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FeCrNiMo stainless steel surface in aqueous media after thermal
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PSL Research University, CNRS - Chimie ParisTech, Institut de Recherche de Chimie Paris (IRCP), Physical
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Abstract

A combined X-ray photoelectron spectroscopy, time-of-fight secondary ion mass spectrometry and

electrochemical approach was used to investigate the mechanisms of molybdenum and chromium

enrichment of a passive film formed on a model austenitic stainless steel single crystal in aqueous

acid media and the effect that thermal pre-oxidation at 250 ◦C plays in the composition, thickness

and stratification of the film. A clean FeCrNiMo (100)-oriented surface, prepared under ultra-high

vacuum (UHV), was exposed to ultra-low pressures of oxygen at 250 ◦C, forming a thin oxide film,

rich in iron and chromium, as well as containing molybdenum. An argon-filled glovebox, directly

attached to the UHV system, allowed for electrochemical alterations to be carried out without

exposure to ambient air. After being held at open circuit potential for 30 minutes, hydroxylation of

chromium and molybdenum was promoted, with a marked enrichment of both elements in the oxide

film. A distinct bilayer film was observed. Anodic polarisation resulted in a significant growth of

the inner layer and further enrichment of chromium. Pre-oxidation at 250 ◦C, using an ultra-low

pressure of oxygen, was found to promote protection against transient active dissolution during

anodic passivation, and to cause enrichment of molybdenum in the outer layer of the passive film.

Keywords: Stainless steel; corrosion protection; passivation; mechanism; oxide film; XPS;

ToF-SIMS

1. Introduction

Stainless steels (SS) are widely used in both industry and every day life, from nuclear pow-

erplants to cutlery. They are a versatile and essential material in our society. Our reliance on
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stainless steels is due to their remarkable mechanical and corrosion resistance properties. This

corrosion resistance is owed to the formation of a protective oxide layer known as the passive film.

The film allows the metal alloy to be isolated from its local environment. These thin protective

oxide films, of only a few nanometres, are found to be enriched in Cr3+ which aids passivity due

to its higher stability than Fe2+ and Fe3+ [1–7]. This effect is further enhanced in acidic media

due to iron oxides’ higher rate of dissolution [8–11]. Comparatively, in basic media the opposite is

observed, where iron oxide is less readily dissolved, causing the enrichment of Cr3+ to be less pro-

nounced [8, 12, 13]. In chloride-rich environments the breakdown of the passive film can lead to a

phenomenon known as pitting corrosion [14–18], which can cause structural and aesthetic damage,

resulting in the potential endangerment of lives and high costs of repair. However, by alloying with

small amounts of molybdenum this effect is strongly combated, with molybdenum found in small

amounts in the passive film, without increasing the thickness of the film [19–29]. The exact role of

molybdenum in fighting against pitting corrosion is a highly debated issue within the community.

It is not exactly known whether Mo promotes the repairing of the passive film [22–24] or if Mo

prevents the breakdown of the passive film [25–28].

In recent years, it has been found that the distribution of chromium within the passive film is not

homogeneous and that these local heterogeneities, which result from the initial growth mechanisms

of the oxide film in the pre-passivation stage, may result in the eventual localised breakdown of

the passive film [21, 30–35]. It is therefore imperative to better understand the role played by

pre-oxidation on the initial stages of passive film formation, as it may improve our knowledge on

how we can better combat the localised breakdown and subsequent corrosion.

In the present work, we use surface analysis techniques, combined with electrochemical passiva-

tion, to investigate how the controlled pre-oxidation of a model FeCrNiMo austenitic stainless steel

single crystal with a (100) orientation, using ultra-low pressure oxygen, affects the stratification,

thickness and composition of the passive film. The use of a single crystal model surface allows for

a well controlled surface with minimum surface defects, such as grain boundaries and dissimilar

crystallographic orientation, meaning that one can more accurately focus on the fundamentals of

the mechanisms.

2. Experimental

All experiments were carried out on a (100)-oriented single crystal SS sample (synthesised at

École des Mines de Saint-Étienne), which can be considered as a model surface of AISI 316L.
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The bulk composition of the alloy was Fe-17Cr-14.5Ni-2.3Mo (at%). Surface preparation and

analysis were carried out in an ultra-high vacuum (UHV) platform with an attached glove box. The

UHV platform consists of a preparation chamber equipped with a low energy electron diffraction

(LEED) system, and separate analysis chambers where X-ray photoelectron spectroscopy (XPS)

and scanning tunnelling microscopy (STM) can be performed. As well as housing the LEED system,

the preparation chamber is also where the surface can be sputtered by high energy argon ions (up

to 5 keV) and annealed to high temperatures (up to 1400 ◦C) via radiative heating of the backside

of the sample. The UHV system operates at a base pressure lower than 1 × 10−10 mbar. The

attached glove box, where electrochemistry treatments are carried out, allows for transfer to and

from the UHV platform without exposure to ambient air. The glove box is under Ar atmosphere

(purity 99.998%, overpressure with respect to atmospheric pressure ∆P = 200 Pa). In the presence

of aqueous solutions, necessary for electrochemical treatment, levels of H2O and O2 are around 10

and 130 ppm, respectively. An airtight container filled with argon was used to transfer the sample

from the glove box to a time-of-flight secondary ion mass spectrometry (ToF-SIMS) system for

depth-profiling experiments.

