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The surface segregation of Fe-Cr-Si alloys was studied using the X-ray photoelectron
spectroscopy (XPS). The experiment was performed in two stages, for the as-prepared samples
and after oxidation process. Analysis of measured XPS spectra allowed one to characterize the
changes in the surface chemical composition during the oxidation and thermal treatment
procedures. According to the obtained results, it could be stated that the enhanced
anti-corrosion properties of the Fe-Cr-Si alloys which contain more than 10 at. pct of Cr and
5 at. pct of Si in the bulk are mainly connected with the strong surface segregation process of
both solutes. In the case of alloys which contain less solutes (Fe0.94Cr0.03Si0.03, Fe0.90Cr0.05Si0.05),
the behavior of Cr atoms is different during the oxidation process. Chromium does not
segregate to the surface, instead it diffuses into deeper parts of the material leaving the surface
covered only by silicon and iron oxides. This effect is responsible for much worse corrosion
resistance of the Fe0.94Cr0.03Si0.03 and Fe0.90Cr0.05Si0.05 alloys.
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I. INTRODUCTION

IRON alloys, including steels, have been intensively
studied for years because of their importance as struc-
tural materials for the modern industry. Currently, one
of the main challenges in this field is related to
understand the processes associated with atmospheric
and high-temperature corrosion.[1–3] In order to reduce
the negative effect of corrosion on the global economy,
many researchers are still conducting intensive work to
improve the anti-corrosive properties of iron and its
alloys with a low content of other elements. The
corrosion-resistant properties of these multi-component
alloys depend mainly on the surface oxidation mecha-
nism and the ability of alloy surface to form passive
films which act as a barrier to additional oxidation
reaction in the deeper parts of material. One of the most
important physical phenomena which is responsible for
the formation of passive films in iron-based alloys is the
surface segregation process.[4–9] Due to this process, a
very small concentration of solute atoms in the bulk of
the material can lead to a very significant coverage of
these atoms on a free surface of the alloy.

As it was shown previously,[10–16] the addition of Cr
and/or Si atoms to a-Fe drastically reduces the oxida-
tion process of iron atoms during exposure to air at high
temperature. In particular, the results obtained by the
57Fe transmission Mössbauer spectroscopy (TMS) as
well as by the conversion electron Mössbauer spec-
troscopy (CEMS) for the Fe0.85Cr0.10Si0.05 alloy indicate
that the high-temperature atmospheric corrosion of this
material is almost stopped at 870 K and 1070 K.[16] The
most plausible explanation of this behavior could be
linked to the strong segregation process of Si and/or Cr
atoms to the alloy surface. However, in a study by
Idczak,[16] that suggestion is rather speculative since it
requires confirmation by surface-sensitive experimental
techniques. An extremely useful tool for this purpose is
the X-ray photoelectron spectroscopy (XPS). This
experimental technique collects data from a surface
layer of a few nanometers and provides detailed
information about atomic concentration of selected
elements as well as types of atomic bonds which are
present on the surface of studied material.[17] Moreover,
the XPS experiments which were performed for Fe-Cr [4,

14] and Fe-Si [7, 15] systems gave clear evidence that the
enhanced anti-corrosion behavior of these binary alloys
is connected with the surface segregation of Cr and Si
atoms. Taking the above into account, this work is
mainly focused on determination of the influence of the
surface segregation process on the corrosion resistance
properties of ternary Fe-Cr-Si alloys. Four polycrys-
talline Fe-Cr-Si alloys were investigated by XPS in order
to estimate the changes in surface chemical composition
caused by oxidative annealing in air at high temperature
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as well as by rapid thermal annealing at various
temperatures in vacuum. An insight into corrosion
properties of the Fe-Cr-Si alloy is presented in correla-
tion with recently obtained Mössbauer data.[16]

II. EXPERIMENTAL

The samples of Fe0.94Cr0.03Si0.03, Fe0.90Cr0.05Si0.05,
Fe0.85Cr0.10Si0.05, and Fe0.80Cr0.15Si0.05 alloys were pre-
pared in an arc furnace. Appropriate amounts of the
99.98 pct pure iron, 99.995 pct pure chromium, and
99.95 pct pure silicon were melted in a water-cooled
copper crucible under argon atmosphere and quickly
cooled to room temperature. Solidified alloys were
remelted two times to ensure homogeneity. The weight
losses during the melting process were below 0.2 pct of
the original weight, so it could be assumed that the
chemical composition of the obtained ingots is close to
nominal ones. In the next step, the resulting ingots were
cold-rolled to the final thickness of about 0.10 mm.
Finally, the foils were annealed in the vacuum at 1270 K
for 2 hours. The base pressure during the annealing
procedure was lower than 10�4 Pa. To obtain homoge-
neous and defect free samples,[18] after the annealing
process, the foils were slowly cooled to room temper-
ature during 6 hours. After that preparation, the
samples were divided into two groups. The first were
alloys annealed only in vacuum (named ‘‘as prepared’’)
and the second were additionally exposed to air at 870 K
for 2 hours (named ‘‘oxidized’’). During exposure to air,
the ambient humidity was monitored using hair
hygrometer and it was in the range from 45 pct RH to
65 pct RH.

The quality of prepared samples was checked by
TMS. The obtained 57Fe Mössbauer spectra were
similar to those presented in Idczak’s work [16] indicating
that all prepared Fe-Cr-Si alloys were in a single phase
with body-centered cubic (bcc) structure. This finding is
in agreement with Fe-Cr-Si phase diagrams presented in
the work by Cui and Jung.[19]

All samples were placed in the ultrahigh-vacuum
(UHV) apparatus, with a pressure about 4 9 10�8 Pa,
equipped with the XPS analyzer (Phoibos 150) with Mg
Ka and Al Ka X-ray sources. The measurements were
performed in conditions similar to those described in
Reference 11. The highest temperature at which the
samples were annealed in UHV was 1300 K. According
to the Fe-Cr-Si phase diagrams,[19] all studied alloys are
stable in the bcc structure up to 1300 K. Therefore, it is
plausible to assume that any potential changes in the
surface chemical composition which may occur during
annealing in UHV cannot be induced by structural
phase transitions or formation of new intermetallic
phases in the bulk of studied alloys.

Obtained spectra were analyzed using the CasaXPS
program. The background of spectra was subtracted
using a software based on Shirley method. Fitting
method was the Gaussian–Lorentzian (GL(30 pct)). For
Fe 2p envelope analysis, the Gupta–Sen multiplet peaks
(GS) fitting method was used.[20]

III. RESULTS

The XPS technique was used to study the chemical
composition and surface atomic concentrations of
selected elements. The surface atomic concentration ci
of selected elements were estimated according to the
following formula:

ci ¼
Ii=ri � ki

P
Ij
�
rj � kj

� 100 pct; ½1�

where Ii is a selected XPS peak intensity (Fe 2p3/2, Cr
2p3/2, Si 2p, O 1s, and C 1s), r is a photoionization cross
section for selected element (Scofield parameter),[21] and
k is a inelastic mean free path of electrons with a certain
kinetic energy related to the selected XPS core-level
line.[22] The presented ci values have an uncertainty of
less than 2 pct.

