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Abstract: The electrochemical behavior of low alloyed Fe-Cr steels with 3 and 5% wt. of Cr in
neutral NaySOy electrolyte combined with a detailed chemical and morphological characterization
of these alloys performed by Auger electron spectroscopy, X-ray photoelectron spectroscopy, time-
of-flight secondary ion mass spectrometry and scanning electron microscopy are presented here.
The corrosion of low alloyed Fe-Cr steels proceeds in the prepassive range, with the formation of
corrosion surface films having a duplex structure with outer iron oxide/hydroxide layer and inner
Cr oxide-rich layer. The thickness, composition, and the morphology of the surface films vary as a
function of chromium content in the alloy as well as conditions of electrochemical tests (temperature).
Even a low chromium content shows a beneficial effect on the corrosion performances of the Fe-Cr
steels. The chromium as a more active component than iron of ferrite increases the anodic activity
of this phase, which results in a rapid saturation of the surface with the anodic reaction products
forming a fine crystalline-like and compact layer of corrosion products. In this way, the chromium
acts as a modifier of formation/crystallization of the iron-rich surface film (mainly magnetite) in the
prepassive range.

Keywords: iron-chromium alloy; low Cr-alloy steel; oxide layer; XPS; ToF-SIMS; passivation

1. Introduction

Low- and medium-chromium steels are materials, which are commonly used in
building constructions and industrial equipment. The application of these steels is related
to their relatively good corrosion resistance in atmospheric conditions (weathering steels),
in water and in steam at elevated temperatures [1-3]. Our previous studies on the corrosion
of low-chromium steels at operating conditions in geothermal heating plants, as well as
in laboratory experiments, revealed that the corrosion rate decreases nearly exponentially
with the chromium content in the steel [4-8]. The results of Ueda et al. [9] show also
exponential decay of corrosion rate of carbon steel with chromium content in aqueous
solutions of carbonic acid and they were similar to date presented by Hua et al. [10].

The electrochemical laboratory tests, as well as the field tests, ruled out the possibility
of passivation of low- and medium-chromium steel in thermal water at high temperatures
(up to 150 °C) [5,7,8]. The electrochemical investigations of Fe-Cr alloys (containing from
1 to 5%Cr) and low-alloyed steels show that the corrosion of these materials in the H,O-
CO,-H;S system proceeds in the prepassive range [11]. Hitherto, the mechanism of the
positive influence of chromium on the corrosion resistance of the low-alloyed steel has
not been sufficiently investigated according to our knowledge. Two main explanations
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of the positive effect of low chromium content on the enhanced corrosion resistance of
carbon steel can be found in the literature. The first is related to the formation of spheroidal
carbide from chromium as a carbide-forming element [12]. Then, the formed carbide
facilitates the formation of a bainitic microstructure. This microstructure is characterized by
a higher corrosion and abrasion resistance than the ferritic and martensitic one. Moreover,
other than Cr alloys elements, such as Mo, Si, result in improved corrosion and abrasion
properties.

The second explanation proposed by Cheng and Steward [13] shows that the posi-
tive influence of chromium is related to the enrichment of the surface film in Cr,O3 as a
corrosion product. This thin film formed at the metal/film interface is responsible for a
limited transport of electric charge, in comparison to the film containing only iron ions
(Fe'l/Fe!"). Even a low content of chromium in steel (up to 2.5%) increases the rate of
the surface film formation, which is beneficial for corrosion resistance. Xu et al. reported
that the formation of protective Cr(OH); layer, having a prepasivation characteristics, is
responsible for the improved corrosion performance of low-Cr alloy steel [14]. The positive
influence of low Cr content in steels was also demonstrated in atmospheric corrosion or
corrosion under CO; environment [15,16]. The positive influence of the Cr on the corrosion
performance has been widely studied for high chromium-content alloys [17-23]. A suffi-
ciently high chromium content is decisive for their excellent passivating properties [24-27].
Many studies have shown that for less than 10% of Cr content, the properties of iron are
dominating, whereas for more than 15%Cr content in the alloy, chromium has the major
influence. Keller and Strehblow [28] have performed detailed XPS analysis on the surface
layers formed on the Fe20Cr and Fel5Cr steels in the prepassive, passive, and transpassive
potential range. These investigations performed on the layer formed in the prepassive
range showed a formation of a homogeneous film composed of Cr(IlI) hydroxide and
Cr(IIT) sulphate with a low quantity of Fe(Il). In the passive range a bilayer structure can
be formed: with the outer layer enriched in Fe or Cr hydroxides and with the inner part
principally composed of Cr oxides. Iron exists only in a bivalent oxidation state. In the
transpassive potential range a pronounced change of the layer composition was observed:
with the outer part of the transpassive layer formed predominantly by Fe(III) species and
with the inner part enriched in CryOs.