Prior to introduction to the UHV platform, the surface was first mechanically and electrochem-

ically polished, the method for which can be found elsewhere [1, 30]. Once introduced to the UHV

system, the sample was subjected to cycles of Ar+ sputtering (PAr = 6.5×10−6 mbar, 8 µA, 1 keV,

10 minutes) and annealing (700 ◦C, 10 minutes) in order to create a flat, well ordered surface that

is free of contaminants, such as oxygen and carbon. The chemical nature of the surface was verified

by XPS, whilst STM and LEED were used to verify the structural state of the surface prior to ox-

idation. STM imaging shows that the clean surface possesses a
(√

2×
√

2
)
R45◦ surface structure,

similar to that of the one shown by Ma et al. during their investigation of FeCrNi(100) model stain-

less steel surfaces [36]. Results on the FeCrNiMo(100) surface structure will be reported in detail

separately. From here on out this surface will be referred to as the oxide-free surface. The oxide-

free surface was initially oxidised at ultra-low pressures (ULP) of oxygen (PO2 = 7× 10−8 mbar).

Gaseous oxygen (99.999% purity) was introduced via a leak valve connected to the analysis chamber

in order to oxidise the initial oxide-free surface. The pressure of oxygen in the analysis chamber

was continuously recorded and allowed for precise calculation of the total exposure by integrating

the pressure as a function of time. The pre-oxidation was carried out once the sample had reached

250 ◦C, as measured indirectly by a thermocouple. At this temperature it has been found that

a crystalline oxide film grows on FeCrNi(100) surfaces [32], with different compositions forming
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at elevated temperatures [37]. The surface was exposed to O2 until an oxide layer, containing

chromium, iron and molybdenum was formed, as confirmed by XPS. This controlled oxide is de-

fined as the ULP pre-oxidised surface (Stage I). For this set of experiments the ULP pre-oxidised

surface was formed after an oxygen exposure of 750 L (1 L = 1.33 × 10−6 mbar · s), ensuring full

surface coverage by the oxide. Upon transfer to the Ar-filled glove box, the sample underwent

further oxidation due to the presence of residual water vapour and gaseous oxygen (Stage II). The

ULP oxide was exposed to this environment for a period of 5 minutes.

The passive oxide films were formed by performing anodic passivation in an electrochemical

cell controlled by a Picoscan potentiostat and the corresponding Picoscan software from Agilent

Technologies. All treatments were carried out in a home-made Kel-F electrochemical cell [38, 39],

capable of holding 350 µL of the 0.05 M H2SO4 electrolyte solution, which was prepared using

ultra-pure chemicals and Millipore water. Two Pt wires were used as a counter and reference

electrode (calibrated as U(SHE) = U(Pt) + 0.75 V). The potential of the Pt reference electrode

was stable after thorough cleaning of the cell. The working area was limited by the use of Viton

O-ring which provided an area of 0.16 cm2. For the first electrochemical alteration, the sample

was held at open circuit potential (OCP) for 30 minutes (Stage III). The value remained stable

at −0.85 V vs Pt for the duration of the 30 minutes. After this alteration and the subsequent

analysis by XPS and ToF-SIMS, the sample was anodically passivated for 30 minutes by stepping

the potential to −0.1 V vs Pt (Stage IV), a value that is in the mid-range of the passive domain, as

shown in the potentiodynamic polarisation curves. A schematic of the procedure to generate the

various stages is shown in Figure 1.

Polarisation curves were performed on the as-prepared ULP pre-oxidised surface as well as a

surface that had not been pre-treated with ultra-low pressures of oxygen. The latter was sputtered

and annealed in the UHV system before being exposed to the glovebox, forming what we define as

the native oxide. The polarisation curves were obtained via linear scan voltammetry in the range

of −1.1 to +1.2 V vs Pt, with a scan rate of 5 mV·s−1, after resting at OCP for 30 minutes in

0.05 M H2SO4. Cathodic pre-treatment was avoided in order to prevent alteration of the previously

formed oxide films.

The initial oxide-free surface, oxidised surfaces and subsequent passivation induced alterations

were all analysed by XPS. XPS experiments were carried out using an Argus spectrometer and

Argus detector, both manufactured by Scienta-Omicron Nanoscience and used a monochromatic

Al Kα radiation (hν = 1486.6 eV) X-ray source. Survey spectra were recorded at a pass energy of
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Figure 1: Schematic of experimental procedure.

50 eV and with a step size of 0.5 eV. High resolution spectra of Fe 2p, Cr 2p, Ni 2p, Mo 3d, O 1s,

S 2p and C 1s core levels were recorded at a pass energy of 20 eV and with a step size of 0.05 eV.

The spectra were recorded at take-off angles of 45◦ and 90◦. Only data for the former are shown.

