present work shows that passivation in the presence of chloride

causes their entry in the passive film but only in the outer layer of the passive film, where the

Mo(IV,VI) species are concentrated. Applying our methodology to a 304 stainless steel and

comparing the results of the entry of chlorides in the passive film with those on 316L stainless

steel may help to understand how Mo improves the resistance of stainless steel to localized

corrosion.
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Annexe :

Résumé étendu en français des travaux présentés dans la thèse

Cette thèse contient 5 chapitres. Le Chapitre I présente une synthèse bibliographique de l’état

d’art et les objectifs de l’étude. Le Chapitre II présente les différentes techniques

électrochimiques et d’analyse de surface utilisées pour réaliser le travail de recherche

expérimentale. Le Chapitre III porte sur l’étude de l’influence de la passivation sur le film

d’oxyde formé à l’air (film natif) sur acier inoxydable austénitique 316L (alliage Fe-Cr-Ni-

Mo). Dans ce chapitre, le film oxyde formé à l’air et les films passifs formés à 0,3 V (SCE)

pendant 1 h et 20 h en milieu acide sulfurique 0,05 M ont été étudiés en détail. Le chapitre IV

se concentre sur les mécanismes d’enrichissement en oxydes de Cr et Mo induits par

l’immersion en milieu acide sulfurique 0,05 M et par la passivation électrochimique au moyen

d’une procédure expérimentale préservant les échantillons d’une exposition à l’air ambiant

entre milieu électrochimique et analyse de surface ex situ. Le Chapitre V porte sur l’effet des

ions chlorures sur les mécanismes de passivation à l’échelle nanométrique.

Chapitre I

Les aciers inoxydables sont des alliages à base de fer qui présentent une teneur massique

minimale en chrome de 10,5 % et une teneur massique maximale en carbone de 1,2 %. Leur

histoire commence en 1821 lorsque le minéralogiste et géologue français Pierre Berthier fit la

découverte des premiers aciers inoxydables en montrant que l'alliage fer chrome était d'autant

plus résistant à certains acides que sa teneur en chrome était plus élevée. Entre 1904 à 1911,

les aciers inoxydables ont été classifiés selon leur structure cristallographique, ce qui a permis

de définir trois familles : ferritique, austénitique et martensitique. Les aciers inoxydables

ferritiques ont une structure cristallographique cubique centrée (α) et sont ferromagnétiques.

Les aciers inoxydables austénitiques ont une structure cristallographique cubique à faces

centrées (γ) et sont paramagnétiques. Les aciers inoxydables martensitiques contiennent la

phase martensite qui est une structure cristallographique tétragonale centrée métastable due à

la présence d’atomes de carbone dans les sites interstitiels de la maille.
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La forte résistance à la corrosion des aciers inoxydables est due à la passivité induite par la

formation d’un film d’oxyde de surface tel que décrit initialement par l’allemand Philipp

Monnartz en 1908. Le mécanisme de formation de ce film d’oxyde protecteur est décrit en 5

étapes : (a) Adsorption de molécules d’eau sur la surface métallique, (b) déprotonation de la

surface et migration d’un cation métallique, (c) déprotonation et pontage entre sites voisins, (d)

adsorption de molécules d’eau sur la monocouche d’oxyde formée, (e) déprotonation et

migration d’un cation métallique pour créer une nouvelle couche d’oxyde.

De nombreuses études ont été réalisées sur la passivation et la caractérisation du film passif

formé sur acier inoxydable. Pour les alliages Fe-Cr, les études électrochimiques montrent que

la quantité de chrome joue un rôle très important sur la stabilité du film passif.

L’augmentation de la quantité de chrome dans l’alliage diminue le potentiel de passivation, la

densité de courant critique de passivation (maximum dans la région active des courbes de

polarisation) et la densité de courant passif. L’analyse de surface nous montre que l’épaisseur

du film est entre 1 et 3 nm. Le film est composé principalement du Cr(III) et Fe(III) sous

forme oxyde et hydroxyde. La présence de Cr(VI) est observée quand le potentiel atteint le

domaine transpassif. Sur ces alliage Fe-Cr, les films passifs ont une structure bicouche avec

une couche externe qui contient plus d’hydroxyde et une couche interne plus d’oxyde.