Based on thermodynamic diagrams (Fe-Cr-C-O-H), Inaba et al. [29] demonstrated that
the increase of corrosion resistance of low chromium steels in humid CO, can be explained
by the reduction of the Fe?* stability range and formation of a FeyCr3.,Oj spinel. A small
amount of chromium and copper in weathering construction steels lead also to the increase
of the corrosion resistance under atmospheric conditions due to the formation of Cr,O3 and
CuOx phases in the first stages of corrosion [9,30]. Theses phases are therefore “modifiers”
of the crystallization of the surface layer, consisting mostly of iron oxides/oxo-hydroxides.
The formation of nanocrystalline structure of passive film on the polarized iron-chromium
single crystal alloy was observed for the first time by STM [22]. The crystallized film was
found to be more stable and corrosion resistant than the disordered film.

Temperature has also significant influence on mechanism of passivation, chemical
composition, and structure of passive layer. At lower temperatures (under 50 °C), the
growth of passive layer is limited by the high field mechanism [31]. At higher temperatures
the growth of the oxide layer is limited by high electric field in the initial period of growth.
After longer period of time the growth of oxide layer is determined by diffusion through
the layer (decrease of electric field in the inner part of the layer as a result of an increase in
the thickness of the oxide) [32,33].

The aim of this work is to present the influence of chromium on the corrosion re-
sistance, morphology, and chemical composition of the corrosion products formed on
low chromium (1, 3, and 5% of Cr) binary ferritic Fe-Cr alloys in Na;SOy electrolyte as a
function of temperature. The corrosion behavior was studied by electrochemical methods
followed by chemical surface characterization by means of Auger and X-ray photoelec-
tron spectroscopies (XPS) and time-of-flight secondary ion mass spectrometry (ToF-SIMS).
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The morphologies of pristine and corroded samples were analyzed by scanning electron
microscopy (SEM).

2. Experimental
2.1. Sample Preparation

Two types of samples were used in this study: a pure iron sample (Goodfellow with
a purity of 99.999%) and a binary iron-chromium (Fe-Cr) alloy samples with different
chromium contents of 1, 3, and 5%. To investigate the corrosion properties of this iron-
chromium alloy with possibly the same homogenous ferritic microstructure, the samples
were annealed at 1100 °C in Ar atmosphere. The composition of the examined alloys and
annealing time are given in Table 1.

Table 1. Chemical composition (in wt%) of binary Fe-Cr alloys and time of annealing.

Alloy C Si Mn P S Cr Ni Mo Cu Annealing Time
Fe-1% Cr 0.03 0.01 0.131 0.012 0.011 0.87 0.019 <0.0007 0.0420 2h
Fe-3% Cr 0.03 0.01 0.132 0.013 0.012 2.80 0.018 <0.0007 0.0366 50 h
Fe-5% Cr 0.03 0.03 0.126 0.021 0.015 5.16 0.020 <0.0012 0.0314 100 h

After the annealing, the specimens were mechanically ground with silicon carbide
(SiC) emery papers down to 4000 grit, polished with diamond pastes down to 1 pm, and
then washed with water and then ultrasonically rinsed in ethanol.

2.2. Electrochemical Measurements

The electrochemical measurements were performed in 0.1 M NaySO, (Reagent grade,
Aldrich) at 20 °C, prepared with distilled water in a classical three-electrode cell, using
a pure iron or Fe-Cr alloy sample (with surface of 0.5 cm?) as the working electrode, a
platinum wire as the auxiliary electrode, and a silver-silver chloride electrode (Ag/AgCl,
3M KCl) as the reference electrode. The measurements at higher temperatures (80 and
100 °C) were performed in autoclave at 20 MPa of Ar using an Ag/AgCl wire as the
reference electrode. The values of the potentials were recalculated into the hydrogen scale
(SHE-standard hydrogen electrode), taking into consideration the temperature coefficients.
The measurements were conducted with the use of PGZ301 VoltaLab potentiostat in a
solution deaerated with argon (at atmospheric pressure). The electrochemical investiga-
tions were performed by means of cyclic voltammetry (CV) or linear sweep voltammetry
(LSV), and chronoamperometry measurements. The samples after chronoamperometry
measurements performed at constant anodic potential were analyzed by surface sensitive
techniques: AES, XPS, and ToF-SIMS.

