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Abstract: UV-visible spectroscopic ellipsometry was used to study the thickness and composition
of the oxidized zone in Fe- and Ni-based alloys as a function of oxygen partial pressure. In the case
of AISI 304 stainless steel, the weathered thickness increases with oxygen partial pressure, whereas
in the case of Inconel 600, it appears to be independent of oxygen pressure. This trend is confirmed
by the AFM measurements. For both materials studied, the oxygen-modified zone consists of two
layers as confirmed by glow discharge optical emission spectrometry (GDOES) measurements. The
thicknesses of these two layers vary differently on either side of an oxygen partial pressure of 0.1 Torr.
In the case of AISI 304 stainless steel, the thickness of the Fe-rich outer layer decreases in favor of
the Cr-rich inner layer. In the case of Inconel 600, the trend is reversed. The Ni-rich outer layer
increases significantly above this critical pressure, while the Cr-rich inner layer decreases slightly.
The composition of each layer in the oxidized zone is discussed in terms of its dielectric function in
relation to reference material. The use of UV-visible ellipsometry as a non-destructive tool to study
the structure and composition of the oxide bilayer of absorbing systems such as the alloys under
investigation is a first.

Keywords: AIS 304; Inconel 600; oxidation; Fe2O3; Cr2O3; NiO; ellipsometry; AFM

1. Introduction

Both iron-based stainless steels and nickel-based alloys are materials specifically
designed to resist corrosion in aggressive environments where conventional materials fail.
Corrosion resistance depends mainly on the chemical composition of the material and its
microstructure. It results from the passivation of the alloy by the formation of a protective
layer on its surface. The very complex process of passivation can be influenced by several
factors such as the composition of the alloy, the characteristics of the environment, and
the formation conditions. The properties of the protective layer that imparts “passivity”
to stainless steels and nickel-based alloys continue to be of great interest to materials
scientists and corrosion technologists and are the subject of much research. The various
parameters that influence the properties of the passive layer, such as the alloy composition,
its environment, the thickness of the layer, its structure, its stoichiometry, etc., are the focus
of these studies. Indeed, understanding the effects of each parameter on the properties
of the passive film and the passivity of the alloy becomes a key factor in protecting these
alloys against corrosion attack and reducing failures in the various applications using
these materials.

In the case of stainless steels, many works converge on the fact that the protective oxide
films have a bilayer structure. The inner layer (in direct contact with the alloy) which is
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composed mainly of chromium oxide, Cr2O3, behaves as a p-type semiconductor, while the
outer layer composed mainly of iron oxide Fe2O3 behaves as an n-type semiconductor [1,2].
The electronic structure of the oxide films is thus similar to a p-n heterostructure, where
the space charge regions formed by the two oxides limit the electronic and ionic transfers
and thus increase the effective corrosion protection. In the case of nickel-based alloys, the
outer layer is mainly based on NiO while the inner layer is rich in Cr [3]. The various
semiconductors (Fe2O3, Cr2O3, NiO) contained in the passivation layer of these alloys are
transparent conductive oxides that grow spontaneously or when the alloy is subjected
to thermal and/or chemical stress. The advantage of these materials is that they are low
cost, can be made from cheap and abundant materials, and are also easily reusable. In
addition to their role in corrosion protection, their properties are of interest for various
applications [4–15] such as electronic components, solar cells, or photocatalysis.

In previous work, we have used electrical and near-field measurements to study the
oxides formed on the surface of these alloys as a function of temperature and as a function
of oxidation time [16–21]. In this study, we propose to investigate the influence of the
oxygen partial pressure on the thickness and chemical composition of oxide layers formed
at a temperature of 350 ◦C, using optical and near-field microscopy measurements.

