UDK 669.14.018.8:620.191
Original scientific article/Izvirni znanstveni ¢lanek
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The surface oxidation of DSS 2205 duplex stainless steel was studied by X-ray photoelectron spectroscopy (XPS). Two
different techniques were used to produce thin oxide layers on polished and sputter-cleaned duplex stainless-steel samples.
These samples were exposed to a 10 mbar pressure of pure oxygen inside the vacuum chamber and oxidized with an oxygen
plasma from room temperature up to 300 °C. The experiments were made with the alloy after a controlled oxidation with
oxygen atoms created in an inductively coupled plasma. The experiments were performed in the temperature interval from room
temperature up to 300 °C. The compositions of the modified oxidized surfaces were determined from the XPS survey scans, and
the chemistry of selected elements from the higher-energy-resolution scans of the appropriate peaks. Various Fe/Cr oxidized
layers and various oxide thicknesses were observed and correlated with the temperature. It was found that all the techniques
produced oxide layers with various traces of metallic components and with the maximum concentration of chromium oxide and
iron oxide in layers close to the oxide-layer—bulk-metal interface.
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Z rentgensko fotoelektronsko spektorskopijo (XPS) smo raziskovali povrSinsko oksidacijo dupleksnega nerjavnega jekla DSS
2205. Z Zeljo, da bi dobili tanke oksidne plasti na atomsko Cistih povrSinah, smo jih oksidirali na dva nacina. Vzorci so bili
izpostavljeni ali atmosferi Cistega kisika v pripravljalni komori pri tlaku 10~ mbar in nato analizirani z XPS ali oksidirani v
kisikovi plazmi pri temperaturah od 22 °C do 300 °C. Vse tanke plasti smo preucili z XPS- tehniko za dolocitev sestave
oksidnih plasti na povrSini. Posebej smo nato pri vecji energijski lo¢ljivosti posneli Se elemente za natan¢no dolocitev
spreminjanja skozi oksidno plast, t. i. XPS-globinski profil. Ugotovili smo, da so nastale pri razlicnih pogojih razlicne oksidne
plasti Fe/Cr razli¢cnih debelin v povezavi s temperaturo in nacinom oksidacije. Opazili pa smo tudi, da je skoraj pri vseh
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temperaturah oksidacije ostal tudi deleZ neoksidiranih kovinskih elementov na povrSini.

Klju¢ne beside: dupleksno nerjavno jeklo, oksidacija, plazemska oksidacija, XPS, nerjavno jeklo

1 INTRODUCTION

Stainless steel is one of the most widely used
materials and has a large variety of applications.
Therefore, it is exposed to a wide range of conditions.
Since it is an alloy, various oxides can be formed on its
surface, and they can change the mechanical, chemical
and physical properties of the material. Steel’s corrosion
resistance originates in the Cr-rich oxide layer that acts
as a barrier against ion diffusion between the alloy and
the ambient phase.'* Custom steel grades are designed
for specific applications by optimizing their properties
using specific alloy compositions. The study was on
mass fractions 22 % chromium, 5-6 % nickel, 3 %
molybdenum, 2 % manganese, nitrogen-alloyed duplex
stainless steel (DSS 2205, also known as W.Nr. 1.4462),
with high general, localized and stress corrosion
resistance properties in addition to high strength and
excellent impact toughness. Duplex stainless steels
contain two equilibrium phases, i.e., ferrite and austenite.
This type of stainless steel is increasingly used because
of its several superior properties. It also has better
corrosion resistance and erosion-fatigue properties as
well as a lower thermal expansion coefficient and higher
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thermal conductivity than plain austenitic stainless steel.
Its yield strength is about twice as high as that of
austenitic stainless steels and this allows the designer to
save material and makes the alloy more cost competitive
in comparison to the 316L or 317L stainless steels. Alloy
2205 is particularly suitable for applications in the
temperature interval from —50 °C to 300 °C. Tempera-
tures outside this interval may also be considered, but
there are some restrictions, particularly for welded
structures.>®