A. Fe0.94Cr0.03Si0.03 Alloy

Figure 1 presents the surface atomic concentration of
selected elements obtained for the as-prepared and
oxidized Fe0.94Cr0.03Si0.03 samples after annealing at
various temperatures. Figure 2 presents the selected
XPS spectra for the same samples after final annealing
at 1300 K in UHV.
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Fig. 1—(Color online) The surface atomic concentrations of selected
elements for the as-prepared (a) and oxidized (b) Fe0.94Cr0.03Si0.03
samples after annealing at various temperatures.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 51A, JUNE 2020—3077



In the case of the as-prepared sample, the measure-
ments performed just after inserting into the vacuum
chamber reveal that the surface is heavily contaminated
by O and C atoms (see Figure 1(a)—300 K). This result
is quite obvious and reflects the fact that the sample
before the measurements had a direct contact with air.
The determined total concentration of O and C atoms is
85.4 pct, while the concentrations of Fe, Si, and Cr are
9.7, 4.9, and 0 pct (Cr 2p XPS spectrum is not detected),
respectively.

After annealing the as-prepared sample at higher
temperatures, the oxygen and carbon contribution
decreases gradually (see Figure 1(a)). After the last
annealing at 1300 K, the surface region contains about
15 pct of O and C atoms. Desorption of contaminants
during the heat treatment induces increase of the Fe
content which grows systematically from 9.7 pct (RT) to
75 pct (1280 K). At the same time, changes of the Cr and
Si contents are more complicated. Initially, at low
temperatures, the concentration of both solutes
increases, while at 1080 K and above, it decreases. That
interesting result will be discussed in a later section in
more detail. Nevertheless, it should be noted that the
estimated cSi/cFe and cCr/cFe ratios are higher (except
cCr/cFe for 300 K) than the corresponding ratios
calculated from the sample bulk chemical composition
(cSi/cFe

bulk = cCr/cFe
bulk = 3/96 � 0.03). It means that the

annealing of the as-prepared sample up to 1000 K

causes the segregation process of Cr and Si atoms to the
surface.
Detailed analysis of XPS spectra measured for the

as-prepared Fe0.94Cr0.03Si0.03 sample after annealing at
1300 K (Figures 2(a) to (e)) allows to determine the
oxidation state and the chemical composition of the
surface region. The Fe 2p core-level line consists of three
components, which are presented for the Fe2p3/2 peak
(Figure 2(a)). The main at the binding energy (BE) of
707.3 eV represents the metallic iron (Fe0),[11,23] while
the next two at the BE of 708.9 and 710.7 eV correspond
to Fe2+ and Fe3+ species.[11, 23] The Cr 2p doublet
(Figure 2(b)) consists of two components. The first (and
dominant) is the metallic chromium (Cr0) with the BE of
574.8 eV for 2p3/2 peak and 584.0 eV for 2p1/2 peak,
while the second representing Cr+3 is placed at the
positions of 577.9 eV (2p3/2) and 586.6 eV (2p1/2).

[10, 24]

In the case of Si 2p spectrum (Figure 2(c)), it should be
pointed out that in this energy range the Fe 3s envelope
occurs too, and thus the detailed deconvolution of this
spectrum is necessary to obtain a reliable information
about the Si 2p envelope. Proceeding in the same way as
in Reference 15, the peak at the position of 99.9 eV
could be assigned to Si0 species.[15, 25] The O 1s spectrum
(Figure 2(d)) exhibits small peak (comparing to the
background level) which can be divided into two
components: the first one at the BE of 531.4 eV and
the second one at 533.0 eV.[26] The C 1s signal

Fig. 2—(Color online) The selected XPS spectra (Fe 2p, Cr 2p, Si 2p, O 1s, and C 1s) for Fe0.94Cr0.03Si0.03 alloys: (a) to (e) the as-prepared
sample after annealing in UHV at 1300 K; (f) to (j) the oxidized sample after annealing in UHV at 1300 K.
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(Figure 2(e)) is also weak. However, its asymmetric
shape suggests the presence of two components at 283.2
and 284.8 eV.

The results obtained for the oxidized Fe0.94Cr0.03Si0.03
alloy (Figure 1(b)) allow to state that the measured
surface region is permanently oxidized, even after
annealing at very high temperatures. The initial chem-
ical composition of surface region is quite similar to the
as-prepared one. However, during annealing only a
significant decrease of carbon content is observed (from
30.4 to 4.6 pct). During thermal treatment, the oxygen
contribution first increases (from 48.5 to 58.6 pct at 890
K) and then continuously decreases to 47.9 pct. The
concentrations of Fe, Cr, and Si atoms gradually
increase; nevertheless, the XPS signal from chromium
could be observed only in the spectra measured for the
sample annealed at temperatures higher than 990 K.
Moreover, cCr is always lower than 0.4 pct and the cCr/
cFe ratio is about 0.01. Taking into account that cCr/cFe

bulk

� 0.03, it is clearly seen that the diffusion of Cr atoms in
the oxidized sample differs from the as-prepared one. At
the same time, the silicon atoms segregate from the bulk
to the surface region during annealing: at 300 K the Si
concentration is about 7 pct, after annealing at 1000 K it
reaches 12.1 pct (cSi/cFe = 0.42), and after annealing at
1300 K it decreases to 8.8 pct (cSi/cFe = 0.23).

The presented XPS spectra for oxidized
Fe0.94Cr0.03Si0.03 alloy after annealing at 1300 K (see
Figures 2(f) to (j)) exhibit broadened peak and shifted to
a higher binding energy peak. Fe 2p core-level line
(Figure 2(f)) is deconvoluted into six components
(marked for Fe2p3/2 peak) with the BE in the range of
708.8 to 716.9 eV, and all these energies correspond to
Fe2+ and Fe3+ species.[11, 23] The chromium signal
(Figure 2(g)) is at the background level; however, the 2p
doublet maxima can be distinguished at the positions
around 577.2 eV (2p3/2) and 588.3 eV (2p1/2), which
represent Cr3+ species.[14, 26] The Si 2p spectrum is
composed of two peaks (Figure 2(h)). The main is at the
BE of 102.5 eV and corresponds to Fe2SiO4 (fayalite).

[6,

15] The second at the BE of 99.7 eV represents Si0

species—the only non-oxidized component. O 1s signal
is dominant in the full binding energy range of XPS
measurement and consists of two components with
maxima at the position of 530.8 and 532.3 eV
(Figure 2(i)). The C 1s peak intensity is close to the
background; however, two components can be distin-
guished at the position of 284.6 and 286.3 eV
(Figure 2(j)).

B. Fe0.90Cr0.05Si0.05 Alloy

Figure 3 presents the surface atomic concentration of
selected elements estimated for the as-prepared and
oxidized Fe0.90Cr0.05Si0.05 samples after annealing at
various temperatures.

