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Abstract

In this paper, results obtained by surface analysis (Auger Electron Spectroscopy (AES) and X-ray Photoelectron
Spectroscopy (XPS)) studies performed on the passive layers that formed spontaneously on duplex stainless steels (DSSs)
and Ru containing (0.3%) duplex stainless steel (DSS:Ru) in HCl and H,SO, solutions are presented in order to explain the
roles of the different aloying elements in the passivation process. From the AES studies, it followed that the Cr
concentrations were slightly higher (about 3%) in the passive layers of both materials, compared to their bulk concentrations,
whereas the Ni concentrations were reduced to less than half their bulk concentrations at the outer surfaces of the passive
layers, with an increasing concentration gradient towards the bulk of the material. Enrichment of Mo at outer surface of the
passive layer was only observed in the case of the DSS:Ru samples which were passivated in HCI. The XPS results indicated
that the passive layer on the DSS:Ru samples contained more Cr,0, and Fe?™ than Cr(OH), and Fe®™, respectively, in the
passive layer, compared to the DSS samples without Ru. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction a lowering of the hydrogen over-potential. Thus, the

Some stainless steel alloys that contain additions addition of sufficient quantities of PGMs can in-

) i crease the ability of the aloy to passivate sponta-
of plat_l num-group mgtals(PGl\/I_s)_ r_lave a remarkable neously. Although several investigations have been
corrosion resistance in non-oxidizing media ([1-6]

and Refs. therein). The introduction of active cath- carried out on the corrosion behaviour of cathodi-

. . e . caly modified ferritic and austenitic stainless steels
odes into the aloy (cathodic modification) results in in reducing acids, very little is know cbout the

behaviour of duplex stainless steels in such media.
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dispersion of fcc austenite in a matrix of bcc ferrite
due to the fact that DSSs contain insufficient amounts
of Ni to make them fully austenitic. In general, the
DSSs have basic properties which make them very
attractive, such as: high strength (approximately twice
the tensile strength of austenitic SS), non-hardenable
by heat treatment, generally similar or superior me-
chanical properties than austenitic and ferritic SS,
which include weldability and strength and excellent
corrosion resistance (better or equivalent to austenitic
SS), specialy in oxidizing media and conditions
conducive to localised corrosion.

The results presented in this paper are the conse-
guences of a joint research project where experi-
ments were carried out to investigate the complex
features of the passivation phenomena of DSSs with
and without Ru as a minor aloying component (up
to 0.3% by mass) in sulphuric and hydrochloric
acids. This paper deals more specifically with the
surface analytical characterisation of the passive lay-
ers formed upon spontaneous passivation on two
experimental duplex stainless steels.

Our previous results [7—11], which included sev-
era independent techniques such as mass loss tests
[7,8], potentiodynamic responses [7,8], in situ radio-
tracer and ICP methods [8-11], have revealed that
the experimental DSSs used in these studies exhibit
an enhanced corrosion resistance in HCl and H,SO,
solutions, compared to ordinary austenitic and fer-
ritic grades. Small ruthenium additions can signifi-
cantly increase the corrosion resistance of the duplex
steels, displacing their open-circuit corrosion poten-
tials towards more positive values in the two above-
mentioned reducing acid media. In addition, reduced
corrosion and critical current densities in both solu-
tions indicate that the ruthenium content inhibits the
anodic dissolution of the cathodically modified al-
loys.

Moreover, in situ radiotracer studies [8—11] have
demonstrated that the spontaneous passivation of
DSSs with and without Ru in dilute HCI and H,SO,
solutions are influenced by a pronounced sorption of
bisulphate /sulphate and chloride ions. Specificaly,
accumulation of Cl~ ions on DSSs was found to be
small (less than 1x 107° mol cm™2) and their
irreversible embedding into the surface oxide layer
could be ruled out. The surface excess of bisul-
phate/sulphate ions was considerably higher (up to

4.5 107 1° mol cm~?2), as well as their interaction
with passive oxide layers seemed to be substantially
stronger than those of Cl~ ions. The ruthenium
content did not exert significant effects on the sorp-
tion behaviours of CI~ and HSO, /SOZ~ ions on
the surfaces of the DSSs in either type of acid
solutions. The latter statement was supported by the
apparently small rate of the dissolution processes as
determined by ICP Optical Emission Spectrometry
(ICP-OES) [8-10], giving an indication that redistri-
bution of the main alloying elements of the surface
passive layers are presumably modest in the course
of the spontaneous transformation of duplex steel
surfaces.