The Fermi level was used as a reference for binding energies. Peak fitting was performed using

CasaXPS software [40]. Several constraints, determined using a self-consistent fitting procedure,

as well as literature references, were used when fitting the high resolution spectra (full width at

half maximum (FWHM), binding energy (BE) and line shape) in order to achieve a more accurate

and consistent fit. Relative intensities of the 2p3/2 and 2p1/2 spin-orbit doublets of Fe, Cr and S,

as well as 3d5/2 and 3d3/2 for Mo were fixed according to theoretical ratios; however, only the Ni

2p3/2 was treated due to no overlap between that and the corresponding Ni 2p1/2 peak. When

there is insufficient gap between spin-orbit peaks, both are fitted in order to fit a more accurate

background. Metallic components were fitted with an asymmetric Lorentzian lineshape convoluted

by a Gaussian function. For non-metallic peaks, which generally have a less asymmetric shape, a

Lorentzian/Gaussian product formula was used in most cases. An adjustable Shirley background

was used throughout.

After XPS analysis of each oxidation, or passivation-induced alteration, the sample was trans-

ferred to the ToF-SIMS system, before being re-prepared due to the destructive nature of depth-

profiling. Depth-profiling elemental analysis was carried out using a ToF-SIMS 5 spectrometer

manufactured by Ion ToF. Profiles were recorded with negative secondary ions. The system cou-

pled together the use of static SIMS and sputtering. Static SIMS was carried out using a Bi+

primary ion source (25 keV, 12 pA, HC-Bunched mode) over an area of 100× 100 µm2. Sputtering

was carried out using a Cs+ sputter beam (0.5 keV, 20 nA) over an area of 300× 300 µm2. Static

SIMS was centred in the sputtered crater in order to avoid edge effects.
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3. Results and Discussion

3.1. Electrochemical passivation.

Figure 2 compares two polarisation curves obtained on the FeCrNiMo(100) surface, one after

pre-oxidation using ULP conditions at 250 ◦C and the second after being directly transferred to

the Ar-filled glovebox at room temperature. The two oxidised surfaces show the same corrosion

potential, where Ucorr=−0.8 ± 0.01 V/Pt. This is expected for the same sample that is fully

covered by surface oxide. The cathodic branches of the polarisation curves show a similar shapes;

however, the ULP pre-oxidised sample has a lower current density, indicating a slightly decreased

proton reduction activity in the electrolyte. Similar behaviour in the cathodic branches has been

previously reported [35].

The anodic branch shows that the current density of the ULP prepared surface is compara-

tively lower at the active-passive transition than that of the native oxide covered surface prior to

passivation and with clear suppression of the active peak. Similar observations have previously

been made when comparing native oxide covered and room temperature pre-oxidised ULP surfaces

on polycrystalline 316L samples [38]. We can therefore deduce that the ULP pre-oxidised sample,

prepared at 250 ◦C and exposed to an acidic electrolyte, is fully protected against active dissolution,

much like the ULP pre-oxidised samples prepared at room temperature, whilst the native oxide

covered samples, formed in air or an Ar-filled glovebox, remain only partially protected.

If one compares the densities of anodic charge transferred in the potential range of the active-

passive transition, defined as Ucorr to Ucorr+0.2 V, we obtain values of 0.265 and 0.458 mC·cm−2

for the ULP pre-oxidised and native oxide covered samples, respectively. From the charge transfer

difference (0.193 mC·cm−2), if one then assumes that the charge is completely associated with

metal dissolution and that all elements dissolve as M → M2+ + 2 e– , then we can estimate the

amount of metal that was additionally lost by transient active dissolution in the case of the native

oxide. By taking into account that the thickness of the (100) plane for the fcc structure of the alloy

is 0.18 nm, and that the atomic density is 1.55×1015 at·cm−2, we arrive at a value of 0.07 nm,

not taking account the stoichiometry of dissolution, which corresponds to less than one monolayer

(0.38 ML) of additionally consumed metal. In the case of the polycrystalline sample [38], the charge

transfer difference at the active-passive transition was reported as 0.38 mC·cm−2, twice the amount

of the present case, which yields a value of 0.76 ML of additionally consumed metal for the native

oxide-covered sample, assuming a (100) orientation for the calculation. Therefore, we can say that

6



−1 −0.5 0 0.5 1

10−4

10−3

10−2

10−1

100

Potential (V) vs Pt

lo
g
(i
)
( m

A
·cm

−
2
)

ULP
Native

0 0.5 1 1.5

10−4

10−3

10−2

10−1

100

Potential (V) vs SHE

lo
g
(i
)
( m

A
·cm

−
2
)

Figure 2: Polarisation curves of a Fe-17Cr-14.5Ni-2.3Mo (100)-oriented model stainless steel surface prepared oxide-

free in UHV and subsequently pre-oxidised by exposure to ultra-low pressures of oxygen (ULP, blue) or via exposure

to the glovebox environment (Native, red).

the presence of ULP and native oxide films provides protection and pre-passivation at OCP on both

FeCrNiMo single and 316L poly crystalline samples. However, it is evident that ULP pre-oxidation

treatment, whether performed at moderate (250 ◦C) or room temperature, promotes an enhanced

protectiveness against active dissolution owed to more efficient blocking of the residual transient

active dissolution upon anodic passivation.

In the passive domain we observe a slightly higher current density for the ULP pre-oxidised

surface although the difference between it and that of the native oxide is within the range of

reproducibility. It should be noted that entrance into the transpassive region is met with an

activation peak in the case of the native oxide, which is not the case for the ULP oxide. Other

than that behaviour in this region is similar.

In the following, we will focus the discussion on the surface composition and stratification of

the ULP sample, thermally pre-oxidized at 250 ◦C, and the effects of electrochemical passivation.