2. Experimental Section
2.1. Sample Preparation and Oxygen Oxidation Conditions

The composition of the austenitic stainless steel AISI 304 and the alloy Inconel 600
used in this study is given in Table 1. The samples were cut into pieces of 1 cm2, polished,
and then cleaned in an ultrasonic bath with acetone, ethanol, and distilled water, in
succession, and dried in air. The samples were then annealed under vacuum, for 30 min, at
a temperature of 1050 ◦C for AISI 304 steel and 1100 ◦C for Inconel 600. This heat treatment
is used to eliminate the effects of work hardening due to the mechanical preparation of
the surface. Immediately after annealing, the temperature is reduced to 350 ◦C. When
the pressure reaches 10−7 mbar, oxygen is introduced at various pressures ranging from
0.01 Torr to 700 Torr. At each oxygen pressure, the exposure time of the sample is 2 h.

Table 1. Composition of AISI 304 and Inconel 600 alloys.

Alloy Fe Cr Mo Ni Mn Si Cu C N S P Ti

AISI 304 Balance 18 0.39 10 1.42 0.48 0.14 0.053 0.04 0.024 0.007

Inconel 600 10 29 - Balance 0.65 0.28 - 0.033 0.007 0.003 0.007 0.28

2.2. Spectroscopic Ellipsometry Characterization

The changes in optical properties, induced by O2 oxidation, were monitored using a
Jobin-Yvon Uvisel UV-visible spectroscopic ellipsometer (SE, Horiba, Palaiseau, France),
operating in the wavelength range of 210–830 nm. Ellipsometry is an optical technique
based on the measurement of the changes in the polarization state of light after reflection
from a surface [22]. It is, therefore, a non-destructive and very sensitive technique well-
suited to the study of surface phenomena. Ellipsometry measures the ratio ρ between the
reflection coefficients rp and rs for a linearly polarized light whose polarization is parallel
(p) or perpendicular (s), to the plane of incidence:

ρ =
rp

rs
= tanΨ ei∆ (1)

The experimental ellipsometry angles Ψ and ∆ are converted to the pseudo-dielectric
function <ε> using Equation (2) for a single interface, where Φ = 70◦ is the incidence
angle [23]:
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< ε >= sin2Φ

(
1 +

(
1 − ρ

1 + ρ

)2
tan2Φ

)
(2)

<ε> is the pseudo-dielectric function of the whole system (bulk substrate + oxide film)
reflecting the light. It reduces to the dielectric function ε = n + i k of the material when
the reflecting sample has an infinite thickness and a smooth surface. The dielectric
function is related to the refractive index and the extinction coefficient of the material:
ε(E) = ε1(E)+ ε2(E) = [n(E) + i k(E)]2, where E is the photon energy. More quantitative infor-
mation can be derived from the SE measurements using appropriate optical models and
the Bruggeman effective medium approximation (BEMA) theory [24]. According to this
theory, if a film consists of a mixture of several phases, each one having a dielectric function
εk(E) and a volume fraction ƒk, its dielectric function ε(E) is given by:

∑
k

k
εk(E)− ε(E)
εk(E)− 2ε(E)

= 0 (3)

The quantitative analysis of the ellipsometriy measurements was carried out using the
DeltaPsi2 software from Jobin Yvon.

2.3. Glow Discharge Optical Emission Spectrometry (GDOES) Measurements

GDOES measurements were carried out on some samples, using a GD Profiler 2
(Horiba, Palaiseau, France) equipped with a high resolution, wide spectral range optical
emission spectrometer, and a differential interferometry profiler. The latter is based on
an interferometric method that consists of measuring the relative phase shift between
two laser beams, one reflected at the surface of the sample (the reference beam) and the
other reflected inside the glow discharge crater (the depth sensing beam). The phase shift
between the two is proportional to the depth of the crater.

A radio-frequency discharge is generated in low-pressure argon between an anode
and the sample which acts as a cathode. The resulting ion bombardment of the sample
surface by argon ions causes its erosion. The ejected atoms, excited in the Ar plasma, emit
a characteristic wavelength λ when they return to the ground state. The intensity Ijλ of
each wavelength, characteristic of an element j, is a function of the concentration Cj of this
element j in the sample.