2.3. Chemical and Morphological Characterization

After the electrochemical tests, the morphology and chemical composition of the Fe-Cr
alloys were examined by means of a laser interference profilometry WYKO NT9300 of
Veeco and a scanning electron microscope (SEM) Jeol 5500LV with an X-ray spectrometer
EDS or WDS.

The surface chemical composition analysis was performed by high resolution scanning
Auger microanalysis (AES) (VG Microlab 350, Thermo Electron Corporation, Beverly, MA,
USA) and X-ray photoelectron spectroscopy (XPS) (VG ESCALAB 250, Thermo Electron
Corporation).

AES spectroscopy combined with Ar* ion sputtering was used to measure the local
chemical composition and depth profiles of the passive oxide layers. Discontinuous sput-
tering (5 s etching steps) was applied to gradually remove the oxide film. The sputtering
parameters were: ion energy 3 keV, crater size 16 mm?. The Auger spectra were recorded,
after each sputtering period, at a primary energy E = 10 keV. The conversion of the Auger
signals into an atomic concentration of the components was undertaken by using sensitivity
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factors Sy from the Thermo VG Scientific database. Avantage software (version 3.44) was
used for data acquisition and processing.

XPS analyses were carried out using an Al Ko monochromatized radiation m as an
X-ray source. For all analyses, the take-off angle of the photoelectrons was 90°. Survey
scans and high-resolution spectra (O 1s, C 1s, Fe 2p, Cr 2p) were recorded with pass
energies of 100 and 20 eV, respectively. Data processing (peak fitting) was performed
with the Avantage software (version 3.13) provided by Thermo Electron Corporation. The
peaks were fitted using an asymmetric Gaussian/Lorentzian mixed function and Shirley
background subtraction. Time-of-flight secondary ion mass spectrometry (ToF-SIMS) ion
depth profile analysis was performed using a ToF-SIMS 5 spectrometer (IonToF). The
spectrometer was run at an operating pressure of 10~° mbar. A pulsed 25 keV Bi* primary
ion source was employed for analysis, delivering 1.1 pA of current over a 100 x 100 pm?
area. Depth profiling was performed by interlacing analysis with sputtering using a m
Cs* sputter beam giving a 30 nA target current over a 500 x 500 um? area. Negative ion
profiles were recorded by reason of their higher sensitivity to fragments coming from oxide
matrices.

3. Results and Discussion
3.1. Electrochemical Behavior of Pure Iron and Fe-Cr Alloys in 0.1 M Na, SOy Solution
3.1.1. Electrochemical Behavior of Iron

The electrochemical properties of iron were studied by cyclic voltammetry (CV) in
deaerated (by argon) 0.1M Na,SO; solution. Figure 1a presents the influence of scan rate (1,
3,5,and 10 V/min) on the CV curves performed at 20 °C. In the anodic region, two areas can
be distinguished: one below the potential of about —0.6 V (area of al peak), corresponding
to the formation of the surface product Fell (FeO/Fe(OH),), and one above the potential,
corresponding to the formation of the Fel! /Fe!ll layer (area of a2 peak) (magnetite [34]).
The latter is not a barrier film but a well-conducting film, thus a significant increase of the
current density at potentials higher than —0.6 V, attributed to the anodic reaction occurring
at the surface layer/alloy substrate interphase, can be observed. In the backward curve
(Figure 1a) the peaks c2 and c1 correspond to the reduction of solid surface products such
as magnetite and Fe!' compound, respectively.

From the relationship between peak current or peak potential and scan rate the
reaction mechanism can be described such as formation of surface products and the process
reversibility [35]. The linear dependence of the anodic current density i,; as a function of
scanning rate (Figure 1b) indicates that a non-equilibrium process occurs on the surface
with the formation of the Fe'l-based film. The peak potential shifts to more positive values
with the scan rate increase (linear dependence of the peak potential E,; as a function of the
scan rates [36], Figure 1c, which confirms the irreversibility of the anodic process).