3.2. XPS fitting parameters

XPS fitting parameters, in line with those used in previous work [38], for the Mo 3 d5/2, Cr 2 p3/2,

Fe 2 p3/2, Ni 2 p3/2, O 1 s, S 2 p3/2 and S 2 s peaks are found in Table 1. Parameters were obtained

by applying a self-consistent fitting approach as well as with reference to the literature [29, 35, 37].
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Core level State Assignment BE (± 0.1 eV) FWHM

(± 0.1 eV)

Asymmetry

Index

Mo 3 d5/2 Mo0 Metal 227.6 0.6 0.37

Mo4+ Oxide 229.1 1.3 0.25

Mo4+ Hydroxide 231 1.5 0.25

Mo6+ Oxide 232.3 1.6 0.00

Cr 2 p3/2 Cr0 Metal 573.8 1.1 0.57

Cr3+ Oxide 576.6 2.4 0.28

Cr3+ Hydroxide 577.4 2.0 0.34

Cr3+ Oxide satellite 588.5 5.4 0.00

Cr3+ Hydroxide satellite 589.6 5.4 0.00

Fe 2 p3/2 Fe0 Metal 706.9 0.8 0.60

Fe2+ Oxide 708.3 1.6 0.31

Fe3+ Oxide 710.3 3.1 0.42

Fe3+ Hydroxide 711.8 3.7 0.00

Fe2+ Satellite 712.8 3.8 0.13

Fe3+ Satellite 716.3 4.2 0.21

Ni 2 p3/2 Ni0 Metal 852.8 0.9 0.36

Ni0 Satellite 859.0 4.0 0.00

O 1 s O2– Lattice oxide 530.2 1.2 0.00

OH– Hydroxide 531.4 1.6 0.00

SO4
2– Sulphate 532.1 1.4 0.00

H2O Water 533.0 2.3 0.00

S 2 p3/2 SO4
2– Sulphate 169.1 1.3 0.00

S 2 s SO4
2– Sulphate 233.1 1.5 0.00

Table 1: XPS peak fitting parameters obtained for reconstruction of spectra.
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Spin orbit splitting between Mo 3 d5/2 and Mo 3 d3/2 was found to be 3.2 eV for all peaks except

for Mo4+ ((oxy)hydroxide), which was 3.3 eV. These values are in line with those reported in the

literature [33, 41, 42]. Values for spin orbit splitting between Cr 2 p3/2 and Cr 2 p1/2 were 9.4 eV,

9.8 eV, 9.7 eV, 9.0 eV, 9.3 eV for Cr0, Cr3+ (oxide), Cr3+ (hydroxide), Cr3+ (oxide satellite)

and Cr3+ (hydroxide satellite), respectively. Similar splitting energies for these species have been

reported in the literature [37, 43, 44]. For the spin orbit splitting between Fe 2 p3/2 and Fe 2 p1/2

differences of 13.0 eV, 13.5 eV, 13.3 eV, 12.9 eV, 13.4 eV and 13.5 eV were found for Fe0, Fe2+

(oxide), Fe3+ (oxide), Fe3+ (hydroxide), Fe2+ (satellite) and Fe3+ (oxide satellite), respectively.

Similar values are reported within the literature [37, 44]. Spin orbit splitting between S 2 p3/2 and

S 2 p1/2 was 1.2 eV, as widely reported in the literature [45–47].

3.3. XPS analysis

The fitted XPS spectra for each stage are shown in Figure 3, with the corresponding relative

intensities shown in Table 2. Firstly, looking at the changes in the chromium during the alterations,

the ULP pre-oxidised (Stage I) surface shows only Cr0 and Cr3+ in its oxide form, which is almost

certainly Cr2O3, as widely reported in the literature [35, 36, 39]. The ratio of Cr0/Cr3+ is 0.85.

For the sake of clarity, satellite peaks corresponding to a given oxidation state are included in the

quantification results. After exposure to the GB environment (Stage II), which as previously stated

contains residual water vapour and oxygen, we observe further oxidation of the chromium metal

to Cr3+, with the ratio of Cr0/Cr3+ now being 0.35. After undergoing the first electrochemical

treatment where the sample was held at OCP (−0.85 V vs Pt) for 30 minutes (Stage III), we

observe a hydroxide species become the dominant chromium state. Literature reports suggest

that this hydroxide is most likely Cr(OH)3 [1, 30, 33–35]. Once again, we observe the decrease

in the amount of metal measured at the surface. The ratio of Cr0/Cr3+ is now 0.25. This is

not a significant decrease relative to the amount of hydroxide now present, indicating that the

oxide is hydroxylated rather than the metal. The ratio of oxide/hydroxide is calculated as 0.40.

Upon anodically passivating the sample (−0.1 V vs Pt) for 30 minutes (Stage IV), the trend of a

decreasing metal concentration is continued, with the of Cr0/Cr3+ now 0.09. However, the ratio

of oxide/hydroxide is increased to 1.40, confirming the promoting effect of anodic polarization on

dehydroxylation [1, 30, 33–35, 48].