The oxidation and corrosion resistance of stainless
steel has already been the subject of many studies. The
corrosion resistance of stainless steel is known to be
based on the Cr,O; chromium oxide at the surface that is
considered to act as a protective layer against corrosion
due to its low diffusion constants for oxygen and metal
ions.”® The oxide layer formed on stainless-steel surfaces
is usually not uniform in terms of the depth. Double or
even triple layers can be formed on the surface,
depending on the alloy composition, on the oxidizing
conditions (oxidizing atmosphere, time, and tempera-
ture), and also on the different duplex stainless-steel iron
phases.>!® Oxide films may theoretically consist of
various iron and chromium oxides as well as their
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mixtures. Several authors have studied the formation of
thin oxide layers on stainless steels, being oxidized in air
or oxygen at various pressures and various temperatures.
The oxidation in air showed that at most temperatures a
duplex oxide layer was formed; the outer layer, a-Fe,Os,
was formed on the top of the inner oxide layer, an
iron-chromium oxide. Under reduced oxygen partial
pressures a fine chromium-rich oxide grows through the
iron oxide layer that was formed initially. At very low
oxygen pressures (below 103 Pa) and temperatures
above 350 °C, chromium predominates throughout the
oxide layer ''-15. At low temperatures, on the other hand,
i.e., up to 400 °C, only iron oxide is formed on the
surface of stainless steels. This is not true, however, for
all the FeCr alloys. Hultquist et al. !¢, e.g., reported that a
significant fraction of oxidized Cr was detected by the
X-ray photoelectron spectroscopy (XPS) of FeCr alloys
that were exposed to air at temperatures between 25 °C
and 180 °C.

The aim of the present study was to examine the
initial phases of oxide growth on the 2205 duplex
stainless steel as a function of temperatures up to 300 °C.
The oxide layers were produced by the controlled
exposure of polished duplex stainless-steel samples to
oxygen atoms. X-ray photoelectron spectroscopy (XPS)
was applied to measure the depth distributions of the
oxide films formed on the surface by the sputter depth
profiling. To our knowledge, this is the first report on the
depth distribution of oxide-layer compositions on DSS
2205 for the conditions specified in this paper. The
results of an ongoing study of the oxidation in air will be
described in a subsequent paper.

2 EXPERIMENTAL

Duplex 2205 stainless steel (DSS) was obtained from
the Acroni, d. o. o., steel plant, which certified the alloy
as 2205 duplex stainless steel with the composition as
given in Table 1.2

The samples were mounted in resin, ground with
emery papers up to No. 4000, and then polished with
I-um diamond paste. Metallographic samples of
approximately (8 x 8 x 1) mm were thus prepared. These
samples were then mounted onto sample holders for the
XPS examinations, using UHV-compatible double-sided
sticky tape.

The oxidation was achieved in an experimental
reactor for the passivation of metals. The reactor was a
glass tube with a length of 40 cm and a diameter of 4 cm.
It was evacuated from one side with a two—stage rotary
pump with a pumping rate of 16 m3h'. The ultimate
pressure in the system was about 4 Pa and the residual

atmosphere consisted mainly of water vapour. The other
end of the reactor was connected to a source of neutral
oxygen atoms. The source was a low-pressure oxygen
plasma created by an inductively coupled RF generator
operating at a frequency of 27.12 MHz and with a
variable output power. The applied experimental
procedure is described in detail elsewhere.!'’-2> In our
case the RF power was fixed at about 250 W. The
plasma was characterized with a double Langmuir probe
and a Fibre Optics Catalytic Probe (FOCP).!7212324 The
Langmuir probe was placed in the centre of the plasma.
At the applied pressure of 75 Pa the electron temperature
was about 4 eV, while the electron density was about 7 -
10" m=. The FOCP was mounted in the experimental
reactor for the passivation of metals close to the
samples.?* At a pressure of 75 Pa the O-atom density
reached its peak value of about 1 - 10?> m=3. The neutral
gas kinetics temperature in the passivation reactor was
close to room temperature.