Pour les alliages Fe-Cr-Mo, les études électrochimiques montrent que l’addition de

molybdène améliore la résistance à la corrosion. Plus la quantité de Mo dans l’alliage

augmente, plus sa résistance à la corrosion localisée est meilleure. Les analyses de surface

montrent que le structure bicouche et l’épaisseur du film passif restent inchangées. La plupart

des études ont montré que le Mo se présente souvent sous forme Mo(IV) et Mo(VI). D’autres

degrés d’oxydation comme Mo(II), Mo(III) et Mo(V) ont été rapportés par certains auteurs.

L’ajout de Ni dans l’alliage Fe-Cr modifie le structure cristallographique de ferritique (cc) à

austénitique (cfc) pour les alliages Fe-Cr-Ni, un exemple typique étant l’acier inoxydable 304.

Les mesures électrochimiques montrent que l’ajout de Ni dans l’alliage améliore la résistance

à la corrosion de façon significative. Cependant la quantité de Ni présent dans le film passif

reste très faible voire indétectable ce qui montre que le Ni n’influence ni la composition ni la

structure bicouche du film passif.

Puisque Ni et Mo améliorent tous deux la résistance à la corrosion de l’acier inoxydable, il est

raisonnable d’ajouter les deux éléments en même temps. L’analyse électrochimique montre

que les alliages Fe-Cr-Ni-Mo ont la meilleure résistance à la corrosion localisée. Les analyses
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de surface montre que le film passif sur alliage Fe-Cr-Ni-Mo contient du Fe,Cr et Mo sous

forme oxyde/hydroxyde. Le structure du film est aussi un structure bi couche.

Les films passifs formés sur aciers inoxydables sont généralement compacts et protecteurs,

mais sous certaines conditions, le film peut être endommagé de façon physique ou chimique

et perdre son caractère de barrière protectrice, ce qui induit le phénomène de corrosion

localisée. La corrosion désigne l’ensemble des interactions entre un métal et son

environnement qui aboutissent à la dégradation des matériaux métalliques par une succession

de réactions chimiques et/ou électrochimiques.

La corrosion se manifeste selon plusieurs types. La corrosion généralisée se traduit par une

dissolution uniforme de la surface, à l’échelle macroscopique, par une perte d’épaisseur au

cours du temps, correspondant à la vitesse de corrosion. La corrosion galvanique intervient

lorsque deux métaux de nature différente sont en contact électrique dans un électrolyte et

forment une pile électrochimique. La corrosion sous contrainte est liée à l’action conjuguée

d’un environnement corrosif et de contraintes mécaniques. La corrosion caverneuse survient

dans des zones confinées due à la teneur en oxygène dissous qui diminue au cours du temps,

ce qui entraîne une aération différentielle entre caverne (anode) et reste de la surface exposé

au milieu milieu extérieur (cathode). La corrosion intergranulaire des aciers inoxydables est le

plus souvent liée à la précipitation de carbures de chrome au niveau des joints de grains ou de

phases secondaires. La corrosion par piqûres est une forme de corrosion localisée qui survient

généralement en présence d’ions agressif, par exemple les ions chlorures, suite à la rupture du

film passif et l’absence de re-passivation de la surface.

Dans la première partie de ce chapitre, les propriétés des films passifs formés sur les aciers

inoxydables ont été présentées. Les aciers inoxydables sont généralement recouverts d’un film

d’oxyde natif formé le plus souvent à l’air. L’interaction de ce film avec un environnement

corrosif, surtout dans des milieu acides, peut modifier ses caractéristiques physicochimiques.