The results for as-prepared sample (see. Figure 3(a))
just after inserting into the vacuum chamber are similar
to the Fe0.94Cr0.03Si0.03 alloy. The estimated surface
chemical composition shows that the surface region is
heavily contaminated by oxygen and carbon atoms. The
total contribution of these two elements is higher than

70 pct. The estimated concentrations of other elements
are Fe—20.3 pct, Si—5.7 pct, Cr—3.0 pct. Annealing
the sample at 890 K causes the decrease in Fe contri-
bution to 10.6 pct and increase of Si and Cr contribution
to 12.0 and 10.9 pct, respectively. Subsequent annealing
induces further silicon atoms segregation, while chro-
mium and iron concentrations decrease. Finally, after
annealing at 1190 K and 1300 K, most oxygen and
carbon contamination desorbs and the surface region is
composed of 69.0 pct Fe atoms, 9.8 pct Cr atoms, 8.3
pct Si atoms, 2.3 pct O atoms, and 10.6 pct C atoms.
The cSi/cFe ratio is 0.12 and the cCr/cFe ratio is 0.14
which are about two times higher than cSi/cFe

bulk = cCr/
cFe
bulk � 0.056. This result clearly points out that silicon
and chromium segregate to the surface of
Fe0.90Cr0.05Si0.05 alloy.
The initial surface chemical composition of oxidized

Fe0.90Cr0.05Si0.05 alloy is 92.8 pct for O and C, 3.0 pct for
Fe, 4.2 pct for Si, and 0.0 pct for Cr (see Figure 3(b)).
Similarly to the Fe0.94Cr0.03Si0.03 sample, a weak
chromium signal is detected only in the spectra mea-
sured for the sample annealed at temperatures higher
than 890 K. Moreover, for the oxidized sample, oxygen
is the major component of the surface region and its
concentration does not change during annealing. At the
same time, a significant decrease of carbon content is
observed. After annealing at 1300 K, the surface is
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Fig. 3—(Color online) The surface atomic concentrations of selected
elements for the as-prepared (a) and oxidized (b) Fe0.90Cr0.05Si0.05
samples after annealing at various temperatures.
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composed of 32.1 pct Fe atoms, 0.5 pct Cr atoms, 12.3
pct Si atoms, 49.0 pct O atoms, and 6.1 pct C atoms,
which means that the silicon atoms strongly segregate
from the bulk to the surface, while the chromium atoms
probably diffuse into deeper regions (cSi/cFe ratio is 0.38
and cCr/cFe ratio is 0.02).

Figure 4 presents selected XPS spectra with detailed
deconvolution after final annealing of the as-prepared
and oxidized Fe0.90Cr0.05Si0.05 alloys.

In the case of the as-prepared Fe0.90Cr0.05Si0.05 alloy
(see Figures 4(a) to (e)), after annealing at 1300 K, in the
Fe 2p spectrum four components are distinguished
(marked for the Fe2p3/2 peak). The main component at
the BE of 707.2 eV represents the metallic iron (Fe0),[23]

while the next three at the positions of 708.6, 710.1, and
711.8 eV correspond to Fe2+ and Fe3+ species (see
Figure 4(a)).[23] The Cr 2p doublet (Figure 4(b)) is
composed of two peaks representing Cr0 species (at
the BE of 574.8 eV for 2p3/2) and Cr3+ species (at the
BE of 576.7 eV for 2p3/2).

[10, 26] In the case of Si 2p
spectrum (Figure 4(c)), after separation of the Fe 3s
signal, the Si0 component is distinguished at the position
of 99.9 eV.[15, 25] Despite that oxygen and carbon signals
are close to the background level, they are presented and
analyzed. Similar to the Fe0.94Cr0.03Si0.03 alloy, two
components for each spectrum are distinguished: 531.8

and 533.2 eV for the O 1s (Figure 4(d)), and 283.7 and
285.6 eV for the C 1s (Figure 4(e)).[10, 15]

Results presented for the oxidized Fe0.90Cr0.05Si0.05
alloy after annealing at 1300 K (Figure 4) are similar to
those obtained for the oxidized Fe0.94Cr0.03Si0.03 alloy.
Deconvolution of Fe 2p and Cr 2p spectra exhibits
peaks only at the positions corresponding to oxide
compounds. In the case of the Fe 2p core-level line
(Figure 4(f)), there are five peaks with the BE in the
range of 709.4 to 716.8 eV (Fe2+ and Fe3+ species). The
chromium signal (Figure 4(g)) is at the background
level; however, the 2p doublet (correspond to Cr3+

species) can be distinguished with the maximum at the
position around 577.6 eV (2p3/2) and 587.3 eV (2p1/2). In
the case of the Si 2p peak (Figure 4(h)), a well-distin-
guished component is placed at the BE of 102.5 eV
which corresponds to Fe2SiO4 (fayalite). However, at
the BE of 99.5 eV there is a component which probably
represents both Si0 and Fe3+ species (from the Fe 3s
envelope).[15] As it was mentioned before, the main
surface component in measured surface region is oxy-
gen. The presented O 1s envelope (Figure 4(i)) contains
two components, first at the position of 531.1 eV and
second at the BE of 532.5 eV. The C 1s spectrum
(Figure 4(j)) is composed of two components (BE of
284.6 and 286.3 eV).

Fig. 4—(Color online) The selected XPS spectra (Fe 2p, Cr 2p, Si 2p, O 1s, and C 1s) for Fe0.90Cr0.05Si0.05 alloys: (a) to (e) the as-prepared
sample after annealing in UHV at 1300 K; (f) to (j) the oxidized sample after annealing in UHV at 1300 K.
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C. Fe0.85Cr0.10Si0.05 Alloy

Figure 5 presents the surface atomic concentration of
selected elements estimated for the as-prepared and
oxidized Fe0.85Cr0.10Si0.05 samples after annealing at
various temperatures.

At RT, in the surface region of the as-prepared
Fe0.85Cr0.10Si0.05 sample, the initial contributions of
iron, chromium, and silicon are 16.5, 7.8, and 6.0 pct,
respectively, while the total concentration of oxygen and
carbon is about 69.7 pct (Figure 5(a)—300 K). The
initial cSi/cFe ratio is 0.36 (cSi/cFe

bulk � 0.06) and cCr/cFe
ratio is 0.47 (cCr/cFe

bulk � 0.12). This result implies that
during the sample preparation procedure, the surface
segregation process already occurred. Annealing the
sample leads to changes in the chemical composition
(Figure 5(a)), which are similar to those observed for the
Fe0.90Cr0.05Si0.05 alloys. After the last annealing at 1300
K, the surface is composed of 69.3 pct of iron, 14.4 pct
of chromium and 9.2 pct of silicon, while the total
concentration of oxygen and carbon is reduced to 7.1
pct. The cSi/cFe ratio is 0.13 and cCr/cFe ratio is 0.21.
Similar to Fe0.94Cr0.03Si0.03 and Fe0.90Cr0.05Si0.05 alloys,
these two ratios are about two times higher than
corresponding cSi/cFe

bulk and cCr/cFe
bulk.