The electrochemical behavior of pure iron and the effect of temperature (20, 80, and
100 °C) on its corrosion mechanisms in the prepassive range are presented in Figure 2a.
At higher temperatures (80 and 100 °C) the increase of anodic current density related to
iron oxidation (generalized corrosion) is moved to lower potentials. The formation and
reduction of the surface anodic film at elevated temperatures is almost reversible.

The analysis of the fast polarization curves performed at high temperature (100 °C),
shown in Figure 2b, demonstrates a Tafel anodic segment with the slope of 0.117 V/dec,
corresponding to one reaction order with the formation of Fe(OH), according to equa-
tion [37]:

FeOH.4 + H,O — [Fe(OH)z]ad +H" +e (1)

The backward curves performed at a high polarization rate (Figure 2c) show anodic
segments with the slope from around 0.040 V/dec (for v =5 V/min) to around 0.030 V/dec
(for v =10 V/min), which can correspond to the catalytic process of oxidation occurring on
the surface with a small surface coverage by the FeOH" 4 intermediate product (Langmuir
adsorption) [38].
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Figure 1. Polarization (CV) curves of iron in 0.1 M Na;SO, saturated with argon at 20 °C performed at different scan rates
v=1,3,5,and 10 V/min (a); influence of scan rate on anodic current density i,; (b); and on anodic peak potential E,; (c).
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Figure 2. Influence of temperature on polarization (CV) of iron in 0.1 M NaySO, saturated with argon performed at
v =10 V/min (a) fast polarization (v = 5 and 10 V/min) performed at 100 °C (b) forward, and (c) backward scans.
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3.1.2. Electrochemical Behavior of Binary Fe-Cr Alloys

Figure 3 shows polarization curves performed on low chromium binary Fe-Cr alloys
(with 1, 3, and 5% of Cr) in 0.1M NaSO; electrolyte deaerated with argon at 20 and 80 °C.
In the region I, an increase of the anodic current (red arrow in Figure 3a) as a function
of chromium content can be explained by fast dissolution of alloy, with the formation of
thinner layer (with the surface compound Fe(OH), formed at E vs. SHE < —0.7 V). At
higher potentials, the region II (E vs. SHE > —0.7 V) corresponds to the formation of barrier,
magnetite-like layer (oxidation of Fe(OH); into Fe3Oy) enriched in chromium compounds.
The increased stability of this barrier layer as a function of the higher chromium content
can be evidenced by the displacement of the current density increase to higher potentials
(marked by green arrow): —0.68 V for the Fe-1% Cr, —0.55 V for the Fe-3% Cr, and —0.31 V
for the Fe-5% Cr.
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Figure 3. The influence of the chromium content on the polarization of the Fe-Cr ferritic alloys in
0.1 M NaySOy4 performed with scan rate v =1 V/min at 20 °C (a) and 80 °C (b).

At higher temperatures (at 80 °C, Figure 3b) a slightly higher current density (around
one order of magnitude) of the plateau can be observed in the region I, which can be
explained by a thinner surface film formation and less corrosion resistant than those
formed at 20 °C (Figure 3a). In the region II (above —0.55 V) the similar tendency can be
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observed as for the results obtained at 20 °C with the beneficial effect of corrosion behavior
for alloys with higher chromium content.

In order to determine the effect of chromium on the formation of the anodic sur-
face layer, chronoamperometry measurements were performed at a constant potential (at
E vs. SHE = —0.5 V) (Figure 4). A higher chromium amount (5% Cr) significantly increases
the rate of the anodic reaction in the first few seconds, which is consistent with the higher
current density of the plateau in the region I (Figure 3). However, after a longer time (~15 s)
of exposure at 20 °C, a current decrease (almost 7 times lower for Fe-5%Cr than for Fe-1%Cr)
can be observed. At 80 °C, a higher discrepancy (almost 10 times) between the current
densities for both samples can be observed. The higher anodic dissolution of Fe-5%Cr alloy
in the first seconds of polarization leads to more rapid nucleation of the surface product due
to higher chromium content, which leads to a faster saturation of surface anodic product.
The rapid nucleation, enhanced by higher chromium content, results in the formation of a
more uniform, crystalline-like layer of corrosion product (magnetite-like) [22], and/or more
complex and stable spinel compound FexCr;_,O4 [29] on Fe-5%Cr than on the Fe-1%Cr.
Therefore, this layer shows better barrier properties during the long time exposure. The
higher temperature leads also to faster formation of surface products and stabilization of
current density (5 s vs. 15 s for 20 and 80 °C, respectively).