Moving on to the analysis of the iron XPS spectra (Figure 3b), and with reference to Table 2, we

once again start by looking at the ULP pre-oxidised surface. The calculated ratio of metal to total
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Figure 3: (a) Cr 2p, (b) Fe 2p and (c) Mo 3d XPS spectra and peak fitting of a Fe-17Cr-14.5Ni-2.3Mo (100)-oriented

model stainless steel after forming a surface oxide using ultra-low pressures of pure oxygen (750 L, 250 ◦C) (I), after

exposure of the ULP oxide to the Ar-filled glovebox (II), and then after the previous stage undergoes treatment

in 0.05 M H2SO4 at OCP (III), and finally after the previous stage has been passivated via anodic polarisation at

−0.1 V in the passive domain (IV).

10



Stage Relative Intensity (±2%)

Fe Cr Mo Ni*

Fe0 Fe2+ox Fe3+ox Fe3+hyd Cr0 Cr3+ox Cr3+hyd Mo0 Mo4+ox Mo6+ox Mo4+hyd Ni0 Ni2+ox Ni2+hyd

I 65 9 26 0 46 54 0 64 15 21 0 100 0 0

II 33 3 55 9 26 74 0 43 15 42 0 93 7 0

III 65 3 32 0 20 23 57 17 19 28 36 100 0 0

IV 43 5 52 0 8 54 38 17 7 46 30 100 0 0

Table 2: Relative intensity of Fe, Cr, Mo and Ni in metallic, oxide and hydroxide states after different surface

preparations. *Uncertainty associated with quantification of nickel is ±5% so small amounts of nickel (hydr)oxide

cannot be excluded.

oxide is 1.9, which is much higher than the corresponding Cr0/Cr3+ at the same stage, indicating

that iron is less readily oxidised than metallic chromium during the early stages of oxidation. There

are two oxides of iron present, Fe2+ and Fe3+, alongside the metal. It is not possible to define an

exact composition of these iron oxides using XPS; however, the main oxides are often cited as Fe3O4,

Fe2O3 and FeO. Work by Grosvenor et al. [49] suggests that FeO does not form at exposures lower

than 104 L, which is contrary to other reports suggesting that FeO exists as a nucleating oxide at

low exposures [37, 50–52]. After exposure to the glove box, more of the metal at the surface is

oxidised and Fe3+ becomes the dominant species. The spectrum suggests that Fe2+ oxide is still

present, albeit in a reduced amount. It should be noted that we also observe the presence of a new

peak corresponding to that of an iron hydroxide species at 711.8 eV. The metal/(hydr)oxide ratio

is 0.49, indicating the large decrease in the amount of metal at the surface after exposure to the

glove box environment for 5 minutes. After the first electrochemical alteration where the sample

was held at OCP for 30 minutes, we no longer observe a hydroxide peak. It is also interesting to

note that we see a resurgence in the amount of iron metal at the surface relative to the amount

of oxide, with a metal/oxide ratio of 1.9, which is the same ratio as previously seen after forming

the ULP pre-oxidised surface. This is due to the dissolution of iron oxides in acidic media, which

is in agreement with previous studies after OCP exposure where a closed system for transfer to

surface analysis was used [34, 35, 38, 48]. The main difference between these two oxide layers is

that after the electrochemical treatment, we observe a much larger proportion of Fe3+ to Fe2+

than after the ULP pre-oxidation treatment. For the ULP pre-oxide we have a ratio of 2.9 for
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Fe3+/Fe2+, whereas after the first electrochemical alteration it is increased to ≈ 10. After the final

electrochemical treatment, where the sample was anodically passivated, there is a reduced amount

of metal, which was also observed in the chromium, now with almost equal amounts of metal and

oxide (metal/oxide = 0.76). Once again no more iron hydroxide is observed. The change in the

ratio between Fe3+ and Fe2+ is found to be insignificant.

Much like that of iron, the analysis of molybdenum is complex, owed to a variety of molybdenum

species present as well as the sulphur 2s peak overlapping with this region of the spectrum after

treatment involving H2SO4 as an electrolyte. The relative intensities of molybdenum are shown in

Table 2. Unlike iron, it is not subject to complicated satellite peaks. The ULP pre-oxide spectrum

shows a mixture of molybdenum metal and two oxides with different oxidation states, Mo4+ and

Mo6+ [29, 34, 53, 54]. Mo6+ exists as two different oxides which cannot be differentiated by XPS,

although [MoO4]
2– is found to be more stable than MoO3 in acidic electrolytes [55]. The ratio of

metal to total oxide is 1.8. The amounts of Mo4+ and Mo6+ are almost 3:4. After exposure to the

glove box, we observe a large increase in the amount of Mo6+. It is now the dominant oxide with

there now more than double the amount present compared to Mo4+. The ratio of metal/oxide has

also fallen more than 2 fold, to 0.75. It is after the electrochemical treatments that things become

more complex when treating the data due to the introduction of the sulphur 2s peak and Mo4+

(oxy)hydroxide. The introduction of the hydroxide comes at the same stage as that of Cr(OH)3.

The area, A, of the sulphur 2s peak was fixed according to the corresponding area of the sulphur

2p region, as

A2s = A2p

σ2s · T2s · λ2s ·
(

1− e−
d

λ2s sin θ

)

σ2p · T2p · λ2p ·
(

1− e−
d

λ2p sin θ

) ,

where the values for the photoionisation cross section, σ, the transmission of the analyser, T , the

inelastic mean free path, λ, and the angle of photoemission, θ, are known, and the thickness of the

layer, d, is calculated. The ratio of metal/(hydr)oxide continues its downward trajectory at a value

of 0.19, a similar behaviour to that of chromium and contrary to that of iron. The hydroxide peak

is significant and, as a percentage of the molybdenum concentration, it is the most common species.