Ainsi le premier objectif de cette thèse est d’étudier en détails la transition entre film d’oxyde

formé à l’air et film passif formé en milieux acide sur acier inoxydable 316L (alliage Fe-Cr-

Ni-Mo). Nous nous intéressons plus particulièrement aux mécanismes d’enrichissement des

deux éléments importants pour la passivité des aciers inoxydable austénitiques contenant du

molybdène, Cr et Mo.

Dans une deuxième partie, les différents types de corrosion des aciers inoxydables ont été

présentés. Cette thèse a pour deuxième objectif d’étudier l’influence de la présence d’ions
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chlorures dans l’environnement sur la transition entre film natif et film passif produit par

polarisation anodique et sur l’effet de la pré-passivation en l’absence d’ions chlorures sur les

modifications engendrées par la présence de chlorures.

Chapitre II

Les techniques électrochimiques utilisées pour l’étude de la résistance à la corrosion et du

processus de passivation sont la polarisation potentiodynamique et la polarisation

potentiostatique.

La polarisation potentiodynamique est une technique de mesure du courant en fonction du

potentiel appliqué. Cette méthode permet d’observer la variation du courant généré par un

balayage du potentiel à une vitesse constante. La polarisation potentiostatique est une

technique de mesure de courant pour un potentiel appliqué à une valeur constante. Cette

méthode permet d’observer la variation du courant en fonction du temps.

Le système électrochimique utilisé est constitué d’une cellule classique à trois électrodes.

L’électrode de référence est une électrode au calomel saturé (SCE). La contre-électrode est

une spirale de fil en or. L’électrode de travail est l’échantillon avec une surface de travail de

0,44 cm2 délimitée par un joint Viton. L’électrolyte est une solution aqueuse d’acide

sulfurique de concentration 0,05 M, préalablement désaérée par un bullage d’argon.

Les techniques de caractérisation de surface mises en œuvre sont la spectroscopie de

photoélectrons induits par rayons X (XPS), la spectrométrie de masse d’ions secondaires à

temps de vol (ToF-SIMS), la microscope à force atomique (AFM) et la spectroscopie de

photo curent (PCS).

L’analyse XPS permet d’obtenir un spectre représentant le nombre de photoélectrons détectés

(en coups par seconde) en fonction de l’énergie de liaison (en eV) des niveaux de cœur des

éléments présents en surface. Le principe de l’XPS repose sur l’émission de photoélectrons

suite à l’interaction rayonnement-matière. Cette technique permet l’identification qualitative

des principaux éléments présents à la surface de l’échantillon et de leur environnement

chimique.

La décomposition des spectres XPS permet d’obtenir des informations quantitatives,

composition de la surface, épaisseur de la couche d’oxyde, à partir des intensités spectrales

mesurées. Dans notre cas le logiciel utilisé pour la décomposition spectrale est CasaXPS. La
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ligne de base est fixée et soustraite sous forme Shirley. Les paramètres des pics représentant

les métaux, dans notre cas Fe, Cr, Ni et Mo, comme l’énergie de liaison, la largeur à mi-

hauteur et les facteurs de forme sont déterminés sur des surfaces métalliques préparées sous

UHV en utilisant le bombardement ionique pour éliminer le film d’oxyde et la contamination.

La spectrométrie de masse d’ions secondaires avec détection à temps de vol (ToF-SIMS)

permet l’analyse élémentaire et moléculaire surfacique avec une très haute sensibilité. Dans

une analyse de SIMS, la surface de l’échantillon est bombardée par un faisceau pulsé d’ions

primaires ayant une énergie de plusieurs keV. La dissipation de l’énergie des ions primaires

résulte en une cascade de collisions sur les 2 ou 3 premières monocouches atomiques, avec

rupture des liaisons chimiques et émission de particules secondaires. Les ions secondaires

sont post-accélérés pour être analysés en temps de vol et ainsi triés en masse.