Results obtained for oxidized Fe0.85Cr0.10Si0.05 alloy
(Figure 5(b)) before and after annealing also imply the
occurrence of segregation of silicon and chromium

atoms. In this case, despite heavy surface contamination
(91.1 pct), Fe, Si, and Cr signals are observed already at
room temperature. The initial iron contribution is 2.9
pct and it consistently increases to 13.0 pct after
annealing at 890 K. After annealing at higher temper-
atures, it gradually decreases to 8.6 pct (1190 K) and
finally after heating at 1300 K it reaches 36.2 pct. The
initial silicon concentration is 3.6 pct. It increases after
first annealing to 5.8 pct and then drops after heating at
980 K to 4.3 pct. Further annealing causes the increase
of the Si contribution—finally it reaches 11.8 pct. In the
case of carbon and oxygen concentration, after anneal-
ing at 1300 K in the sample surface region 34.9 pct of O
atoms and 3.3 pct of C atoms are detected. The most
important difference between the oxidized
Fe0.85Cr0.10Si0.05 sample and the oxidized alloys with
the lower content of solutes is connected with the
concentration of chromium atoms. In contrast to the
oxidized Fe0.94Cr0.03Si0.03 and Fe0.90Cr0.05Si0.05 alloys
where the Cr signal was at the background level, in the
oxidized Fe0.85Cr0.10Si0.05 sample the initial chromium
concentration is 2.5 pct. After annealing at high
temperatures, the Cr content increases reaching 19.0
pct at 1180 K and 13.8 pct at 1300 K. The cSi/cFe ratio is
0.33 and cCr/cFe ratio is 0.38, which are, respectively, five
and three times higher than corresponding cSi/cFe

bulk and
cCr/cFe

bulk ratios. According to that it can be state that
segregation of Cr and Si to the surface region of
Fe0.85Cr0.10Si0.05 alloy occurs not only during sample
preparation but also during heating.
Figure 6 presents selected XPS spectra for the as-pre-

pared and oxidized Fe0.85Cr0.10Si0.05 samples after
annealing in UHV at 1300 K.
The spectra for the as-prepared Fe0.85Cr0.10Si0.05

sample present peaks/components similar to the alloys
described before (Fe0.94Cr0.03Si0.03 and
Fe0.90Cr0.05Si0.05). The Fe 2p doublet (Figure 6(a)) is
composed of four components, from which the most
dominant is the Fe0 doublet at BE of 707.3 eV (Fe 2p3/2)
and 720.4 eV (Fe 2p1/2). The Cr 2p doublet
(Figure 6(b)) is deconvoluted into two components:
the first at positions of 574.8 eV (Cr 2p3/2) and 584.1 eV
(Cr 2p1/2) corresponds to Cr0 and the second with
maxima placed at 576.7 and 586.0 eV represents Cr3+

species. The Si 2p peak (Figure 6(c)) is at the BE of
100.0 eV (Si0). The signal from O is close to the
background level and due to that the position of
maximum of the O 1s peak cannot be determined
(Figure 6(d)). In the C 1s spectrum (Figure 6(e)), two
components with BE of 283.6 and 285.9 eV are
distinguished.
The results obtained for the oxidized Fe0.85Cr0.10Si0.05

sample reveal that after annealing at 1300 K the surface
is composed not only of Fe, Cr, and Si oxides. Signals
from pure elements are also detected. The Fe 2p
spectrum (Figure 6(f)) consists of four components.
The main, placed at the position of 707.3 eV, corre-
sponds to the Fe0 species, and the rest (at the BE of
708.8, 710.6, 712.3 eV) represent Fe2+ and Fe3+ species.
A line shape of chromium signal is different from those
presented before for the oxidized Fe0.94Cr0.03Si0.03 and
Fe0.90Cr0.05Si0.05 alloys. The detailed deconvolution of
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Fig. 5—(Color online) The surface atomic concentrations of selected
elements for the as-prepared (a) and oxidized (b) Fe0.85Cr0.10Si0.05
samples after annealing at various temperatures.
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Cr 2p3/2 peak (Figure 6(g)) reveals four components.
The first, placed at the lowest BE of 574.7 eV, is related
to the Cr0, the next two at BE of 576.6 and 577.8 eV
correspond to Cr3+, and the last one, which is the
maximum placed at 579.3 eV, represents Cr6+.[14, 26] In
the case of the Si 2p spectrum (Figure 6(h)), two
components at BE of 99.9 and 104.8 eV, related to Si0

and Si4+ (SiO2), are distinguished. Here, it is worth
noting that the signal from SiO2 appears for the first
time in this work. All Si 2p spectra, analyzed before,
contains only components connected with Si0 or/and
Fe2SiO4 (fayalite). In the O 1s spectrum, two local
maxima are visible. This indicates the presence at least
of two peaks (at BE of 531.5 and 533.8 eV). The position
of maximum of the C 1s peak (Figure 6(j)) cannot be
determined due to the low signal/background intensity
ratio.

D. Fe0.80Cr0.15Si0.05 Alloy

Figure 7 presents the surface atomic concentration for
the as-prepared and oxidized Fe0.80Cr0.15Si0.05 alloys
after annealing at various temperatures. Figure 8 pre-
sents the selected XPS spectra for the same samples after
annealing in UHV at 1300 K.

In the case of the as-prepared sample (Figure 7(a)),
the measurements performed at RT and after

subsequent annealing up to 1300 K present a standard
cleaning process of C and O contaminations and the
surface segregation of Cr and Si solutes. The changes of
carbon and oxygen concentrations during sample
annealing are similar to those observed previously for
all the as-prepared samples. After annealing at 1300 K,
the contribution of C atoms is 4.6 pct, while the O
contribution is 2.3 pct. The Fe contribution conse-
quently increases from 9.2 pct (RT) to 61.7 pct (for 1300
K). The surface atomic concentration of chromium for
the sample at RT is 7.8 pct, after annealing at 890 K it is
over twice higher, but after annealing at 1000 K it
decreases to 15.1 pct. Further sample heating causes
increase in the Cr contribution up to 25.0 pct. Finally,
after annealing at 1300 K, the Cr contribution is 23.8
pct. The silicon concentration firstly increases from 2.9
to 12.4 pct and 16.2 pct after annealing at 890 K and
1000 K, respectively. Further heating at higher temper-
atures causes decrease inthe Si content, which reaches
7.6 pct after last annealing at 1300 K. The final cSi/cFe
and cCr/cFe ratios are 0.12 and 0.39, respectively. Similar
to other as-obtained alloys, these two ratios are about
two times higher than cSi/cFe

bulk � 0.06 and cCr/cFe
bulk �

0.19.
The selected XPS spectra for the as-prepared

Fe0.80Cr0.15Si0.05 alloy after annealing at 1300 K
(Figures 8(a) to (e)) show the Fe 2p core-level line