a) 10° 5
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Figure 4. Chronoamperometry measurement performed for Fe-1%Cr and Fe-5%Cr at a constant
potential (E vs. SHE = —0.5V) in 0.1M NaySO; at (a) 20 °C and (b) 80 °C.
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3.2. Morphological and Chemical Characterization of Binary Fe-Cr Alloys before and after
Electrochemical Test

3.2.1. Morphological Characterization

The formation of a more uniform layer on the alloy with higher chromium content
(5%) was confirmed from analysis of surface morphology by means of laser profilometer
and a scanning electron microscope (Figure 5) performed after chronoamperometric mea-
surements at a potential corresponding to the prepassive region. As it can be observed by
profilometer images (Figure 5a,b), the rough surface layer (Z variation from —3.5 to 4.6 pm
for Fe-1%Cr or —4.5 to 6 pm for Fe-3% Cr) formed on the surface of the alloy containing
1% and 3% Cr is composed of big particles and/or grains (of few tens of micrometers)
randomly distributed. The sample with 5% of Cr content (Figure 5¢) can be characterized
by the formation of a relatively smooth surface layer (variation in Z from —1.3 to 0.8 um)
without any specific features, which can be attributed to different layer composition as
evidenced by the XPS and ToF-SIMS characterizations presented hereafter. The SEM con-
firms the homogenous layer formed on the Fe-5% Cr alloy (Figure 5f). For the lower (1 and
3%) chromium content alloys (Figure 5d,e), the surface layer is built of grains and flakes.
Moreover, this layer (for 1% and 3% of Cr content alloys) does not cover homogenously the
alloy surface and numerous cracks can be observed. The formation of layers with several
surface defects (irregular grains, particles, and cracks) can be a reason of lower corrosion
performance as aforementioned.

627.8um B = 627.8um

Figure 5. Surface morphology images performed by a laser profilometer and SEM images of Fe-1% Cr (a,d), Fe-3% Cr (b,e)
and Fe-5% Cr (c,f) alloys after chronoamperometric measurements at a constant potential (E vs. SHE = —0.5 V) in 0.1 M
NaZSO4 at 80 °C.

XL.0K 500m W : XL.0K 50um B

3.2.2. AES and XPS Analysis of Surface Layer of Binary Fe-Cr Alloys

Figure 6 presents the typical Auger spectra taken locally (lateral resolution ~25 nm) at
the surface of investigated alloys after chronoamperometry at a constant potential —0.7 V,
corresponding to the prepassive region. All spectra revealed that the oxide layers are
enriched in Fe and O. For the alloy with the 1% Cr content (Figure 6a) no chromium signal
was detected. However, Cr signals were detected for the Fe-3%Cr (Figure 6b) and Fe-5%Cr
alloys (Figure 6¢) after 10 s or 20 s of sample sputtering by argon ion gun, respectively. This
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kind of careful etching (ion energy 3 keV, crater size 36 mm?) was used to remove carbon
contamination present on the extreme surface (the first few nanometers).
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Figure 6. AES analysis of the chemical composition of Fe-Cr alloys ((a) 1%, (b) 3%, and (c) 5% of

Cr) after chronoamperometric measurements at a constant potential (E vs. SHE = —0.7V) in 0.1 M
NaySOy at 80 °C.

The element distribution profiles with the exception of chromium in the oxide layers
on the surface of alloys Fe-3% Cr and Fe-5% Cr are very similar. The chromium content in
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the anodic layer on alloy Fe-3% Cr is much lower than that in the layer on the alloy with
5% Cr and it is in the limit of detection (so the depth profile is present only for Fe-5% Cr
alloy). As seen from the depth profile (Figure 7), the oxide layer formed on the Fe-5%Cer,
was removed after ~20 s of sputtering (ion energy 3 keV, crater size 16 mm?). Two zones
can be clearly distinguished in the profile: one corresponding to the oxide layer with a
small amount of chromium which significantly increases after 15 s of argon sputtering
and reaches the intensity corresponding to about 3% at. and a second one related to a
metallic alloy substrate containing mostly iron and chromium. These results suggest that
the presence of chromium in the inner part of the oxide layer contributes to the growth of
the crystallization nuclei of the oxide phase.
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Figure 7. Distribution of elements Fe, Cr, O, C in anodic layer formed on alloy Fe-5% Cr after chronoamperometric

measurements: (a) the full sputtered thickness, (b) the sputtered thickness corresponding principally to the oxide layer.