Ijλ = k jλYjλS I Cjλ (4)

where kjλ is an instrumental factor characterizing the collection efficiency of photons of
wavelength λ, Yjλ is the emission efficiency of element j at wavelength λ, S is the sputtering
efficiency of the sample and I is the discharge current. Rigorous quantification of the mea-
surements would require the use of standard samples under the same plasma conditions
to eliminate the contribution of the erosion rate and thus to access the concentration of
element j. However, since the main aim of the measurements is to determine the thickness
of the oxidation-modified layers, the profiles of the species of interest j (Fe, Cr, Ni and O)
are followed by their relative intensities Ij

r, determined as follows:

Ij
r =

Ij

IFe + ICr + INi + αIO
(5)

where and α = 1 for O and 0 in all other cases.

2.4. Atomic Force Microscopy (AFM) Measurements

The AFM measurements were performed in air with a commercial multimode mi-
croscope from Brucker (Brucker, Wissembourg, France) controlled by a commercial AFM
multimode design and nanoscope V electronic that simultaneously measures the surface
topography and potential distribution on a line-by-line basis using a commercial electrically
conductive Pt-Ir coated silicon cantilevers (reference SCM PIT-V2 from Brucker designed
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for Scanning Kelvin Probe Microscopy). The topographic imaging was performed in the air
using the classical semi-contact method called tapping mode by Brucker. The cantilever
frequency is around 75 kHz and the spring constant is equal to 3 N/m.

3. Results and Discussion
3.1. Ellipsometry Measurements

Figure 1 shows the real (<ε1(E)>) and imaginary (<ε2(E)>) parts of the pseudo-dielectric
function spectra of AISI 304 and Inconel 600 samples before and after oxidation at different
oxygen pressures. The spectra of the polished samples show a typical metallic behavior
with a monotonous decrease of the absolute value of <ε1>, as the photon energy E increases,
accompanied by a monotonous increase in <ε2>. The dielectric function ε(E) of the polished
samples was therefore parameterized using the Drude-Lorentz dispersion model [25]:

ε(E) = ε∞ +
(εS − ε∞)Et

Et2 − E2 + iΓ0E
+

EP

−E2 + iΓDE
+

2

∑
j=1

f jE0j
2

E0j
2 − E2 + iγjE

(6)

where ε∞ is the high-frequency dielectric constant, εs (εs > ε∞) the static dielectric function,
Et the resonant energy of the Lorentz oscillator and Γ0 (in eV) its damping factor, EP the
plasma energy, ΓD (in eV) the collision frequency, f j (j = 1, 2) the strength of an additional
Lorentzian oscillator with a resonant energy E0j and a broadening γj.
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Figure 1. Real (<ε1(E)>) and imaginary (<ε2(E)>) parts of the pseudo-dielectric spectra of AISI 304
(a,b) and Inconel 600 alloy (c,d), before and after oxidation at different O2 pressures. The color of the
curve corresponds to the O2 pressure displayed.
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A two-layer optical model was used to determine the dielectric function of the bare
alloy. Surface roughness is expressed as a mixture of 50% of the same material as the bulk
layer and 50% void.

The oxidation of AISI 304 strongly affects its optical response as shown by the pseudo-
dielectric function spectra of Figure 1a,b. Roughly speaking, oxidation gives the sample
a less metallic character. Compared to the polished sample, the absolute values of both
<ε1> and <ε2> decrease strongly throughout the spectral energy range. In addition, some
structures appear in the spectra, especially around 3 eV. These become more pronounced
as the O2 pressure increases. The oxidation of Inconel 600 shows a different evolution
with respect to oxygen pressure. Contrary to AISI 304, there is no significant variation as
a function of oxygen pressure. Indeed, from the lowest value of O2 pressure, the pseudo
dielectric function spectra evolve slightly and tend to overlap almost over the whole energy
range. On the other hand, all the spectra show a small bump, more visible on the imaginary
part of the dielectric function, between 4 eV and 5 eV. Thus, Figure 1 shows that the changes
in the spectra of the pseudo-dielectric function are due to the growth of an oxidized layer,
the effects of which are amplified by the oxygen pressure.