Fig. 6—(Color online) The selected XPS spectra (Fe 2p, Cr 2p, Si 2p, O 1s, and C 1s) for Fe0.85Cr0.10Si0.05 alloys: (a) to (e) the as-prepared
sample after annealing in UHV at 1300 K; (f) to (j) the oxidized sample after annealing in UHV at 1300 K.
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which is composed of three peaks (Figure 8(a)). The
main one, marked for Fe2p3/2, is Fe

0 at the BE of 707.3
eV, while the peaks at the BE of 708.9 and 710.8 eV
correspond to Fe2+ and Fe3+ species. The Cr 2p
doublet (Figure 8(b)) exhibits two components at the
positions of 574.7 and 576.5 eV (for 2p3/2) which
represent Cr0 and Cr3+ species. The analysis of the Si
2p spectrum (Figure 8(c)) allows to distinguish a dom-
inant Si0 species (BE of 99.9 eV) and additional peak
which probably represents a non-stoichiometric Si-Ox

bond (BE of 101.5 eV).[15] The O 1s spectrum
(Figure 8(d)) is composed of two peaks at the BE of
530.8 and 531.9 eV, while C 1s signal (Figure 8(e))
exhibits three components at the position of 283.5,
284.8, and 286.3 eV.

The XPS measurements performed for the oxidized
Fe0.80Cr0.15Si0.05 alloy reveal that the iron, chromium,
and silicon concentrations consequently increase during
sample annealing up to 1080 K. At this stage, the
estimated surface atomic concentrations are Fe—11.4
pct, Cr—21.0 pct, Si—6.5 pct, O—49.9 pct, C—11.2
pct (see Figure 7(b)–1080 K). Further annealing at
1190 K causes the decrease of Fe, Cr, and C
contributions and increase of Si and O content.
Finally, after annealing the sample at 1300 K, the
studied surface region is composed of 62 pct of Fe
atoms, 12.3 pct of Cr atoms, 6.4 pct of Si atoms, and

only 11.3 pct of O atoms and 3.0 pct of C atoms (see
Figure 7(b)-1300 K). High chromium concentration
observed during all stages of thermal treatment indi-
cates segregation of Cr to the surface region of the
oxidized Fe0.80Cr0.15Si0.05 alloy. In addition, after
annealing at 1300 K, the oxygen content significantly
decreases. In the case of the studied oxidized samples
that effect is observed for the first time. It may suggest
that the higher concentration of Si and Cr in this alloy
indicates the formation of thinner passivation layer
during the sample oxidation process. It will be dis-
cussed in a later section in more detail.
The results obtained for the final state of oxidized

Fe0.80Cr0.15Si0.05 alloy (after annealing at 1300 K) are
presented at Figures 8(f) to (j). The Fe 2p core-level line
(Figure 8(f)) is quite similar to the Fe0.85Cr0.10Si0.05
alloy. The 2p3/2 peak exhibits three components, from
which the dominant one represents Fe0 species at the BE
of 707.3 eV, while the other two (at BE of 708.7 and
710.8 eV) correspond to Fe2+ and Fe3+ species. A line
shape of Cr 2p spectrum is close to this observed for the
as-prepared sample (see Figures 8(g) and (b)). Three
components are distinguished in the Cr 2p3/2 peak:
574.6, 576.2, and 577.8 eV, which correspond to Cr0 and
Cr3+ species. In the case of the Si 2p spectrum, only Si0

peak is observed at the BE of 99.8 eV (Figure 8(h)). The
O 1s core-level line is composed of two peaks with
maxima at the positions of 531.7 and 533.8 eV
(Figure 8(i)), while the maximum of C 1s signal is
around 284.7 eV (the exact position cannot be identified
due to the low signal/background intensity ratio, see
Figure 8(j)).

IV. DISCUSSION

As it was described above, all studied samples were
prepared in the same way and then were subjected to the
similar regime of thermal treatment in UHV. Firstly, it
should be noted that the behavior of the adsorbed C
atoms is similar for all studied as-obtained and oxidized
Fe-Cr-Si alloys. The C contamination which is mainly
connected with the direct contact of the studied samples
with air during preparation procedure tends to system-
atically decrease with samples annealing in UHV. In
addition, the detailed analysis of all XPS C 1s signals as
well as results reported in Reference 27 showed that the
adsorbed carbon atoms do not form any compounds
with Fe, Cr, and Si in the studied Fe-Cr-Si alloys.
Therefore, it seems that the influence of C atoms on the
surface segregation process as well as corrosion of the
studied alloys is negligibly small and due to that it will
not be discussed further.
In general, it can be stated that the obtained results

for all as-prepared samples are quite similar to each
other. In the case of the oxidized samples, the applied
thermal treatment allows to obtain different surface
chemical compositions, which are probably directly
related to the initial bulk concentration of both solutes.
Taking this into account, the following discussion is
divided into three separate parts.
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Fig. 7—(Color online) The surface atomic concentrations of selected
elements for the as-prepared (a) and oxidized (b) Fe0.80Cr0.15Si0.05
samples after annealing at various temperatures.
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A. As-Prepared Samples

Table I presents cSi/cFe and cCr/cFe ratios for all
as-prepared samples calculated according to Eq. 1.
Despite the different bulk chemical composition of the
studied alloys, the ‘‘diffusion behavior’’ of both solutes
is quite similar for all samples. The much higher initial
cSi/cFe and cCr/cFe ratios than the corresponding cSi/cFe

bulk

and cCr/cFe
bulk ones indicate the strong surface segregation

process of Si and Cr atoms during the samples prepa-
ration procedure. After the first annealing at 890 K, the
cSi/cFe and cCr/cFe ratios increase significantly (in most

cases, the obtained values are more than ten times
higher than the corresponding bulk ratios). This means
that despite the occurrence of solutes segregation during
the sample preparation, the thermal treatment at UHV
enhances this process. Annealing at 1000 K results in
further increase of cSi/cFe values but cCr/cFe ratios start
to decrease. Above 1000 K, a gradual decrease of both
solute:iron ratios are observed. However, even after
annealing at the highest temperature the surface cSi/cFe
and cCr/cFe ratios are still about two times higher than
the bulk ones. The comparison of the values presented
in Table I with the oxygen surface concentrations

Fig. 8—(Color online) The selected XPS spectra (Fe 2p, Cr 2p, Si 2p, O 1s) for Fe0.80Cr0.15Si0.05 alloys: (a) to (e) the as-prepared sample after
annealing in UHV at 1300 K; (f) to (j) the oxidized sample after annealing in UHV at 1300 K.