Hereafter, a detailed XPS surface analysis is presented for pristine samples and after
sample polarization at constant potential. Figure 8 presents the XPS spectra of the Fe-5% Cr
pristine sample. The O 1s peak (Figure 8a) was decomposed into three components at O 1s
=530.7eV (FWHM =1.2¢eV), 0 1s =532.1 eV (FWHM = 1.6 V), and O 1s = 533.6 eV (FWHM
=1.7 eV), which can be ascribed to iron or chromium oxides, hydroxides [39—41] and molec-
ular water, respectively. The two peaks corresponding to hydroxide (O 1s) and molecular
water (O 1s) can overlap with the small intensity peaks assigned to contaminations, namely
0-C=0.

The contaminations are observed in the region of C 1s core level (Figure 8b), namely C
1s at 286.7 eV (FWHM = 1.6 eV) and C 1s peak at 289.0 eV (FWHM = 1.7 eV) ascribed to
C-0O and O-C=0 [42], respectively. The main carbon peak set at C 1s = 285.0 eV is assigned
to hydrocarbons, -CH,CH;—, always detected at the extreme surface. The small intensity C
1s peak at lower binding C 1s = 282.7 eV (FWHM = 1.0 eV) can be ascribed to small quantity
of iron carbide Fe3C [43].

Decomposition of the Fe 2p3/, peaks (Figure 8c) was performed according to previous
analysis and calculation made by Gupta and Sen [44,45] and investigation of multiplet
splitting of Fe 2p XPS spectra performed by Grosvenor et al. [46]. The 2p3,, peak for
high-spin Fe** and Fe?* compounds is broadened compared to Fe’ metal or low-spin
FeZ* [47]. The broadness of these peaks, shown already by Gupta and Sen (GS) [44,45] is
due to the inclusion of electrostatic interactions, spin-orbit coupling between the 2p core
hole and unpaired 3d electrons of the photoionized Fe cation and crystal field interactions.
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Figure 8. XP spectra for Fe-5% Cr pristine sample (a) O 1s, (b) C 1s, (c) Fe 2p, (d) Cr 2p.

A metal component at 707.3 eV (FWHM = 1.7 eV) appears in the spectrum for both
Cr-Fe alloys (here shown only a detailed decomposition for Fe-5% Cr alloys in Figure 8).
In this study, it was found that the Fe 2p3/, spectrum was well fit using the GS multiplets
for both the Fe?* and Fe3* components labelled in Figure 8. The presence of overlapping
multiplets made it difficult to separate the two phases, but the intensities found for the Fe3*
and Fe* multiplets correspond well to those found also by Grosvenor et al. [46]. The three
peaks (marked as Fe?" in Figure 8c) found at binding energy of 709.6, 710.3, and 711.3 eV
(with FWHM of around 1.5 + 0.1 eV) can be assigned to Fe?* in Fe30,4 and /or FeO [46]. The
four higher binging energy peaks at 711.2, 712.3, 713.2, and 714.21 eV (with FWHM ~1.5 +
0.1 eV) correspond to Fe,O3 [46]. However, the presence of FeOOH on the surface of Fe-5%
Cr alloys, which can be found at slightly higher binding energy as Fe;O3 compound (of
around >0.5 eV), cannot be excluded. The presence of iron and/or chromium hydroxides
has already been confirmed from the contribution of OH peak in O 1s core level spectra.

The Cr 2p3,, spectra presented in Figure 8d were decomposed into three peaks located
at 574.7, 576.7, and 578.3 eV, which can be attributed to metallic chromium, Cr,O3 and
Cr(OH); [48-52].

The surface analysis of the Fe-1%Cr pristine alloy shows the same chemical compo-
sition. The principal difference between these two alloys is mainly the lower quantity of
chromium compounds (oxides and hydroxides) present in the native oxide layer formed
on the surface of the Fe-1% Cr pristine sample.