After passivation, we observe a reduction in the amount of hydroxide present, again showing similar

behaviour to chromium. Similar behaviour has been witnessed on a polycrystalline 316L sample

after room temperature pre-oxidation [38]. Mo4+ is at its lowest concentration of the process whilst

Mo6+ has increased its share of the concentration, indicating that it is enriched in the passive film.

It is worth noting that whilst nickel is a significant element in the alloy (14.5 at%), at no point in
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the procedure is its oxidised form detected as a significant amount by XPS. After being introduced

to the glove box environment it is only present in small amounts at the surface.

3.4. ToF-SIMS analysis

The negative ion depth profiles for the sample through stages II to IV are shown in Figure 4,

with the secondary ions of 18O– , 18OH– , CrO2
– , FeO2

– , NiO2
– and MoO3

– attributed to the

oxide film, and Cr2
– , Fe2

– and Ni2
– assigned to the metallic substrate. The very weak signal

from Mo2
– is ignored. When selecting negative ions for analysis of the metallic substrate, masses

corresponding to those of metallic clusters, M2
– , were preferred over single metal anions, M– , as it

reduces the possibility of a contribution to the signal from a metal ion that originated as an oxide

species. Similar reasoning can be used to explain the decision to select MO2
– over MO– – there is

a lower probability of 2 oxygen atoms recombining with a metal atom originating from the metallic

substrate than 1 oxygen atom and one metal atom. MoO3
– is selected over MoO2

– simply due to

a higher intensity. This process allows for more certainty in assigning the ion to the corresponding

species. Depth profile analysis of Stage I, the ULP oxide, is not possible as in order to transport

the sample to the ToF-SIMS platform it is necessary to go via the glovebox, which further oxidises

the sample before analysis is possible. Along with the oxide film itself, we can also define a region

corresponding to the modified alloy; it is widely reported that we observe an enrichment of metallic

nickel in austenitic and duplex stainless steels in the region between the metallic substrate and the

oxide film [24, 30, 34, 56]. The position of the modified alloy-oxide interface will be defined by

the maximum intensity of Ni2
– ions and is indicated by a dashed line. Estimations made using

ToF-SIMS suggest that the thickness of this modified alloy region is of the same magnitude as that

of the oxide film.

Looking at the ToF-SIMS depth profile for Stage II, after exposure to the glovebox, the maxi-

mum intensity attributed to CrO2
– ions is at 34 s, whilst the maximum of the FeO2

– and MoO3
–

ions is at 14 s and 8 s, respectively. It should be noted that, due to the noise associated with the

spectra, these times are taken using the median value from a small range, typically no greater than

± 3 s (depending on the shape of the curve), in which the intensity is at its highest point. This

result indicates an inhomogeneous distribution of chromium oxide in the film, with an enrichment

close to the metal substrate-oxide interface, as previously reported for native oxides formed on

316L SS in air [33, 34, 57]. Whilst we observe maxima for the Fe and Mo oxide ions at 8–14 s,

the shape of the curves suggest a more homogeneous distribution within the layer with a more
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Figure 4: ToF-SIMS negative ion depth profiles for stages II–IV of the treatment of a Fe-17Cr-14.5Ni-2.3 (100)-

oriented model stainless steel: (left) CrO2
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pronounced presence of molybdenum oxides in the outer part of the film, which has also been the

case for other films formed on 316L stainless steels in air [33, 34, 57]. The depth profile shows the

presence of NiO2
– ions throughout the oxide layer, suggesting that there is in fact a nickel oxide

distributed in the film, however, it will only be present in a very small quantity as indicated by

the XPS data. This can be explained by acknowledging that ToF-SIMS is highly sensitive to trace

amounts which can be below the detection limit of XPS. Comparing the distribution of 18OH– and

18O– , we can see that the former peaks very early at 4 s and then rapidly declines, whilst the latter

is more homogeneously distributed, with its maximum at 26 s. At this stage XPS suggests that the

only hydroxide present is that of iron, which is evidence of the early formation of the well-reported

bilayer structure of the passive films formed on stainless steel, with an inner oxide barrier layer

and an outer exchange layer [30, 33, 34, 58, 59]. Using the previously mentioned definition for the

modified alloy, where the metallic nickel intensity is at its maximum, we can state that it begins

at the 51 s mark. The curve then slowly decreases, suggesting an enrichment of nickel underneath

the oxide film, which is confirmed by surface composition analysis presented below.

Moving on to the depth profile for Stage III, the first thing to note is the clear shift to a lower

sputtering time (relative to the other ions) of the maximum intensity of CrO2
– , now at 17 s, whilst

the maxima for FeO2
– and MoO3

– are at 14 s and 9 s, respectively. As already evidenced by

XPS, at this stage there is a large amount of chromium hydroxide present, which has previously

been shown to be in the outer layer of the oxide film [33–35]. The result is a broader curve for

the CrO2
– ions, indicating a more homogeneous distribution of oxidised chromium within the now

thinner film. MoO3
– ions also exhibit a shift to a lower sputtering time relative to that of the

iron ions, partly due to the formation of molybdenum hydroxide near the outermost surface, and

partly due to the loss of iron oxide via dissolution in the acidic medium. At this stage, according

to the XPS data, we witness the presence of a molybdenum based hydroxide, which will be present

in the extreme outer portion of the film. Once more we see the same behaviour when comparing

18OH– and 18O– , with an early peak and subsequent decline for the hydroxide, whilst oxide ions

peak slightly later but with a shallower decline, confirming the bilayer structure of the passive film.