Table I. Calculated cSi/cFe and cCr/cFe Ratios for the As-Prepared Samples

T [K]

Fe0.94Cr0.03Si0.03 Fe0.90Cr0.05Si0.05 Fe0.85Cr0.10Si0.05 Fe0.80Cr0.15Si0.05

cSi/cFe cCr/cFe cSi/cFe cCr/cFe cSi/cFe cCr/cFe cSi/cFe cCr/cFe

RT 0.51 0.00 0.38 0.15 0.36 0.47 0.32 0.85
890 0.83 0.68 1.03 1.13 1.01 1.06 1.10 1.48
1000 0.88 0.52 1.27 1.11 1.28 0.74 0.85 0.80
1080 0.22 0.11 1.21 0.70 0.27 0.29 0.21 0.56
1190 0.07 0.05 0.20 0.13 0.11 0.32 0.11 0.41
1300 0.07 0.04 0.12 0.14 0.13 0.21 0.12 0.39

Bulk Ratio 0.032 0.032 0.056 0.056 0.059 0.118 0.063 0.188
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estimated for all as-prepared samples (Figures 1(a), 3(a),
5(a), 7(a)) indicates that the surface segregation process
is strongly correlated with the presence of the oxygen
atoms on the surface. As one can notice, up to 1000 K
there are significant amounts of oxygen atoms at the
alloy surfaces (41.9 pct for Fe0.94Cr0.03Si0.03, 42.2 pct for
Fe0.90Cr0.05Si0.05, 41.1 pct for Fe0.85Cr0.10Si0.05, and 36.3
pct for Fe0.80Cr0.15Si0.05), while annealing at 1080 K
induces rapid decrease of the oxygen contribution in the
surface region.

According to the presented results, the evolution of
the surface chemical composition of all as-prepared
samples could be described as below. After melting and
cold-rolling processes, the Fe-Cr-Si alloys foils were
annealed in vacuum at 1270 K. According to the work
of Idczak et al.,[11] the ‘‘freezing’’ temperature for
iron-based alloys which is defined as the upper limit of
temperatures at which the diffusion of atoms in the
material practically does not exist is about 700 K.
Taking this fact into account, it could be stated that
during heating at temperatures above 700 K the Si and
Cr atoms segregate to the surface region. After prepa-
ration, the samples were mounted in the UHV chamber
and subsequently annealed. As it was shown above,
after the first annealing in UHV, the cSi/cFe and cCr/cFe
ratios increase rapidly. This effect could be explained
by assuming the oxygen induced surface segregation of
Si and Cr atoms. The initial presence of oxygen atoms
at the alloy surface (as a contaminant) probably leads
to additional surface segregation of Si and Cr atoms at
temperatures above 700 K. This phenomenon was
observed many times in the case of iron-based
alloys.[28,29]

On the basis of the results presented in Table I, it can
be noticed that the maximum of cSi/cFe ratio for all
measured as-prepared alloys are obtained after anneal-
ing at 1000 K, while the maximum of cCr/cFe ratio is
after heating at 890 K. It means that the sublimation of
Cr oxides at elevated temperatures at a rate is faster than
Si oxides. Further annealing at 1080 K and above
induces mostly desorption of O atoms and also some
amount of Fe, Cr, and Si oxides. Oxygen depletion in
the surface region causes a significant slowdown of the
segregation process and due to that the cSi/cFe and cCr/
cFe ratios systematically decrease. In summary, this part
of the study indicates that the surface segregation
process of Si and Cr atoms occurs in all as-prepared
Fe-Cr-Si alloys and, moreover, this process depends
strongly on the presence of oxygen atoms at the alloy
surface. The diffusion of Cr and Si atoms to the surface
region is more effective when the surface contains of
oxygen atoms.

B. Oxidized Fe0.94Cr0.03Si0.03 and Fe0.90Cr0.05Si0.05
Samples

Table II presents the cSi/cFe, cCr/cFe and cO/(cFe+cSi
+cCr) ratios for the oxidized Fe0.94Cr0.03Si0.03 and
Fe0.90Cr0.05Si0.05 samples. The comparison of the esti-
mated cSi/cFe and cCr/cFe ratios at RT with the corre-
sponding ones obtained for the as-prepared samples
reveals that the exposure to air at 870 K for 2 hours

causes the additional segregation of Si atoms on the
surface. Especially, in the case of Fe0.90Cr0.05Si0.05 alloy
the initial cSi/cFe ratio is more than three times higher
that cSi/cFe ratio for the as-prepared sample, while the
cCr/cFe ratio is close to zero. It can be stated that
oxidation at high temperature, higher than the ‘‘freez-
ing’’ temperature, induces diffusion of Cr atoms from
the surface region toward deeper sample layers. This
effect is rather surprising since the surface segregation of
Cr atoms occurs in the as-obtained Fe-Cr-Si samples
(Table I) as well in many binary Fe-Cr alloys which
were studied previously.[4, 8–10, 14] That result could be
compared with the Mössbauer spectroscopy data
obtained for similar systems.[16] One of the conclusions
which could be drawn from the high-temperature
corrosion study of Fe-Cr-Si alloys is that the addition
of a relatively small amount of Cr (£ 5 pct) to the dilute
iron-based Fe-Si alloy does not improve the anti-corro-
sion properties of the alloy. All of that leads to the
supposition that for the alloys with low bulk concen-
tration of Cr and Si solutes, the role of Cr atoms in the
high-temperature corrosion is negligibly small.
An evolution of the surface chemical composition of

the oxidized Fe0.94Cr0.03Si0.03 and Fe0.90Cr0.05Si0.05 sam-
ples after annealing in UHV is quite obvious. The cCr/
cFe ratios are still close to zero, while the cSi/cFe and cO/
(cFe+cSi +cCr) decrease systematically with increasing
temperature of annealing.
A XPS analysis of selected Fe 2p3/2 and Si 2p peaks

for oxidized Fe0.90Cr0.05Si0.05 sample is presented in
Figure 9 (the results for the Fe0.94Cr0.03Si0.03 alloy are
similar and thus they are not shown here). At RT, the Fe
2p core-level line is located in the binding energy range
representing only iron oxides—deconvolution of Fe 2p3/
2 peak exhibits three components at BE of 710.4, 711.9,
and 713.7 eV.[11, 15] At the same time, the Si 2p spectrum
is composed of two peaks at BE of 103.6 and 101.0 eV
which correspond to SiO2 and SiOx.