Figure 2 displays the GDOES depth profile of AISI 304, oxidized at the lowest oxygen
partial pressure (0.01 Torr). The relative intensity of the most abundant elements (Fe, Cr,
and Ni) and that of oxygen confirm the bilayer structure of the modified zone with an inner
Cr-rich layer and an outer Fe-rich layer. Many works have reported such double layers [1,2]
after the oxidation of stainless steel. The composition of each of these two layers depends
on the oxidation conditions. First, the quantitative exploitation of the SE of AISI 304 after
oxidation is discussed in detail. Then the same method is strictly applied to the case of
Inconel 600.
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Figure 2. GDOES depth profile of the main elements of AISI 304 sample oxidized at 0.01 Torr of O2.

3.2. Simulation Study

A simulation analysis may help the reader to better understand the influence of the
structural parameters of the oxidized zone on the optical response of a polished AISA
304 substrate. We assume an internal Cr2O3 layer with the dielectric function measured
by Hones et al. [26] and an external Fe2O3 layer with the dielectric function given by
Querry [27].
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Figure 3 shows the calculated pseudo-dielectric function spectra of an AISI 304 sub-
strate coated with an inner Cr2O3 layer of thickness 5 nm (Figure 3a) and 10 nm (Figure 3b),
respectively, and an outer Fe2O3 layer of a thickness varying from 0 to 20 nm in 5 nm steps.
The following conclusions can be drawn:
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of AISI 304 covered with an inner Cr2O3 layer of a thickness 5 nm (a) and 10 nm (b), respectively, and
an outer Fe2O3 layer of a thickness varying from 5 nm to 20 nm. The insert in (b) shows the optical
model that was used to perform these simulations.

− Since the penetration depth of the photon depends on its energy, the low-energy part
of the spectrum is more sensitive to any change in the overall thickness (growth of the
oxide layer), while the high-energy part will be more affected by changes that may
occur in the Fe-rich outer layer (e.g., porosity or roughness).

− The presence of the oxide layer leads to a decrease in the absolute value of both <ε1>
and <ε2>. This decrease, which is more pronounced in the low-energy part of the
spectrum, increases with the thickness of the oxide layer. The semiconducting nature
of the oxide layer is certainly responsible for this decrease in the metallic character of
the dielectric pseudo-function.

− The growth of the oxide layer reveals structures in the spectrum of the pseudo-
dielectric function and in particular its imaginary part. Their amplitude increases
with the increase of the thickness of either the inner or the outer layer oxide layer. In
general, the structures below 5 eV seem to be mainly due to the Fe2O3 layer while
those above 5 eV seem to be more related to the presence of the Cr2O3 layer.

Figure 4 illustrates the effects of a porous outer oxide layer. This porosity is simulated
by an increasing void volume fraction fV up to 50%. According to effective media the-
ory [24], the effective dielectric function of the outer layer will be a mixture of the dielectric
functions of Fe2O3 and void, weighted by the volume fractions of these two constituents. A
porosity fV ≥ 50% would correspond to a surface roughness layer. The spectra in Figure 4
correspond to a 10 nm inner Cr2O3 layer and a 20 nm thick porous outer Fe2O3 layer. In
addition, we note that increasing the porosity decreases both <ε1> and <ε2> and attenuates
the structures beyond 3 eV.



Coatings 2023, 13, 882 7 of 16

Coatings 2023, 13, x FOR PEER REVIEW  7  of  16 
 

 

 

Figure 4. Calculated real (<ε1>) and imaginary (<ε2>) parts of the pseudo-dielectric spectra of AISI 

304 coated with a 10 nm-thick Cr2O3 and a 20 nm-thick Fe2O3 porous layer with a volume fraction fV 

of voids increasing up to 50%. 