Plusieurs types d’analyse sont utilisables. Dans notre étude, nous avons réalisé des profils de

concentration permettant de déterminer la distribution en profondeur des différents éléments

présents dans les films passifs et à l’interface avec le substrat. Un canon ionique (Cs+) est

opéré en courant continu permettant l’érosion ionique (qui enlève quelques couches de

matériaux), et un second canon ionique (Bi+) est opéré en mode pulsé pour l’analyse de la

surface.

La microscopie à force atomique (AFM) est basée sur la mesure des forces attractives ou

répulsives entre deux atomes. Son principe consiste à cartographier, par balayage, la force

d’interaction mesurée localement entre un agrégat atomique (la pointe) et la surface en regard

pour reconstituer un profil topographique de la surface.

Trois modes peuvent être utilisés en AFM, qui dépendent de la distance pointe-échantillon et

des interactions mesurées. Le mode contact où la pointe et la surface de l’échantillon sont en

contact et des interactions répulsives sont mesurées. Le mode non-contact dans lequel la

pointe oscille à une fréquence proche de sa fréquence de résonance sans entrer en contact avec

la surface de l’échantillon. Le mode contact intermittent où la pointe oscille à une fréquence

proche de sa fréquence de résonance et entre ponctuellement en contact avec la surface de

l’échantillon. Dans nos travaux, le mode choisi est le mode contact intermittent.

La spectroscopie de photo courant est une technique permettant de caractériser insitu les

propriétés électroniques des matériaux, semi-conducteurs et isolants. Elle renseigne sur les

niveaux d'énergie caractéristiques des jonctions film d'oxyde/électrolyte, telles que la valeur
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de la bande interdite (Eg), le potentiel de bande plate (Ufb) et le type de conductivité. Ces

données sur les propriétés électroniques permettent de faire le lien avec la composition et la

structure stratifiée des films passifs ultra minces. Le principe de cette technique est le passage

d’électrons, similaire à l’émission de photoélectrons lors de l’interaction rayonnement-matière

utilisée en spectroscopie photoélectronique. Ici les électrons sont mesurés sous forme de

photocourant sous un champ électrique fourni par un potentiostat.

Nous avons choisi pour cette étude de produire un état de surface initial qui est un poli

mécanique. L’échantillon polycristallin d’acier inoxydable austéntique 316L a été poli sur

papier abrasif de numéro 1200 puis 2400, puis avec des pâtes diamantées de tailles

successives 6 μm, 3 μm, 1 μm et 0,25 μm. La taille de grain finale utilisée est 0,25 μm. En fin

de polissage, les échantillons sont rincés successivement dans des bains de nettoyage avec

agitation ultrasonique d’acétone (VWR Chemicals, pureté 99%), d’éthanol (VWR Chemicals,

pureté 99,5%) et d’eau ultra-pure (résistivité supérieur à 18,2 MΩcm).

Chapitre III

Dans ce chapitre, le film d’oxyde natif formé à l’air et les films passifs formés par polarisation

anodique à 0,3 V (SCE) dans H2SO4 0,05 M ont été étudiés.

Pour la surface à l’état natif obtenu après polissage, les profils élémentaires en profondeur

obtenus par ToF-SIMS (Figure Annexe-1) montrent que le film superficiel d’oxyde a une

structure bicouche avec une couche externe contenant majoritairement du Fe et du Mo oxydés

et une couche interne contenant majoritairement du Cr oxydé. Une région métallique riche en

Ni a été observée entre le film d’oxyde et le substrat métallique. Cette région est nommée

“couche d’alliage modifié” (modified alloy en Anglais). Le rapport CrOx/FeOx,

caractéristique de l’enrichissement en Cr dans l’oxyde, augmente depuis la surface jusqu’à la

couche interne du film oxyde atteignant une valeur d’environ 3.
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La décomposition des spectres XPS à haute résolution montre que les éléments ont les même

degrés d’oxydation que pour le film natif. Le Cr(VI) n’est pas détecté après polarisation