[15] After annealing
at 1000 K, the chemical shifts are observed in the
spectra. Iron components (corresponding to various
oxides) are placed at 709.7, 711.5, and 713.5 eV, while
the silicon peak is located at 103.0 eV and is related to
the presence of the Fe2SiO4 compound.[15, 30] According
to the Mössbauer data taken for the oxidized Fe-Si [15]

and Fe-Cr-Si [16] alloys, the formation of this oxide was
not observed. It seems that the Fe2SiO4 is formed during
sample oxidation in the deeper sample layers. After
annealing at 1000 K, the cSi/cFe and cO/(cFe+ cSi+ cCr)
ratios decrease by more than a half (Table II) which
implies that significant amount of oxygen desorbs and
the partially reduced iron and silicon oxides form
additional Fe2SiO4 compound.[6, 30] Further annealing
causes changes mostly in the Fe 2p core-level line. The
line shape changes on the higher binding energy site and
two additional components could be observed with BE
of 714.9 and 716.8 eV which are the Fe2+ satellites.[11, 23]

Finally, it is worth noting that all spectra presented in
Figure 9 do not present the Fe0 and Si0 species. The
comparison of this result with those obtained for the
oxidized Fe0.95Si0.05 alloy,

[15] where annealing at similar
temperatures revealed the presence of Fe0 and Si0

species, indicates that the oxygen atoms diffuse easier
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into deeper parts of the Fe0.90Cr0.05Si0.05 alloy than it
was observed for the Fe0.95Si0.05 one. This result
confirms the observation that the addition of a relatively
small amount of Cr (£ 5 pct) to the dilute iron-based
Fe-Si alloy does not improve the anti-corrosion prop-
erties of the alloy. According to this part of discussion
that effect is mainly connected with the absence of Cr
atoms in the surface region.

C. Oxidized Fe0.85Cr0.10Si0.05 and Fe0.80Cr0.15Si0.05
Samples

The values of cSi/cFe, cCr/cFe and cO/(cFe+ cSi + cCr)
ratios presented in Table III and the detailed deconvo-
lution of selected peaks arranged in Figure 10 (for
Fe0.80Cr0.15Si0.05 alloy as an example) reveal a system-
atic desorption of oxides caused by the thermal treat-
ment of the oxidized Fe0.85Cr0.10Si0.05 and
Fe0.80Cr0.15Si0.05 samples. As one can notice, the initial
cSi/cFe and cCr/cFe ratios are much higher than the
corresponding ones for the as-prepared samples
(Table I), which means that during the oxidation
process both solutes additionally segregate to the
surface. At the same time, comparing the initial cSi/cFe
and cCr/cFe ratios estimated for the oxidized
Fe0.90Cr0.05Si0.05 (Table II) and Fe0.85Cr0.10Si0.05
(Table III) samples it can be clearly seen that increasing
the bulk chromium content from 5 at. pct to 10 pct
induces opposite diffusion direction of Cr atoms dur-
ing the high-temperature oxidation process. Moreover,
taking into account Mössbauer data which show
that the high-temperature corrosion of Fe0.85Cr0.10Si0.05
alloy is almost stopped at 870 K and 1070 K, while in
the case of Fe0.96Cr0.03Si0.01, Fe0.94Cr0.03Si0.03, and
Fe0.90Cr0.05Si0.05 samples a rather fast corrosion rates
were observed,[16] it seems that the surface passivation
layer which could prevent further diffusion of oxygen
into deeper regions of the Fe-Cr-Si alloy must be
composed of both Si and Cr oxides.
Annealing the samples at 890 K and 1000 K causes

the decrease of cSi/cFe, cCr/cFe and cO/(cFe+ cSi+ cCr)
ratios indicating the successive desorption of oxygen as
well as various oxides from the surface. At this stage of
experiment, the Cr and Si diffusion toward the alloy/
oxide interface occurs. Core-level lines, describing iron,
chromium, and silicon compounds, change in shapes

Table II. Calculated cSi/cFe, cCr/cFe and cO/(cFe+ cSi + cCr) Ratios for the Oxidized Fe0.94Cr0.03Si0.03 and Fe0.90Cr0.05Si0.05
Samples

T [K]

Fe0.94Cr0.03Si0.03 Fe0.90Cr0.05Si0.05

cSi/cFe cCr/cFe cO/(cFe+ cSi+ cCr) cSi/cFe cCr/cFe cO/(cFe+ cSi + cCr)

RT 0.52 0.00 2.30 1.43 0.00 5.06
890 0.26 0.00 1.85 0.86 0.00 2.30
1000 0.42 0.00 1.36 0.67 0.00 2.11
1080 0.28 0.01 1.33 0.55 0.01 1.42
1190 0.18 0.01 1.16 0.41 0.01 1.20
1300 0.23 0.01 1.01 0.38 0.02 1.09

Bulk Ratio 0.032 0.032 — 0.056 0.056 —

Fig. 9—(Color online) The selected XPS spectra for the
Fe0.90Cr0.05Si0.05 alloy after annealing at various temperatures: (a) Fe
2p3/2 peak, (b) Si 2p spectrum.
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after annealing at 890 K and 1000 K and exhibit
numerous of components (Figure 10). In the Fe 2p3/2
peak, four components are distinguished from which the
metallic Fe occurs at BE of 707.3 eV and the rest, placed
at 708.8, 710.1, and 711.8 eV, correspond to Fe2+ and
Fe3+ species. The Cr 2p3/2 peak is divided into three
components at the BE of 576.2, 577.6 (Cr3+) and 579.2
eV (Cr6+).[14] The Si 2p spectrum exhibits two compo-
nents, from which more dominant is SiO2 at position of
103.2 eV (shifted by 0.3 eV in comparison to maximum
at RT) and Si0 at position of 99.7 eV.[15] In contrast to
results obtained for the oxidized Fe0.90Cr0.05Si0.05 sam-
ple, the presence of Fe2SiO4 is not detected.

Annealing the samples at 1080 K and 1190 K induces
increase of the cSi/cFe and cCr/cFe ratios, while cO/
(cFe + cSi + cCr) is still decreasing. It means that
during these stages of thermal treatment, the further
desorption of oxygen and oxides occurs. The Fe 2p3/2
spectrum is still composed of several peaks, but their
relative contribution is different. The dominant one is
Fe0 with the contribution in iron signal higher than 50
pct. In the Cr 2p3/2 and Si 2p spectra, the peaks
corresponding to metallic Cr (574.6 eV) and Si0 (99.7
eV) are also observed. Comparing this with results
obtained for oxidized Fe0.88Cr0.12 and Fe0.85Cr0.15 alloys
in Reference 14, where after samples annealing, the
metallic Fe detected was detected but a dominant species
were Fe2+ and Fe3+,[14] it can be pointed out that by
adding to Fe-Cr alloys, with a higher bulk chromium
content, an additional Si solute, the corrosion resistivity
can be improved. Moreover, detection in the XPS
spectra signals from metallic Fe, Cr, and Si indicates
that the thickness of the oxide layer becomes smaller
than the XPS sampling depth.