In light of the antecedents outlined above, this
paper will concentrate specifically on some new
findings obtained by surface analysis (Auger Elec-
tron Spectroscopy (AES) and X-ray Photoelectron
Spectroscopy (XPS)) studies of the passive layers
that formed spontaneously on experimental DSSs
containing Ru (0 or 0.3%) in HCI and H,SO, solu-
tions in order to understand the role of the different
elements in the whole passivation process better.

2. Experimental details

The chemica analyses of the experimental DSSs
used in this investigation are shown in Table 1.
Further information regarding the fabrication of the
alloys used in this study is available elsewhere [7].

The compositions of the passive films formed on
these DSSs, which spontaneoudly passivate in HCI
and H,SO,, were studied by AES and XPS. The
following sulphuric and hydrochloric acid concentra-
tions were used: 0.1 M HCl and 1 M H,S0O,.

The experiments were performed under a constant
flow of N, gas at 25°C. Spontaneous passivation was
carried out after cathodic reduction at —0.8 V (mea-
sured against a SCE) for 5 min. After passivation the
samples were rinsed in DI water, blow dry with N,
and then loaded into the spectrometer(s).

The AES studies were conducted in a PHI 610
instrument, operating at 10 keV, while the sputtering
was conducted with 3 keV Ar ions, at a sputter rate
of about 1 nm/min. This sputtering rate was deter-
mined on a Ta,O4 layer. The XPS instrument utilised
was a PHI 5300. An Al K radiation with energy of
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Table 1
Chemical composition of the experimental duplex stainless steel studied
Alloy Elements?

Fe Cr Ni

Ru Mn S S P O N C

Fe—22% Cr—9% Ni—3% Mo—-0% Ru re¢ 220 91
Fe-22% Cr—9% Ni—3% Mo-0.3% Ru  rest 224 9.2

00 01 007 001 001 002 001 003
03 01 003 001 001 004 001 002

#Percentages by mass.

1486.6 eV was used as primary X-ray source, which
was obtained by an acceleration voltage of 15 keV
and an emission current of 20 mA. Two different
angles (20 and 70°) between the sample surface and
the position of the analyser were used to measure the
photoelectrons. At low angles, the analyser only
detects the photoelectrons coming from the outer
most surface, while at larger angles (70°) information
from those electrons that are coming from regions
deeper inside the surface layer, is also included. In
this way, no sputtering is required to obtain depth
information and thus eliminates the possibility of
sputter-induced modification of the surface layer.

3. Reaults
3.1. AESresults

Comparative AES studies were carried out in
order to characterise the spontaneous passive films
formed on DSSs with and without Ru in HCI and
H,S0O,. It should, however, be noted that with AES
it is not possible to detect Ru in low concentrations,
due to the narrow spacing between the main Ru and
C pesks. Fig. 1(a) and (b) show AES depth profiles
of DSS containing 0 and 0.3% Ru, respectively, after
spontaneous passivation in 1 M H,SO,. It is obvious
from these AES profiles that the Cr is enriched by
about 3% in the passive layer compared to the bulk
concentration, which is normal for any stainless steel.
Ni concentrations were reduced to less than half the
bulk concentration at the outer surfaces of the these
passive layers, with an increasing concentration gra-
dient towards the bulk of the material. Also visibleis
an increase in the Ni concentration just below the
interface between the sample and the passive layer,
as well as a corresponding depletion of Cr in this

region. The concentration of Fe at the outer surface
of the passive layer was only about one third that of
the bulk concentration. If we compare the depth
profiles, it is clear that the Cr concentration in the
passive layer of the DSS:Ru is a bit higher compared
to the case of the 0% Ru sample, while slightly more
Ni is aso present at the interface of the 0.3% Ru
sample. Also seen in Fig. 1 is the deeper penetration
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Fig. 1. AES depth profiles of duplex stainless steels (DSS)
containing 0% Ru (a) and 0.3% Ru (b), passivated spontaneously
in1M H,S0,.
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Fig. 2. AES depth profiles of duplex stainless steels containing
0.3% Ru passivated spontaneously in 0.1 M HCI.

of the sulphur into the 0% Ru DSS passivation layer.
If the AES depth profile of the DSS:Ru samples
passivated in HCI (Fig. 2(b)) is compared with those
passivated in H,S0, (Fig. 1(b)), it is immediately
evident that Mo enrichment took place in the passive
layer in the former case and might most likely be
due to the fact that HCI is a much more aggressive
acid.