électrochimique dans le domaine passif. Dans le spectre d’O 1s, le ratio hydroxyde/oxyde

devient 1,2 au lieu de 0,9, montrant que le film passif contient plus d’hydroxyde que le film

natif. Pour le film passivé 1 h, la couche externe du film d’oxyde a une épaisseur de 0,7 nm et

une composition de 26Fe-56Cr-18Mo (at%), et la couche interne une épaisseur de 1,2 nm et

une composition de 26Fe-74Cr (at%). Globalement, l’épaisseur est de 2 nm et la composition

26Fe-67Cr-7Mo (at%). Pour le film passivé 20 h, la couche externe du film d’oxyde a une

épaisseur de 0,6 nm et une composition de 32Fe-49Cr-19Mo (at%), et la couche interne une

épaisseur de 1,3 nm et une composition de 23Fe-77Cr (at%). Globalement, l’épaisseur est de

2 nm et la composition 26Fe-68Cr-6Mo (at%). Comparés au film natif, le Cr est fortement

enrichi dans les deux couches des films passifs et le Mo est légèrement enrichi dans la couche

externe.

Les analyses PCS réalisées à 0 V(Ag/AgCl) en milieu borate (Figure Annexe-3) montrent que

le film natif a une structure bicouche également observée in situ en solution aqueuse. Deux

valeurs de largeur de bande interdite sont mesurées : 2,7 eV pour la couche externe et 3,0 eV

pour la couche interne. Ces valeurs sont compatibles avec un enrichissement en chrome plus

important en couche interne. Le spectre d’efficacité photonique mesuré à longueur d’onde

fixe en fonction du potentiel appliqué montre que le film d’oxyde se comporte comme une

isolant avec une potentiel d’inversion de -0,4 V(Ag/AgCl). La modélisation basée sur la

composition calculée à partir des données XPS et ToF-SIMS donne des valeurs de bande

interdite de 2,7 ± 0,3 eV et 2,8 ± 0,3 eV, ce qui est proche des valeurs mesurées par PCS.
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Mo(IV/VI) et une couche interne où il y a majoritairement Cr(III). Cependant le film passif

est plus enrichi en Cr(III) et Mo(IV/VI) que le film natif. Les analyses de spectroscopie de

photo courant confirment la structure bicouche du film natif et sa stratification.

L’enrichissement de Cr(III) et Mo(IV/VI) par passivation électrochimique à 0,3 V(SCE) en

milieu acide sulfurique 0,05 M confère une meilleure résistance à la corrosion.

Chapitre IV

Le Chapitre IV porte sur les mécanismes d’enrichissement du film d’oxyde en Cr et Mo

générés par la passivation électrochimique en milieu acide sulfurique 0,05 M.

Pour pouvoir étudier ces mécanismes, trois états de surface ont été étudiés : état natif, état

passif obtenu par polarisation anodique et état passif obtenu à potentiel de circuit ouvert (OCP)

en l’absence de polarisation anodique. Pour chacun des deux états passivés, les transferts entre

milieu électrochimique et chambre UHV pour analyse de surface ont été réalisés sous argon à

l’abri de l’air ambiant dans le but de ne pas altérer l’état produit électrochimiquement. L’état

natif est celui obtenu après polissage mécanique de la surface. Les états passifs sont générés

en milieu acide sulfurique 0,05 M, l’un par 30 minutes d’immersion à OCP, l’autre par 30

minutes de polarisation potentiostatique à 0,5 V(SCE) après 30 minutes d’immersion à OCP.

Les analyses ToF-SIMS montrent que sur les 3 échantillons, les film d’oxydes ont une

structure bicouche constituée majoritairement de Fe(III) et Mo(IV/VI) en partie externe et

majoritairement de Cr(III) en partie interne. Les deux films passifs ont un ratio CrOx/FeOx

plus élevé que le film natif. Ces observations sont cohérentes avec les résultats du chapitre III.

Toutefois le film passif produit à OCP est moins épais que les deux autres films et contient

moins de Fe oxydé en partie externe.