In this case, the modified alloy region is shown to begin after 42 s, which is a reduction in time

compared to Stage II, indicating a likely reduction in the thickness of the oxide, providing that we

assume a close to constant sputtering yield. This is not surprising as XPS data showed that there

is a significant loss of iron oxide caused by its preferential dissolution in acidic media. This effect

has been noted on an array of stainless steel surfaces whether oxidised in air or using a controlled
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Figure 5: Single-layer (left) and bilayer (right) models of the surface oxide film formed on FeCrNiMo stainless steel.

pre-oxidation [33–35, 38].

Moving on to Stage IV, after the sample had been stepped to the anodic passivation potential

for 30 minutes, we note a shift to an increased sputtering time for the maximum of the curve

(26 s) corresponding to that of CrO2
– ions. This is due to the dehydroxylation of the chromium

into Cr2O3, which is present in the inner part of the oxide film. The maximum intensity of both

the FeO2
– and MoO3

– ions remains similar to as seen in stage III, with maxima of 13 s and

8 s, respectively. The position of the modified alloy is shifted to a higher sputtering time, now

beginning after 50 s, indicating a possible significant growth in the oxide film when compared to

Stages II and III, which can be investigated using XPS thickness estimations. Similar observations

have previously been made when investigating room temperature oxidation in air and ultra-low

pressures of oxygen [33–35, 38].

3.5. Film thickness and composition

XPS intensities can be used to calculate the thickness of oxide films and the distribution of

elements within them [1, 21, 30, 33, 35, 57, 60–63]. To do this we must select a model that

makes the assumptions that the oxide film has homogeneous, continuous and flat layers. For this

work, two different systems have been modelled – firstly, a single layer model which assumes a

homogeneous distribution of all the oxides and hydroxides, and secondly, a bilayer model which

assumes a hydroxide rich outer exchange layer with the electrolyte and an inner barrier chromium

oxide layer. From the ToF-SIMS data, as well as XPS angular measurements, we feel that the

assignment of Cr3+ to the inner layer and the remaining species to the outer, is closer to reality

than the single layer model. The presence of iron and molybdenum in their low oxidation state

cannot be excluded from the inner barrier layer. The two systems are shown in Figure 5.

Results from the calculations for the thickness and composition of the oxide layer utilising the

single-layer model are shown in Table 3. The oxide layers range from 0.9–2.1 nm in height, with

the passive film being at mid-range for typical estimates for passive films formed on stainless steel,
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which are typically 1–3 nm in thickness [1, 19, 22, 25, 30, 33–35, 38, 64, 65]. The ULP formed oxide

is very thin and found to be slightly enriched in iron and chromium relative to the modified alloy

of the oxide free surface, whilst molybdenum has the same concentration as its bulk amount. Upon

introduction to the glovebox we observe the growth of the film, with it almost doubling in thickness.

The composition of the oxide film remains very similar. We also confirm a slight enrichment of

nickel in the modified alloy, which had already been indicated by ToF-SIMS results and is in

agreement with many previous studies [1, 30, 33–35, 38, 57, 65]. Post-oxidation one observes a

significant decrease in the relative concentration of metallic chromium in the modified alloy, which

remains lower than that of the clean surface throughout the duration of the experimental set. Ma

et al. have reported similar decreases in the amount of chromium in the modified alloy after room

temperature ULP oxidation of FeCrNi alloys [35]. Conversely, when investigating passive films

formed from native oxides on freshly polished polycrystalline 316L surfaces, Wang et al. showed

no significant change in the amount of chromium present in the modified alloy [33]. This suggests

that ULP pre-oxidation of clean and well-ordered surfaces may affect the transportation of metallic

chromium under the oxide layer when compared with oxides formed after exposure to ambient air

and may be investigated further. After the first electrochemical treatment we observe a reduction

in the thickness of the film and a marked decrease in the amount of iron, which confirms the

dissolution of iron oxide in acidic media. Molybdenum and chromium are found to be markedly

enriched in the film, at approximately four and six times the amount of the initial oxide-free surface,

respectively. Upon passivating the surface, we observe an increase in the thickness of the film, with

chromium enriched even further. This growth is owed to the applied anodic polarization which

forces a faster formation of oxide species, counteracting the oxide dissolution. A reduction in the

molybdenum enrichment is observed, however, it remains at three times the amount of the initial

oxide free surface. There is a notable increase in the amount of nickel present in the modified alloy.

The amount of metallic molybdenum is the same as that of the oxide-free surface, indicating that

there is no depletion of the modified alloy region.