3.3. Quantitative Fits of the SE Spectra 

The optical model shown in the inset of Figure 5 was used to fit the experimental SE 

spectra according to the depth profile in Figure 3. However, the exact composition of both 

the Fe-rich outer layer and the Cr-rich inner layer remains unknown. It is, therefore, nec-

essary to describe the dielectric function of each of these two layers by a dispersion law. 

The choice of the dispersion relation depends on the type of material involved. For exam-

ple, the Tauc-Lorentz relation [28] was most appropriate for the Fe-rich outer layer in the 

case of AISI stainless steel or the Ni-rich layer in the case of Inconel 600 alloy: 

   

 
 

 























 







g

j

g

jj

gjjj

i

E

EE

EE
ECEE

EEECEA

EE

d
E

E

0

1

2

3

1
222222

3

1 0

22
2

1









 P

  (7)

where ε∞ is the high-frequency dielectric constant and Aj Cj and Ej are, respectively, the 

strength, the broadening and the peak central energy of the jth oscillator. P stands for the 

Cauchy principal part of the integral and Eg is the energy at which the absorption of the 

material begins. 

-8

-4

0

4

2

4

6

2 3 4 5 6

0
10

20
30

40
50

< 1 >

< 2 >

Photon energy (eV)

fv (%)

Figure 4. Calculated real (<ε1>) and imaginary (<ε2>) parts of the pseudo-dielectric spectra of AISI
304 coated with a 10 nm-thick Cr2O3 and a 20 nm-thick Fe2O3 porous layer with a volume fraction fV
of voids increasing up to 50%.

3.3. Quantitative Fits of the SE Spectra

The optical model shown in the inset of Figure 5 was used to fit the experimental
SE spectra according to the depth profile in Figure 3. However, the exact composition of
both the Fe-rich outer layer and the Cr-rich inner layer remains unknown. It is, therefore,
necessary to describe the dielectric function of each of these two layers by a dispersion
law. The choice of the dispersion relation depends on the type of material involved. For
example, the Tauc-Lorentz relation [28] was most appropriate for the Fe-rich outer layer in
the case of AISI stainless steel or the Ni-rich layer in the case of Inconel 600 alloy:

ε1(E) = ε∞ + 2
π

3
∑

i=1
P

E∫
0

ξε2(ξ)
ξ2−E2 dξ

ε2(E) =


3
∑

j=1

1
E

AjEjCjE(E−Eg)

(E2−Ej
2)

2−Cj
2E2

E ≥ Eg

0 E ≤ Eg

(7)

where ε∞ is the high-frequency dielectric constant and Aj Cj and Ej are, respectively, the
strength, the broadening and the peak central energy of the jth oscillator. P stands for the
Cauchy principal part of the integral and Eg is the energy at which the absorption of the
material begins.
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Figure 5. Experimental (symbols) and calculated (curves) real (<ε1>) and imaginary (<ε2>) parts of
the pseudo-dielectric spectra of AISI 304 after oxidation at 0.01 Torr of O2 pressure. The insert is the
optical model used to fit the SE measurements.

In the case of the Cr-rich inner layer, the most appropriate parameterization of its
dielectric function was the model derived from the Forouhi and Bloomer formulation [29].
The refractive index and the extinction coefficient are given by:

n(E) = n∞ +
5
∑

j=1

Bj(E−Ej)+Cj

(E−Eg)
2−Γj

2

k(E) =


N
∑

j=1

f j(E−Eg)
2

(E−Eg)
2−Γj

2
E ≥ Eg

0 E ≤ Eg

(8)

with n∞ the high energy refractive index, Ej, fj and Γj, the energy of maximum absorption
the oscillator strength and the broadening factor of the jth oscillator, and Eg the energy at
which the absorption of the material starts. As shown in Figure 5, the optical model allows
us to obtain an excellent fit quality over the whole measured energy range.