3.2. XPSresults

Spectra measured at 20° reflect the situation at the
outer most surface of the passive layer, with little
contribution from the DSS below the passivation
layer, while the 70° spectra contain information from
deeper into the sample and therefore not just only of
the passivation layer but also of the underlying DSS
material. The XPS results shown in Figs. 3-5 for the
different elements and angles are representative, irre-

spective whether the samples were passivated in
H,SO, or HCl. When the compound peaks are
deconvoluted into different possible peaks, it is pos-
sible to determine the contribution of each chemical
state of the element under investigation. The energy
peak values of the respective XPS peaks were shifted
with respect to the C peak at 284.7-eV binding
energy. Note that the experimental curves obtained
for each element were smoothed before the fittings
were performed. The different parameters were kept
constant for each respective compound peak
throughout the fitting process. In doing this for the
Cr peaks obtained from the samples containing 0.3%
Ru, it was found (Fig. 3(a) and (b)) that Cr (OH); is
the most prominent on the outer surface (measure-
ment at 20°), while at 70°, the Cr, O, is the predomi-
nant contributor to the Cr peaks. The metalic Cr
peak is aso larger due to the fact that the signals are
coming from the passive layer as well as the sample
itself (Fig. 3(b)).
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Fig. 3. Cr XPS peaks measured at (@) 20° and (b) 70° angles,
respectively, for DSS containing 0.3% Ru and which was passi-
vated spontaneously in 1 M H,S0O,.
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Fig. 4. Cr XPS peaks obtained from DSS containing 0% Ru. XPS
peaks were measured at 70° after spontaneous passivation in 1 M
H,SO,.

If we now compare the Cr peaks of the 0% Ru
DSS with that of the DSS:Ru sample (Figs. 4 and
3(b)), the Cr (OH); pesk in the former case is
significantly higher compared to that of the samples
containing Ru, whereas the Cr,O, pesk is the high-
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Fig. 5. O XPS peaks obtained from DSS containing 0% Ru (a)
and 0.3% Ru (b), respectively. Both these sets of XPS peaks were
measured at 70° after spontaneous passivation in 1 M H,S0O,.

est of the three chromium peaks for the 0.3% Ru
DSS. These observations were consistent, irrespec-
tive of the angles or the acids used. The resistance
(passivity) of Cr based stainless steel against chemi-
cal attacksis mainly due to the formation and enrich-
ment of Cr,O; in the passive layer. It seems there-
fore that the passive layer of the Ru containing DSS
is a more effective passive layer due to the increased
Cr,O, content. Furthermore, the presence of Cr(OH),
is degrading the effectiveness of the passive layer.
These implications are aso reflected in the O peaks
(Fig. 5(@) and (b)). The O, peak is dlightly higher
for the DSS:Ru, if compared to the 0% Ru contain-
ing material.

From Fig. 6, it is clear that the Fe?* ferric oxide
peak is much more enhanced on the DSS:Ru surface
than with respect to the O% Ru DSS material. Note
that FeO cannot exist on its own, but is actually part
of Fe,0; which exists as a combination of Fe,O,
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Fig. 6. Fe XPS peaks obtained from DSS containing 0% Ru (a)
and 0.3% Ru (b), respectively. Both these sets of XPS peaks were
measured at 70° after spontaneous passivation in 1 M H,SO,.
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and FeO. The Fe** pesak can be related either to the
Fe,O, or ferric hydroxide FeO(OH). The energy
values of the Fe,O, and FeO(OH) XPS peaks do not
differ much. It cannot be ruled out that both are
present, but during the fitting procedure it was not
possible to use both in order to simulate the experi-
mental data. The fitted peak energy was taken be-
tween the binding energies of Fe,O, and FeO(OH).
Probably, the enhancement of ‘FeO’ ferrous oxide
and Fe,O; in the passive layer is aso a factor that
helps to increase the passivity of the Ru containing
samples.

The Mo XPS peaks were very difficult to fit, not
only because they have a very narrow multiplet, but
also because of the low concentrations of Mo in the
surface layers of the HCl passivated samples. As a
result, we are unable to make conclusive remarks
regarding the presence and oxidation state of Mo.