Results from the calculations for the thickness and composition of the oxide layers for the bilayer

model are shown in Table 4. It should be noted that the results for the modified alloy are identical

using both layer models, so it is therefore not repeated in Table 4. After the ULP oxide has been

transferred to the glovebox both layers grow, doubling in thickness, with no apparent change in

the concentration of iron and molybdenum in the outer layer. XPS results indicated that iron

hydroxide would also be present in the outer layer after stage II. It is after stage III that we observe
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Stage Thickness d (nm) Relative concentration (± 2%)

Oxide layer Modified alloy

Fe Cr Mo Fe Cr Ni Mo

Oxide free – – – – 76 14 7 2

I 0.9 (±0.1) 79 19 2 80 7 12 1

II 1.7 (±0.2) 82 16 2 74 9 16 1

III 1.4 (±0.2) 37 51 12 71 11 16 2

IV 2.1 (±0.2) 37 57 6 67 9 22 2

Table 3: Thickness and composition of oxide layer and modified alloy using the single-layer model as calculated from

XPS data.

an overall decrease in the thickness of the oxide and a significant enrichment of chromium and

molybdenum in the outer layer, caused by the dissolution of iron in the acidic electrolyte leading

to a decrease in the thickness of the outer layer. Molybdenum makes up approximately 14% of

the outer layer, a 7 fold increase relative to the amount present on oxide free surface. This large

enrichment of molybdenum is likely to have a beneficial effect on the transient anodic dissolution

at the active/passive transition, as shown by the electrochemical data discussed above, which is of

importance when it comes to self-repair of the film after passivity breakdown [22, 30, 34, 38]. The

inner layer is also found to decrease slightly, suggesting that the chromium oxide previously present

is in fact hydroxylated. After stage IV, where the sample is anodically passivated in H2SO4, the

outer layer is not found to grow; however, a remarkable increase in the thickness of the inner layer

is observed, with it found to treble in height. This significant increase in thickness of the inner

barrier layer has not previously been observed on other passive films that have been pre-oxidised at

room temperature prior to passive film formation in an acidic electrolyte [34, 38]. The XPS analysis

above showed that, in the case of chromium, the oxide:hydroxide ratio increased significantly, from

0.40 to 1.40 after passivation. The loss of thickness caused by the dehydroxylation of chromium

in the outer layer is counter acted by the further oxidation of iron metal, which may explain the

decrease in the relative concentration of iron in the modified alloy. The relative concentration

of molybdenum in the outer layer is found to decrease, although it remains significantly enriched

relative to that of the oxide-free modified alloy. In our previous study that investigated how a room

temperature pre-oxidation of a polycrystalline 316L stainless steel further enriched the amount of
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Stage Thickness d (nm) Relative concentration of

outer layer (± 2%)

Total (±0.1) Outer layer Inner layer Fe Cr Mo

I 0.9 0.7 0.2 98 0 2

II 1.8 1.4 0.4 98 0 2

III 1.5 1.2 0.3 44 42 14

IV 2.1 1.2 0.9 55 35 10

Table 4: Thickness and composition of oxide layers using the bilayer model as calculated from XPS data. The

composition of the inner layer is always 100% chromium.

molybdenum [38], we found a 19% relative concentration of the outer layer of the film after anodic

passivation, versus 10% in the present study, the same value as for the native oxide pre-covered

polycrystal 316L after it had been submitted to anodic passivation. Molybdenum plays a significant

role in the stability of the oxide in the passive range, so we can suggest that larger amounts in the

outer layer would enhance the resistance to breakdown of the passive film. So by comparing with

work done on the room temperature ULP pre-oxidation of a polycrystalline 316L surface, where the

enrichment of molybdenum is found to increase after being anodically passivated, it would suggest

that high temperature pre-oxidation results in a lower stability in the passive range than when the

pre-oxidation is carried out at room temperature. Evidently there are several other factors that

will play a role and this requires further investigation. Overall, this work confirms that controlled

pre-oxidation under ultra-low oxygen pressure is instrumental to promote the Mo enrichment in

the passive film. It also suggests that the temperature of pre-oxidation may play an important role

in the subsequent performance of the passive film formed in aqueous acid electrolytes.

4. Conclusion

High resolution XPS and ToF-SIMS depth profiling analysis were used to investigate the effect

of thermal ULP pre-oxidation at 250 ◦C on the composition and structure of the passive film formed

in a 0.05 M H2SO4 electrolyte, on a (100)-oriented FeCrNiMo model stainless steel surface.

ULP pre-oxidation was found to improve the protectiveness of the surface oxide film at the

active-passive transition when compared with the native oxide formed on the same surface. The

ULP and glovebox formed oxides were found to be enriched in iron which later dissolved into the
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acidic electrolyte after being held at OCP, resulting in the enrichment of chromium and molybdenum

in the film. Anodically passivating the surface caused growth of the film and favoured dehydroxyla-

tion of both chromium and molybdenum. It was found that thermal ULP pre-oxidation promoted

the enrichment of molybdenum in the passive film, albeit not as significantly when compared with

previous experiments that investigated the effect of a room temperature ULP pre-oxidation on 316L

polycrystalline stainless steel [38]. This would suggest that thermal ULP pre-oxidation is likely to

improve the self-repairing properties of the passive film, and its resistance to breakdown, although

not more than a ULP pre-oxidation carried out at room temperature. However, it was found that

relative to these previous studies, ULP pre-oxidation 250 ◦C caused an enhancement in the growth

of the chromium inner oxide layer after anodic passivation, which will influence the transport of

ions through the passive film.
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