3.4. Composition of the Oxidized Layer

Figures 6 and 7 show the dielectric functions of the Fe-rich outer and Cr-rich inner
layers, respectively. For comparison, the dielectric functions of Fe2O3 and Cr2O3 used in
the previous simulations (Figures 3 and 4) are also shown. regarding the Fe-rich layer,
the dielectric functions of Figure 6 show a high similarity with that of Fe2O3 of Ref. [27],
suggesting the prevailing presence of this type of oxide in this layer. According to the results
in Figure 4, the increase in the amplitude of the dielectric function, as the O2 pressure is
increased, indicates a more compact oxide layer. Regarding the Cr-rich layer, the differences
between the dielectric functions in Figure 7 and those of Cr2O3 in Ref. [26] may be due to
several factors:

− An abundance of oxygen beyond the stoichiometry of Cr2O3;
− A porosity of the layer that would make its dielectric function lower than that of the

Cr2O3 of Ref. [26];
− The presence of Ni oxide and metallic Cr in addition to Cr2O3.
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Figure 6. Real (a) and imaginary (b) parts of the dielectric function of the Fe-rich outer layer after
oxidation of AISI 304 at different O2 pressures. For comparison, the dashed curve represents the
dielectric function of Fe2O3 from Ref. [27].
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Figure 7. Real (a) and imaginary (b) parts of the dielectric function of the Cr-rich outer layer after
oxidation of AISI 304 at different O2 pressures. For comparison, the dashed curve represents the
dielectric function of Cr2O3 from Ref [26].

Studies conducted on the oxidation of Inconel 600 emphasize the presence of an outer
layer of NiO [30,31]. The GDOES profile in Figure 8 confirms the presence on the surface of
a zone of about ten nanometers, which is rich in Ni and O. This NiO layer covers a zone
extending over a few tens of nanometers, where the concentration of Cr is higher than in
the bulk of the material. It would correspond to a NiCr alloy [31].

Figures 9 and 10 show the dielectric functions of the Ni-rich outer and Cr-rich inner
layers, respectively. For comparison, the dielectric functions of NiO by Powel et al. [32] and
NiCr by Erkan et al. [33] are also given.
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Figure 8. GDOES depth profile of the main elements of Inconel 600 sample oxidized at 0.01 Torr
of O2.
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Figure 9. Real (a) and imaginary (b) parts of the dielectric function of the Ni-rich outer layer after
oxidation of Inconel 600 at different O2 pressures. For comparison, the dashed curve represents the
dielectric function of NiO from Ref. [32].
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Figure 10. Real (a) and imaginary (b) parts of the dielectric function of the Cr-rich outer layer after
oxidation of Inconel 600 at different O2 pressures. For comparison, the dashed curve represents the
dielectric function of NiCr from Ref. [33].
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Figure 11 summarizes the evolution of the thickness (a) and the bandgap (b) of the
outer layer and the thickness of the inner layer (c) as derived from the fits of the SE
measurements, as well as the thickness of the oxygen-modified layer (d). The following
conclusions can be drawn:

− The thickness of both inner and outer layers varies differently on either side of an
oxygen partial pressure of 0.1 Torr.

− In the case of AISI 304 stainless steel, the thickness of the Fe-rich outer layer decreases
in favor of the Cr-rich inner layer. As a result, the whole modified layer linearly
increases with oxygen pressure, which is consistent with the gradual changes in the
SE spectra in Figure 1a,b.

− In the case of Inconel 600 alloy, the Ni-rich outer layer increases significantly above this
critical pressure while the Cr-rich inner layer shows a slight decrease. Consequently,
except for the lowest oxygen pressure, the thickness of the modified layer remains
almost constant in agreement with the overlapping of the SE spectra observed in
Figure 1c,d.