Les analyses XPS montrent que dans les films d’oxyde le Cr est présent sous forme Cr(III)

ox/hyd, le Fe sous forme Fe(III) ox/hyd, et le Mo sous forme de Mo(IV et VI). La quantité

d’oxyde de Ni est sous la limite de détection de l’XPS dans tous les cas. Ces résultats sont en

accord avec les résultats du chapitre III.

Le traitement quantitatif des données XPS montre que, comparé au film d’oxyde natif, le film

passif formé à OCP possède des épaisseurs de couches externe et interne plus faibles. Pour la

couche externe, l’épaisseur varie de 0,7 nm à 0,5 nm et pour la couche de 1,5 nm à 1,2 nm.

Cela confirme l’observation ToF-SIMS de diminution d’épaisseur de la couche d’oxyde. De
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plus l’augmentation marquée de la teneur en Cr(III) de la couche (de 5% à 48% en couche

externe et de 58% à 77% en couche interne) et en Mo(IV,VI) (de 13% à 26% en couche

externe) montre que l’enrichissement en Cr et Mo se produit déjà à OCP, c.-à-d. en l’absence

de polarisation anodique appliquée . Puisqu’il y a diminution de la quantité de Fe(III) et

diminution de l’épaisseur du film d’oxyde, on peut conclure que l’enrichissement combiné en

Cr et Mo résulte de la dissolution préférentielle de l’oxyde de fer dans le milieu acide

passivant.

La différence de composition entre film passif formé à OCP et film passif formé par

polarisation anodique dans le domaine passif est moins marquée. On observe que le film

passif polarisé a une épaisseur plus importante (0,8 nm pour la couche externe et 1,4 nm pour

la couche interne), ce qui montre que la passivation sous potentiel appliqué reforme l’oxyde et

créé une compétition entre dissolution et reformation du film d’oxyde générant un état

stationnaire passif plus épais.

Pour conclure, l’enrichissement de la couche d’oxyde en Cr et Mo généré par passivation en

milieu acide se produit dès l’immersion à OCP du fait de la dissolution préférentielle de

l’oxyde de fer. L’application d’une polarisation anodique reforme l’oxyde partiellement

dissous sans toutefois amoindrir de façon marqué les enrichissements en Cr et Mo obtenus à

OCP.

Chapitre V

Dans ce chapitre la passivation électrochimique à 0,3 V(SCE) en milieu acide sulfurique 0,05

M a été étudiée en présence d’ions chlorures dans l’électrolyte dans le but de comprendre

l’effet des ions chlorures sur les mécanismes de passivation.

Une étude préliminaire combinant mesures électrochimiques et analyse AFM a consisté à

identifier la concentration de chlorures requise pour générer un état passif altéré sans toutefois

initier de piqûration à l’échelle sous micrométrique. Cette étude montre que la concentration

des ions chlorures correspondant à nos besoins est 0,05 M dans l’électrolyte H2SO4 0,05 M.

Ensuite l’état passif obtenu par passivation à 0,3 V(SCE) dans H2SO4 0,05 M + NaCl 0,05 M

à partir de la surface à l’état natif a été analysé par XPS, ToF-SIMS et AFM. Les images et

histogrammes AFM sont présentés dans la Figure Annexe-4.

Les données AFM montrent clairement la présence de piqûres à l’échelle nanométrique et les
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H2SO4 0,05 M sans chlorure comme au Chapitre III puis exposé dans H2SO4 0,05 M + NaCl

0,05 M au même potentiel anodique. Cette fois aucune piqûre n’est observée après passivation

en présence de chlorures.