The samples were mounted on a heatable holder,
heated to the appropriate temperature and kept in the
passivation reactor for 100 s. In this period they received
a dose of neutral oxygen atoms of about 1.5 - 10** m?.

The XPS depth profiles of the oxide layers were
measured with a VG Microlab 310F AES/SEM/XPS. Mg
K, radiation at 1253.6 eV with an anode power of 200 W
(the anode voltage was 12.5 kV and the emission current
16 mA) was applied in all the XPS measurements. A
3-keV, 1-uA Ar* ion beam scanned over an (8 x 8) mm
area was applied for the sputter depth profiling with an
incidence angle of 60° (measured with respect to the
sample normal). The approximate sputtering rate under
the conditions applied here was 1 nm/min for SiO,. This
was not inconsistent with some calibration measure-
ments performed on metallic and oxide-type samples as
well as with some reference data for the sputtering rates
of Fe and Cr and their oxides.!3?>2

The spectra were acquired using the Avantage 3.41v
software supplied by the manufacturer. CasaXPS soft-
ware®® was used to process the data. The XPS spectra
were fitted to determine the different chemical states’
contributions to the total peak intensity.

3 RESULTS AND DISCUSSION

Figure 1 shows high-resolution XPS scans of the Cr
2ps;» and Fe 2ps, transitions with the corresponding
metallic and oxide components before sputtering the
DSS 2205 that was prepared at 22 °C. In the case of Cr
2ps;n four peaks were used for the fitting, i.e., the
metallic peak and the three oxide peaks, CrOs, Cr,O; and
Cr(OH);. The binding-energy differences of the compo-

Table 2: Chemical composition of the duplex stainless steel in mole fractions x/%

Cr Ni Mn Si P

S C Mo N Fe

23.96 4.82 1.48 0.85 0.05

0.00 0.13 1.83 0.67 66.21
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Figure 1: Examples of fitted Cr 2p3/, Fe 2p3» XPS spectra
Slika 1: XPS-spektra Cr 2p3/n, Fe 2p3/, z oksidnimi komponentami

nents were fixed at the values obtained from references
7.1331.32 and the full widths at half maximum (FWHM) for
the three oxide peaks were fixed to be the same. The
FWHM applied for the metallic component was taken
from the Cr peak, being measured after the surface
oxides were removed. The expected presence of the
three oxides was based on previous work. The Fe 2p;,
was fitted with five peaks in a similar way.26-33-3

Figure 2 shows the Cr 2ps, and 2p,,, transitions after
various sputtering times for the sample prepared at 22
°C. At each depth the 2ps, peak was fitted as discussed
above (see Figure 1). The total Cr oxide concentration
was approximated by adding the areas of the three
oxide-peak components. The intensities of the oxide
components were reduced by sputtering and eventually
only the metallic component remained. The Fe data were
processed similarly.

Lo

Figure 2: Set of high-resolution XPS spectra of Cr 2p transitions used
for constructing the Cr depth profiles in Figure 3. The bottom
spectrum is from the surface before sputtering, and the spectra above
it belong to spots of increased depth from the original surface. The
spectra have been offset in intensity for clarity.

Slika 2: Visoko locljivi XPS-spektri Cr 2p vrha, ki smo jih uporabili
za izdelavo globinskih profilov v XPS sliki 3. Spodnji spekter je na
povrsini vzorca pred jedkanjem, zgornji spekter pa je po seriji jedkanj.
Spektri so zamaknjeni po intenziteti za boljsi pregled.
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Figure 3: XPS depth profile of DSS at 200 L exposure in the pre-
paration chamber
Slika 3: XPS; globinski profil DSS pri izpostavljenosti 200 L v pri-
pravljalni komori

Figure 3 shows an XPS depth profile of the oxide
layer after the oxidation of the DSS 2205 with an
exposure to 200 L (Langmuir) of oxygen in the prepa-
ration chamber. The stoichiometry of the oxide was, in
the best case, an approximation because of the ion-
sputtering-induced effects, such as the reduction of the
oxidation state.