After the last annealing at 1300 K, a significant
decrease of the cSi/cFe, cCr/cFe and cO/(cFe+ cSi+ cCr)
ratios is observed. For the oxidized Fe0.80Cr0.15Si0.05
alloy, cO/(cFe+ cSi+ cCr) ratio is the lowest of all
oxidized samples, which means that the measured
surface region is mostly composed of pure alloy ele-
ments. In addition, the detailed deconvolution of the Fe
2p3/2, Cr 2p3/2 and Si 2p spectra reveals that the Fe0,
Cr0, and Si0 components are dominant (Figure 10). The
Fe 2p3/2 peak is composed of three peaks representing:
metallic Fe0 at BE of 707.3 eV, Fe2+, and Fe3+ species
at BE of 708.7 and 710.8 eV. In the Cr 2p3/2 core-level
line, the main component becomes metallic Cr at the
position of 574.6 eV, while the other two correspond to
Cr3+. In the Si spectrum, only Si0 peak is distinguished
at the BE of 99.8 eV. These results confirm the
Mossbauer data which show that the exposure of the
Fe0.85Cr0.10Si0.05 alloy to air at 870 K for 2 hours causes
the formation of only very thin oxide layer (less than 20
nm) and it could be easily removed from the alloy
surface by the applied thermal treatment.[16]

According to the presented data, it can be stated that
the anti-corrosion properties of the Fe-Cr-Si alloys
strongly depend on several factors. The most important
one is the segregation of both solutes to the surface
during the oxidation process, which strongly depends on
their initial bulk concentration. In other words, the
passive film, which prevents further diffusion of oxygen

atoms into deeper sample layer, must be composed of Cr
and Si oxides. As in the case of binary Fe-Cr [14] and
Fe-Si [15] alloys, where this condition cannot be fulfilled,
the absence of Cr atoms in the surface region of the
oxidized Fe0.94Cr0.03Si0.03 and Fe0.90Cr0.05Si0.05 alloys is
mainly responsible for the relatively fast oxidation rate.
At the same time, the corrosion properties of the
Fe0.85Cr0.10Si0.05 and Fe0.80Cr0.15Si0.05 alloys are greatly
enhanced since during the oxidation procedure both
solutes strongly segregate to the surface.
Another important issue is the presence of the fayalite

compound. The XPS data obtained for the oxidized
Fe0.96Si0.04, Fe0.95Si0.05, and Fe0.90Si0.10 alloys in Refer-
ence 15 as well as the results presented in this work
reveal the presence of Fe2SiO4 in the surface regions of
Fe0.94Cr0.03Si0.03 and Fe0.90Cr0.05Si0.05 samples; how-
ever, in the case of Fe0.85Cr0.10Si0.05 and
Fe0.80Cr0.15Si0.05 alloys, all measured Si 2p spectra
present only the SiO2 components (together with the
Si0 after annealing). At this time, it should be pointed
out that the presence or absence of the Fe2SiO4

compound is not directly connected with the initial Si
bulk concentration but with the presence of Cr atoms in
the passivation layer (occurrence of chromium segrega-
tion to the surface region). Similar observation has been
made by Moon et al. in Reference 31 who studied the
initial oxidation resistance of Fe-Cr-Si alloys in 1200 �C
steam, as a function of Cr concentration. They reported
that FeCr2O4, Fe2SiO4, and islands of amorphous SiO2

are present in the oxide layer of Fe86Cr12Si2 and
Fe84Cr16Si2, while Cr2O3 and continuous amorphous
SiO2 films are observed in the oxide layer of the
Fe78Cr20Si2 alloy. They concluded that due to sufficient
Cr content, the Fe78Cr20Si2 alloy forms a Cr2O3 oxide
layer and under the protection of the Cr2O3 oxide layer,
Si can react with oxygen and form a continuous,
amorphous SiO2 layer. The fast formation of Cr2O3

plays a key role in the formation of the continuous SiO2

layer and the resultant oxidation resistance of the
Fe-Cr-Si alloys with higher Cr content.
Finally, what should be also taken into account is the

oxygen induced surface segregation of solutes (both Cr
and Si atoms) during annealing in UHV. As it is shown
for the as-prepared samples, the initial oxidation (pre-
oxidation) of the alloys, which was connected with their
direct contact with air, causes additional strong segre-
gation of both solvents during annealing them at
temperatures below 1000 K.

V. CONCLUSIONS

The XPS study of the as-prepared and oxidized
Fe-Cr-Si alloys greatly expands the knowledge about the
surface segregation process of the Cr and Si atoms
during the sample preparation and provides information
about changes in chemical composition of surface
regions caused by annealing the samples at various
temperatures in UHV. The obtained results together
with TMS and CEMS data reported previously give a
clear evidence that the anti-corrosion properties of these
alloys strongly depend on the initial bulk concentration
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of both Cr and Si solutes. During the oxidation of
samples with various initial Cr and Si bulk contents, the
different passive films were formed. In the case of alloys
with low chromium concentration (Fe0.94Cr0.03Si0.03 and
Fe0.90Cr0.05Si0.05), only silicon segregation occurred and
in the surface region only iron oxides, silicon oxides, and
fayalite were observed. However, for the alloys with
higher chromium concentration (Fe0.85Cr0.10Si0.05 and
Fe0.80Cr0.15Si0.05), both solutes strongly segregate to the
surface region, forming a protective passive layer,
through which a significantly smaller amount of oxygen
can penetrate the alloy (comparing with the oxidized
film in other samples). The analysis of XPS spectra
allows to distinguish iron, chromium, and silicon oxides,
while no fayalite is detected. Annealing samples at high
temperatures allows to obtain signal from the pure alloy
elements. This fact could be also connected with good
anti-corrosion properties of these alloys. Moreover,
according to the obtained results the observed surface
segregation process of Cr and Si atoms can be greatly
enhanced by the presence of adsorbed oxygen atoms at
the alloy surface. Therefore, the proper alloy prepara-
tion procedure with two additional stages, the initial
low-temperature oxidation (for example, direct contact
with air at RT) and subsequent annealing in vacuum at
temperature lower than 1000 K, could lead to significant
increase of corrosion resistance of the Fe-Cr-Si alloys
with smaller bulk concentration of both solutes. This is
extremely important since the high concentration of Cr
and/or Si atoms in iron matrix often leads to the
formation of brittle intermetallic phases and precipitates
which reduces the mechanical properties of the prepared
alloys. Finally, it should be noted that this type of
material is relatively cheap and easy to produce and it
can be widely used in the modern industry.
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Table III. Calculated cSi/cFe, cCr/cFe and cO/(cFe+ cSi+ cCr) Ratios for the Oxidized Fe0.85Cr0.10Si0.05 and Fe0.80Cr0.15Si0.05
Samples

T [K]

Fe0.85Cr0.10Si0.05 Fe0.80Cr0.15Si0.05

cSi/cFe cCr/cFe cO/(cFe+ cSi + cCr) cSi/cFe cCr/cFe cO/(cFe+ cSi + cCr)

RT 1.26 0.86 4.30 1.92 2.95 3.71
890 0.81 0.82 1.88 0.92 2.83 1.88
1000 0.30 0.56 1.65 0.55 1.80 1.44
1080 0.49 1.22 1.41 0.57 1.84 1.29
1190 1.08 2.21 1.57 1.16 1.80 1.43
1300 0.33 0.38 0.57 0.10 0.28 0.13

Bulk Ratio 0.059 0.118 — 0.063 0.188 —

Fig. 10—(Color online) The selected XPS spectra for the
Fe0.90Cr0.15Si0.05 alloy after annealing at various temperatures: (a) Fe
2p3/2 peak, (b) Cr 2p3/2 peak, (c) Si 2p peak.
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