The polarization of both alloys significantly modifies the composition of the surface
layers. Figure 9 shows the comparisons of Cr 2p and Fe 2p core level spectra obtained
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for pristine samples and after the CA measurements at 20 and 80 °C for Fe-1% Cr (a) and
Fe-5% Cr (b) alloys. In a case of low quantity of chromium in alloy (Fe-1% Cr) a thin
and/or not homogenous, rough layer with presence of defects is formed after sample
polarization at 20 °C. The formation of this layer with lots of defects (i.e., cracks) was
already confirmed by SEM measurements presented above. The composition of this layer
seems to be almost similar to the native oxide layer which can be deduced from the presence
of metallic iron visible at low binding energy (Figure 9a), Fe 2p spectra after CA @ 20 °C.
Only slightly more intense the Fe 2p as well as the Cr 2p peak (Figure 9a) corresponding to
oxides and hydroxides indicates a slight increase of thickness of this layer formed in the
prepassive region when comparing to native oxide layer present on the pristine sample.
The polarization of Fe 1% Cr samples at higher temperature (80 °C) leads to uptake of the
anodic surface layer, which can be concluded from a complete attenuation of Fe metallic
peak and presence of iron oxides/hydroxides. High intensity of Cr 2p peak indicates
enrichment of anodic/corrosion layer in Cr-like components (mainly Cr,O3 and Cr(OH)3).
The enrichment of the anodic layer in chromium when comparing to quantity of chromium
present in the native oxide layer or the bulk material, has already been observed for higher
Cr content Fe-Cr alloys [17,53-55]. The presence of both iron and chromium oxides can
indicate a formation of spinel compound Fe,Crs Oy [29].
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Figure 9. Comparison of Fe 2p and Cr 2p spectra for Fe-1% Cr (a) and Fe-5% Cr (b) performed for pristine samples and
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Different behavior can be observed for the alloy containing higher chromium content
(Fe-5% Cr, Figure 9b). Already after polarization at 20 °C the complete attenuation of
metallic iron and chromium can be observed, indicating the formation of thick anodic layer
(with the thickness higher than analysis depth of XPS around 10 nm). The composition of
this anodic layer seems to be stable with the principal components of iron and chromium
oxides/hydroxides. The polarization at higher temperature (80 °C) does not influence
the layer composition when comparing to the film formed at lower temperature (20 °C).
From the XPS results presented above it can be concluded that the higher quantity of
chromium in the alloy leads to the formation of thick and/or homogenous protective,
anodic layer after polarization (CA measurements) already at 20 °C. This layer is much
richer in chromium (mainly chromium oxides) when compared to thin native oxide layer.
In contrary, in the same experimental conditions, the layer does not cover the surface of
Fe-1% Cr sample. The polarization at higher temperatures seems to cover homogenously,
the both alloys leading to high enrichment of the surface layer in chromium. The XPS
results are in agreement with the electrochemical results showing better corrosion behavior
and the results obtained from profilometry and SEM analyses showing more smooth and
homogenous film formation in case of Fe-Cr alloys richer in Cr content.