Les analyses ToF-SIMS montrent que la structure bicouche et l’épaisseur de chaque couche

varient très peu après la passivation. L’intensité du signal correspondant aux chlorures est

identique à celle mesurée pour le film natif, indiquant le blocage de l’entrée des chlorures par

le traitement de pré-passivation. Les compositions calculées à partir des données XPS montre

une différence très faible avant et après la passivation. Ces résultats indiquent que la pré-

passivation par polarisation anodique dans l'électrolyte sans Cl- augmente la stabilité de l'état

passif obtenu dans l'électrolyte contenant du Cl-. Il bloque l'entrée des chlorures dans le film

passif, y compris dans la couche d'échange externe, ce qui permet aux variations de la

composition induites par le vieillissement de se produire malgré la présence de chlorures dans

l'environnement.
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ABSTRACT

The key of the high corrosion resistance of stainless steels is the formation of an ultra-thin but protective
surface oxide film called passive film. This film contains Fe(III) and Cr(III) and is stable in most common
environment. However in severe conditions such as in acid environments or in the presence of aggressive
ions like chlorides, the passive film can breakdown leading to the initiation of localized corrosion
phenomena. In this work, electrochemical techniques (Linear Scan Voltammetry, potentiostatic
polarisation, Photo-Current Spectroscopy, Electrochemical Impedance Spectroscopy) were combined with
surface spectroscopic techniques (X-ray Photoelectron Spectroscopy, Time-of-Flight Secondary Ion Mass
Spectrometry) and microscopic techniques (Atomic Force Microscopy) in order to study the alterations
brought by anodic passivation to the surface oxide film on polycrystalline 316L stainless steel. The air-
formed native oxide film was analyzed and compared with the passive films formed in sulfuric acid (0.05
M) in different conditions (polarization potential, polarization time, presence of chloride). The results show
that passivation in sulfuric acid enriches Cr(III) and Mo(IV,VI) species in the passive film owing to the
preferential dissolution of Fe in sulfuric acid. The presence of chloride produces a less resistive passive
state by poisoning dehydroxylation and further Cr(III) and Mo(IV,VI) enrichments, but pre-passivation in a
Cl-free electrolyte, that blocks the entry of chlorides in the passive film, enables the beneficial aging-
induced variations of the composition to take place despite the presence of chlorides in the environment.

MOTS CLÉS

acier inoxydable, film d’oxyde, passivité, analyse de surface, électrochimie

RÉSUMÉ

La clé de la haute résistance à la corrosion des aciers inoxydables est la formation en surface d’un film ultra
mince mais protecteur appelé film passif. Ce film contient des espèces Fe(III) et Cr(III) et est stable dans la
plupart des environnements. Cependant en conditions plus sévères telles qu'en environnement acide ou en
présence d'ions agressifs comme les chlorures, le film passif peut être rompu, conduisant à l’initiation de
phénomènes de corrosion localisée. Dans ce travail, des techniques électrochimiques (voltamètrie à
balayage linéaire, polarisation potentiostatique, spectroscopie de photocourant, spectroscopie d'impédance
électrochimique) ont été combinées à des techniques d’analyse de surface spectroscopiques (spectroscopie
de photoélectrons, spectrométrie d’ions secondaires à temps de vol) et microscopiques (microscopie à force
atomique) afin d’étudier en détails les altérations du film d’oxyde de surface résultant du processus de
passivation sur acier inoxydable polycristallin 316L. Le film d’oxyde natif formé à l’air a été analysé et
comparé aux films passifs formés dans l’acide sulfurique (0,05 M) dans différentes conditions (potentiel de
polarisation, temps de polarisation, présence de chlorures). Les résultats montrent que la passivation en
acide sulfurique enrichit le film d’oxyde en espèces Cr(III) et Mo(IV, VI) du fait de la dissolution
préférentielle des espèces Fe(III) sulfurique. La présence de chlorure produit un état passif moins résistant
en limitant sa déshydroxylation et les enrichissements en Cr(III) et Mo(IV, VI), mais une pré-passivation
dans un électrolyte sans Cl- bloque l'entrée de chlorures dans le film passif et permet aux enrichissements
supplémentaires induits par le vieillissement d’avoir lieu malgré la présence de chlorures dans l’électrolyte.

KEYWORDS

Stainless steel, oxide film, passivity, surface analysis, electrochemisty
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