XPS depth profiles were also measured with the DSS
2205 after much longer exposures to oxygen, i.e., up to
8000 L (Figure 4), without obtaining substantially
different results. This suggested that an increase in the
pressure and/or different atmospheric conditions, e.g.,
humidity, were needed to produce a thicker oxide layer.

The profiles in Figures 3 and 4 showed that these
oxide layers were ill-defined with slowly changing
concentrations of oxidized and unoxidized metals from
the surface of the oxide layer towards the interior of the
sample. Also, large fractions of unoxidized metals were
present at the very surface of the oxide layers. These
concentrations might be partially overestimated since the
estimations of oxide-layer thicknesses obtained from the
profiles in Figures 3 and 4 were 2-3 nm, i.e., of the
order of the probing depth of the applied XPS in the
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Figure 4: XPS depth profile of DSS at 8000 L exposure in the
preparation chamber
Slika 4: XPS; globinski profil DSS pri izpostavljenosti 8000 L v
pripravljalni komori
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Figure 5: XPS depth profile of DSS oxidized at 22 °C
Slika 5: XPS; globinski profil DSS po oksidaciji v plazmi pri 22 °C

analysis, so there existed some possibility that unoxi-
dized metals from the bulk influenced the measurements.
Even in those poorly defined oxide layers, two-oxide
structures could already be detected: a higher concen-
tration of iron oxide at, and close to, the surface, with
chromium oxide being the predominant oxide at greater
depths, in contrast to the layer of the bulk interface.

The stoichiometry of the oxide was, in the best case,
an approximation due to ion-sputtering-induced effects,
such as the reduction of the oxidation states.!®-27.28:40
However, valid comparisons could be made between the
relative oxidation degrees at various temperatures. The
formation of an oxide film with an inner region,
essentially consisting of chromium oxide, and an outer
region, mainly consisting of iron oxide, was also
observed in the samples that were heated up to 300 °C.
A. P. Greeff et al.*! found that the formation of Fe,Os on
the FeCrMo steel was, in the interval between room
temperature and 300 °C, more rapid than that of the
initially formed Cr,Os, and it was eventually formed on
the top of the Cr-oxide. This is in agreement with our
results. The concentration of the unoxidized metallic
species in the topmost part of the oxide layer was much
lower than the concentration of their oxidized
counterparts, while there was virtually no unoxidized
chromium or iron in the oxide layer. Figure 6 shows a
different metal-oxide distribution for the sample that was
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Figure 6: XPS depth profile of DSS oxidized at 150 °C
Slika 6: XPS; globinski profil DSS po oksidaciji v plazmi pri 150 °C
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Figure 7: XPS depth profile of DSS oxidized at 300 °C
Slika 7: XPS; globinski profil DSS po oksidaciji v plazmi pri 300 °C

oxidized at a higher temperature of 150 °C (423 K). The
concentration of iron oxides close to the surface was, in
this case, much higher than that in the sample oxidized at
22 °C (Figure 5), being about mole fraction x = 85 %
compared to the previous value of about mole fraction of
x =70 %, and it showed the segregation of iron oxides at
the surface. On the other hand, the concentration of
chromium oxides was about x = 10 %, compared to x =
25 %, showing the reduced surface segregation of Cr
(oxides) at 150 °C . The thickness of the oxide layer was
also somewhat greater than that formed with plasma
oxidation at room temperature and very much thicker
than that formed with just pure oxygen. In both cases,
the amount of chromium oxides increased at the
interface between the surface oxides and the underlying
steel. Figure 7 shows the XPS depth profile of DSS
oxidized at 300 °C (573 K). The further increase of iron
oxides and the further reduction of chromium oxides in
the oxide film were quite dramatic compared to the
depth profiles of the samples being oxidized at lower
temperatures, as well as the increased thickness of the
oxide layer itself. Other effects observed in the sputter
depth profiles at 22 °C and 150 °C (Figures 5 and 6)
remained unchanged, i.e., the increased concentration of
chromium oxides at the interface of the oxide layer and
steel substrate. A comparison of Figures 5, 6 and 7
makes it clear that the total oxide layer was thicker, and
the ratio of the iron oxides to chromium oxides increased
with increasing oxidation temperature (up to 300 °C).
However, it was observed that the amount of chromium
oxides increased at the interface of the surface oxide
layers and substrate to approximately x = 35 % in all
cases. It is known, as a general rule, that iron oxide is the
predominant surface oxide in stainless steels at
temperatures up to 400 °C,° and this research showed the
actual temperature dependence of this predominant
species within the mentioned temperature range. The
composition and oxidation behaviour of the various
grains was known to be very similar, and the XPS
analysis was made on a 1 mm x 2 mm area that was
much greater than the grain size.