As it has been noticed earlier, the Ru and the C
XPS peaks are very close to each other. Moreover,
owing to the fact that the Ru is present in such alow
concentration, it is also impossible to comment posi-
tively on the possible chemical state of Ru in the
passive layer of these DSSs. Previous investigations
[5] by another group indicate that ruthenium can be
included in the composition of the passive film as
hydroxides and oxides. In the case of Ni, only
metallic Ni could be detected.

4, Discussion

Our previous studies [7-11] demonstrate that du-
plex stainless steels used in the present study have a
remarkable corrosion resistance in both HCI and
H,SO, solutions, irrespectively whether the samples
contain Ru as minor alloying element or not. It
should, however, be highlighted that the passivation
of both duplex stainless steels is most likely due to
not only the Ru but the relatively high content of Mo
(Table 1). It is assumed that Mo not only retards
anodic dissolution, but also increases the effective-
ness of the cathodic process owing to the reduced
overvoltage of hydrogen on molybdenum [[2] and
Refs. therein]. Also, the in situ radiotracer results
[8-11] indicate that the ruthenium content does not
exert significant effects on the sorption behaviours of
Cl~ and HSO, /SOZ~ ions on the surfaces of both

duplex stainless steels in either type of acid solu-
tions. This can be related to the fact that the extent of
the accumulation of aggressive anions decisively de-
pends on the structure and probably composition of
the passive layers. Furthermore, the similarities ob-
served both in the sorption properties and in the
dissolution behaviour detected by the ICP-OES
method [8—10], provides indirect evidence that redis-
tribution of the main aloying components of the
surface passive layers formed on both DSSs, did not
differ dramatically from each other.

In general, the dissolution rate of Fe and Cr is
higher than that of the alloying elements such as Ni,
Mo and Ru [8-10]. Therefore, during the dissolution
process these latter alloying elements will be ex-
posed much easier on the surface of the DSS. Of
these three elements, we only have evidence that Mo
became oxidized and is incorporated in the passive
layer. It was also shown with AES that Ni is accu-
mulated just underneath the passive layer. Thisisin
line with previous observations made by Olefjord
and Elfstrom [12,13] on austenitic stainless stedl,
where it is claimed that the Ni accumulation en-
hances the formation of the passivation layer. It
seems therefore that it is also the case with DSS.
However, due to the low concentration, Ru could not
be observed by AES or XPS. In contrast, our electro-
chemical measurements [7,8] have revedled an in-
crease in the corrosion potential towards more posi-
tive values with an increase in the Ru concentration.
This can be considered to be an indication that the
surface becomes chemically more stable with an
increase in the Ru content. Thus, the surface must be
influenced, presumably enriched by Ru. It was shown
by Tjong [3] that Ru is enriched on Fe—40 Cr, which
contained 0.1 to 0.2 wt% Ru after passivation in
0.5 M HCI. According to Tomashov et al. [4,5], Ru
atoms can block lattice point defects and thereby
decrease the dissolution rate of Cr. In the case of the
DSSs usad in this study, it is claimed that both Ni
and Ru are acting as blocking elements in order to
decrease the dissolution rate of Cr and Fe, while Mo
plays an active role by being part of the passive
layer. The decrease in the decomposition rate in-
creases the possibility for Cr and Fe to form stable
oxides, and in such a way a much more effective
passivation layer is formed. The spontaneous forma-
tion of the passive layers with excellent corrosion
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resistance is apparently initiated by the presence of
Mo and Ru, which forces the passivation potential to
more positive values and therefore also decreases the
dissolution rates of Cr and Fe.

From the considerations outlined above, it is evi-
dent that the AES and XPS data are consistent with
the in situ radiotracer and | CP-OES results presented
in Refs. [8-11], which provided further evidence of
the enhanced corrosion resistance of both duplex
steels studied.

5. Summary

The AES studies indicated that the Cr concentra-
tions were dlightly higher (about 3%) in the passive
layers of both materials, compared to the bulk con-
centration, whereas the Ni concentrations were re-
duced to less than half the bulk concentration at the
outer surfaces of the these passive layers, with an
increasing concentration gradient towards the bulk of
the material. Enrichment of Mo was only observed in
the case of the DSS samples which were passivated
in HCI. The XPS studies showed that the Cr,O, and
Fe;O, were present in higher concentrations in the
Ru contained samples, than in the normal DSS which
contained no Ru. These observations correlate with
the fact that Ru and Ni act as blocking agents, which
decrease the dissolution rates of Cr and Fe, and
therefore increase the probability to form a stable
passive layer.
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