− The bandgap Eg of Equation (7) represents the energy at which the absorption is
different from zero. It is therefore different from the Tauc gap usually reported [34].
Its value of around 2.1 eV, in the case of the Fe-rich AISI 304 outer layer, and 2.8 eV for
the Ni-rich Inconel 600 outer layer differs from the Tauc gap which is around 2.35 eV
for Fe2O3 [35] and 3.7 eV for NiO [36].
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Figure 11. Evolution of the thickness of the outer layer (a), its bandgap Eg (b), the thickness of the
inner layer (c) and the total oxide layer (d) after oxidation of AISI 304 and Inconel 600. The curves
and lines are provided as guides for the eye.
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3.5. AFM Test for Oxide Thickness Determination

The AFM images in Figures 12 and 13 show a different surface topography of the two
types of alloys after oxidation. In the case of the AISI 304 samples (Figure 12), the oxide
layer appears fractured and some trenches are observed, due to oxidation and probably heat
treatment. If these “trenches” only affect the oxide layer, they can be used to estimate the
total thickness of the oxide layer (see Figure 14). The topography of the Inconel 600 surface
is completely different and no trenches are observed (Figure 13). Small grains nucleate to
form interconnected rings with holes in the center. As the O2 pressure is increased, the
grains and thus the rings grow and progressively cover the entire surface.
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Figure 13. AFM image (2 µm × 2 µm) of Inconel 600 samples oxidized at different oxygen pressure.

Depending on the topography of the alloy surface, one of the following two methods
was used to attempt to access the total thickness of the oxidized layer using the AFM
images as input data:

− For AISI 304, as shown in Figure 14, a cross-sectional profile of a trench was used to
determine the thickness of the total oxide layer. Such a method was possible on the
AISI 304 samples thanks to an optical camera that allows the AFM tip to be aimed at
a trench.

− For Inconel 600 samples, the substrate remains visible in the center of each ring,
making the flooding technique more suitable for determining the oxide thickness
(Figure 15). Once the AFM height has been measured, the holes between the rings
(shown in blue) are isolated and their volume is estimated. The remaining volume,
corresponding to the amount of material that has grown on the substrate, is estimated
and then divided by the image area (2 µm × 2 µm in the case of Figure 15). This gives
the average thickness of the oxide layer for a sample of Inconel 600.
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Figure 15. An example of the use of the flooding technique in the case of an Inconel 600 sample
oxidized at 10 Torr. Once the AFM height is determined and the holes between the rings (in blue)
are isolated, the volume corresponding to the amount of oxide is calculated and then divided by the
image area (2 µm × 2 µm) to obtain the average thickness of the oxide layer.

The oxide layer thicknesses derived from the AFM measurements are plotted in
Figure 16. In the case of Inconel 600, the values are very close to the total thickness obtained
by ellipsometry. Furthermore, the same variation is obtained as a function of oxygen
pressure. In the case of AISI 304, although the linear variation with oxygen pressure is
similar to that in Figure 11, the values are almost 10 times higher. This suggests that the
cracks are not restricted to the oxide layer.
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Figure 16. Variation of oxide layer thickness variation as a function of O2 pressure, as derived from
AFM measurements. The curves are provided as guides for the eye.

4. Conclusions

The effects of oxidation at different oxygen partial pressures on AISI 304 and Inconel
600 were investigated. UV-visible spectroscopic ellipsometry was used to analyze the
structure and composition of the oxide layer formed. The latter is a superposition of two
layers. The thicknesses deduced from the fits of the ellipsometry measurements agree with
those of the GDOES measurements.

In the case of AISI 304, the optical properties of the Fe-rich outer layer are similar to
those of the Fe2O3 oxide. Those of the Cr-rich outer layer differ slightly from those of Cr2O3
due to possible porosity and/or the presence of metallic Cr and Ni oxide in this layer.

In the case of Inconel 600, the optical properties of the Ni-rich outer layer are similar
to those of a low-density NiO oxide. The metallic appearance of the chromium-rich inner
layer suggests a NiCr alloy.

The low oxidation temperature used in this study corresponds to the operating tem-
perature of the primary circuit of a nuclear power plant, where oxygen remains at a level of
a few ppm. The results of this study can be used to predict the effects of oxidation on the
different types of stainless steel used in the construction of these circuits.

In conclusion, this study illustrates the power of a non-destructive diagnostic tool
such as ellipsometry to analyze the different layers of the surface of these alloys affected by
the interaction with oxygen.
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