Materiali in tehnologije / Materials and technology 43 (2009) 3, 137-142
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An enrichment with Mo throughout the oxide layer
was observed at all temperatures. The oxide layer of
DSS had a duplex structure of Fe oxides, predominantly
Fe,Os, on the outer side and Cr oxides, predominantly
Cr,0;, on the inner side of layer, with an enrichment of
Mo underneath the Cr oxide layer. This enrichment of
Mo might be explained by the assumption that Mo
oxidizes less readily than Fe or Cr. The Gibbs free
energies for the formation of Fe,Os, Cr,O; and MoOs; at
700 K (427 °C) are — 979 J/mol, — 1209 J/mol and — 799
J/mol, respectively, and they correspond to — 744,8
J/mol, — 807,5 J/mol and — 535,5 J/mol O,. From the
viewpoint of thermodynamics, the oxidation of Mo is the
least favourable. Furthermore, according to Mathieu and
Landolt 5, the presence of Mo at the oxide/metal
interface could influence the oxide growth in two ways:
Mo could reduce the activity of Fe at the phase boundary
or it could form a diffusion barrier for Fe and Cr ions
between the oxide and the metal.

In summary, the oxidation of DSS 2205 with atomic
oxygen revealed two important factors that influenced
the growth and composition of the oxide layers that were
formed at various temperatures, i.e., the segregation of
the alloying elements to the surface and the influence of
atomic oxygen on the oxidation process.

4 CONCLUSIONS

Two different types of oxide layers were obtained.
The first one was very thin, of the order of 2-5 nm,
obtained with exposure to oxygen at 107 mbar,
independent of the total exposure time, even when the
exposure times differed by two orders of magnitude. The
second one was of the order of a few tenths of nm,
obtained by exposure to plasma oxidation, also at higher
temperatures. A more detailed analysis showed that
despite the great similarities between the samples that
were oxidized either with oxygen or with plasma there
were also differences in certain numerical parameters
(e.g., the ratios of unoxidized versus oxidized iron, or
metal in general) that allowed us to denote the plasma-
oxidized sample as a more "thoroughly" oxidized. A
common characteristic of all the examined layers was a
double-oxide stratification, with the regions closer to the
surface that contained higher concentrations of iron
oxide, and those more towards the interior, exhibiting
higher concentrations of chromium oxide. The compo-
sitions of the oxide films formed on the DSS 2205 by
exposure to plasma oxygen atoms are presented from
room temperature to 300 °C. Different oxide layers were
formed on the surface, depending on the temperature
during the atomic oxidation. Small increments of tempe-
rature above room temperature resulted in increased
amounts of Fe oxides and reduced amounts of Cr oxides
on the surface, while almost pure Fe oxides were formed
at 300 °C. There was an enrichment of chromium oxides
at the interface between the surface oxide and the bulk
material at all the temperatures. Due to this Cr enrich-
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ment at the interface, the upper part of the bulk material
consisted of the so-called chromium-depleted layer. This
study also provided important results about the
behaviour of the DSS 2205 that was treated with oxygen
atoms from relatively low temperatures up to just 300
°C. To examine this advanced exposure a chamber with
the possibility of increasing the exposure pressure,
measured in mbars, could be used. Another possibility
for further studies is to use ARXPS for more accurate
depth profiling of the thinnest oxide layers.
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