3.2.3. ToF-SIMS—Surface and Bulk Modifications Layers Formed on the Binary
Fe-Cr Alloys

ToF-SIMS negative ion depth profiling was performed for both alloys in order to inves-
tigate the chemical surface and bulk composition of native oxides and anodic layers formed
after polarization (CA measurements) performed in the prepassive region. Figure 10 shows
the ToF-SIMS negative ion depth profiles for the pristine Fe-1%Cr and Fe-5%Cr samples.
Note that the intensity is reported using a logarithmic scale, which emphasizes the low
intensity signals. The variation of the ion intensity with sputter time reflects the variation
of the in-depth concentration but it is also dependent on the matrix, from which the ions
are emitted. Several regions can be identified. The first few seconds (13-15 s) of sputtering
with small carbon and hydroxide peaks in the C~ and OH™ ion profiles, correspond to
a very thin surface contamination film. The presence of contamination and hydroxide
layer on the surface of both samples have been already confirmed by XPS analysis. The
presence of surface hydroxide layer has been observed previously [17]. Then, a stable
intensity of the FeO, ™ and Oq3~ signals can be characteristic of the presence of a native
oxide layer on the Cr-Fe alloy substrates. The width of a plateau corresponding to this
oxide is slightly larger for the pristine sample with a higher chromium content, which
can indicate a slightly thicker layer. The higher chromium content in the Fe-5% Cr alloys
is clearly visible by the higher intensity of the Cr~ and CrO~ ion profiles both in the
region of the native oxide layer and in the bulk of alloy substrate (Figure 10a,b), which
also corroborates with the AES (Figure 6) and XPS results (Figure 9b). The intensities of
both ion profiles (Cr~ and CrO™) in the region corresponding to the native oxide increase
with sputtering time, which indicates that the inner part of the native oxide at the native
oxide/alloys substrate interface is enriched in the chromium oxides. From the ToF-SIMS
profiles (a stable intensity of FeO, ™ profile) it can be concluded that the outer part of the
native oxide layer is rich in iron oxides. These results clearly show a duplex structure of the
native oxide layer present on the low chromium-content alloys, which is composed of the
outer (iron-rich oxide layer) and inner (chromium-rich oxide) layers. The enrichment of the
oxide layer in the chromium oxides increasing with sputtering time can be easily observed
in Figure 11 from the intensity ratio of CrO™ /FeO;~ signals. The increase of some other ion
profile intensities (C~, FeOH™, and OH™), in the area of the native oxide/alloy substrate
interfacial region indicates a higher concentration of contaminants and hydroxides. The
matrix modifications and different sputtering yields in this transition region between native
oxide and alloy substrate resulting in higher ion intensities cannot be completely ruled out.
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Figure 10. ToF-SIMS negative ion depth profiles for the (a) Fe-1% Cr and (b) Fe-5% Cr pristine samples.
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The significant modifications of ion depth profiles (Figure 12) can be observed after
polarization (CA measurements) performed on both alloys already at 20 °C. The anodic
films formed on the surface of aged alloys show modified chemical composition and
thickness (Figure 12). A slight increase of the surface film thickness (marked as “passive
layer increase” in Figure 12) can be observed after aging at 20 °C in comparison to pristine
samples (Figure 10). The 5%Cr alloy shows thicker layer than those observed on the Fe-1%
Cr alloy (Figure 12). However, a temperature increase up to 80 °C results in a significant
increase of surface layer thickness, which can be deduced from much higher (~808 s for
5%Cr-Fe, 80 °C) sputtering time as compared to the Fe-5% Cr polarized at 20 °C (160 s).
For the Fe-1% Cr sample after polarization performed at 80 °C it is very difficult to define
the thickness of the surface layer due to a stable intensity of ion signals. It can indicate
the enhanced formation of layer built of corrosion products composed of Fe-like species
and lower quantity of Cr-species than those observed on Fe-5% Cr sample. Thus, it can be
concluded that 1% of chromium content in the alloy is not enough to efficiently protect the
substrate against corrosion in these corrosive conditions.
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polarization (chronoamperometric measurements) at 20 and 80 °C.

The composition of the oxide layer varies as a function of the electrochemical treatment
(Figure 11b). A linear increase of the chromium oxide content (represented by higher
CrO™ /FeO, ™ ratio) can be observed in the inner part of the oxide for the Fe-5% Cr alloy.
The composition of the outer part is more stable as a function of temperature increase. For
the Fe-1% Cr alloy the most significant modifications can be observed between pristine
sample and sample after CA measurements. The temperature increase from 20 to 80 °C has
no significant influence on the composition of inner and/or outer part of the oxide.

4. Conclusions

The corrosion potential of iron and low-chromium Fe-Cr alloys in neutral aqueous
solutions is located within the range of potentials corresponding to the transformation
Fe(OH); — Fe3Oj. The barrier properties of the film Fell /Felll containing some chromium
oxides determine the corrosion resistance of the low chromium Fe-Cr alloys in neutral
Na,SO; electrolytes.

The surface analysis of the low-chromium Fe-Cr alloys polarized in neutral aqueous
solutions of Na;SO,4 showed the enrichment of the anodic layer of corrosion products in
chromium as shown by AES, XPS, and ToF-SIMS analyses. This Cr-enrichment is more
significant in the inner part of the layer as evidenced by ToF-SIMS depth profiling and
Auger elemental depth profile. The anodic film obtained on the alloy surface by chronoam-
perometric measurements is composed of iron oxides (Fe3O4, Fe;O3) and chromium oxide
Cr,035 and small quantity of hydroxides (FeEOOH and Cr(OH)3) present on the extreme
surface.

The positive effect of chromium cannot be explained by the passivation of the steel
surface caused by the chromium-rich oxide film, which is formed as a result of the direct
surface reaction (solid state reaction)—as it was the case of the passivation of high-chromium
alloy steels. In the case of low-chromium steels, the presence of chromium increases
the anodic activity of the ferrite as observed by electrochemical measurements at lower
anodic potentials. This increase of anodic activity for steels with higher Cr content (5%)
results in a rapid oversaturation of the surface into an anodic product. This leads to an
enhanced formation of a fine-crystalline and homogenous layer of corrosion products of
the M"O/M™,05 type. The protective properties of this film increases with the increase of
the chromium content in the alloy.
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