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Figure (9) XPS spectra of a) Cr2p,,, Ols and Ci2p and b) Mo3d,,
Fe17Cr13Ni3Mo0.15N alloy (0.5M H,S0,+0.8M NaCl, 650 mV/SHE, 30min).
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Figure (8) XPS spectra of a) Cr2p,,, Ols and Cl2p and b) Mo3d,, 5, and Mo3p,,,-Nis of the Fel7Cr13NisMo0.07N al-
loy after a potentiodynamic sweep from the corrosion potential to 650 mV/SHE (in the passive region): then it was
maintained at this potential for 36 minutes in 0.5M H,SC,+0.8M NaCl, 650mV/SHE, 30 min. Take off angles: 90°.
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creases with sputtering time, confirming
that the hydroxide layer constitutes the out-
er part of the film. The slow decrease of the
intensity of the N(1) peak at low binding
energy (397.7 eV) corresponding to N-
metal bonds, indicates that the nitride is
present in the inner part of the passive film
near the passive film/alloy interface which
confirms the finding of the AD-XPS meas-
urements. The results for N(2) and N(3) at
different depths in the passive film show
the high binding energy nitrogen species to
be mainly at the passive film surface, con-
firming that it is produced at least in part
via reaction with the electrolyte The sharp
decrease of the Mo®" signal observed after
the first jon sputtering indicates the Mo®* i

located in the outer part of the passive ﬁlm
The total signal from the oxidized mo-
lybdenum (Mo*"%* in figure 10) decreases

Conclusions:

The pitting resistance of the austenitic
stainless steels with 3Mo-0.07 N in chloride
solution is better than the one of the alloy
with 3Mo-0.15N.

Mo and N strongly modify the electro-
chemical behaviour of the alloy. The dis-
solution rate is lowered by the Mo in low
nitrogen content alloy compared with 3%
Mo0.15 %N alloy. In 0.5M H,SO,, the ac-
tive peak is intense in the case of the alloy
with 0.15N, lower for the alloy (3Mo-
0.15N), and almost suppressed for the
(3Mo0-0.07N) alloy. The variation of the in-
tensities of the active peak in chloride solu-
tion witlf the composition of the alloy are
similar to those in acid media. For the high
nitrogen content alloy, the residual current
density is higher than for the low nitrogen
alloy and pitting-repassivation process is
observed at 800mV/SHE (in chloride me-
dia, 1.5M NaCl).

The passive film has a bilayer structure
and the outer hydroxide layer is enhanced
in the chloride-acidic media. Chloride are
incorporated in the passive film, they are

Ampirkabir/Vol. 7/No. 28

rapidly during ion sputtering which also
supports the precedm% conclusion, even if
some reduction of Mo”" may be caused by
sputtering. The maior diffrence between the
composition depth profiles measured after
polarization in 0.5M H,SO, solution and
1.5M NaCl (pH=1.5) solution is the higher
surface enrichment of molybdenum oxide
(Mo®%, Mo™) in the 1.5M NaCl (pH=1.5)
solution, this confirms the higher dis-
solution rate and anodic segregation of N(1)
in 1.5M NaCl (pH=1.5) solution). The pas-
sive film was found to have a bilayer struc-
ture both in the absence and in the presence
of CI' in the stage preceding pitting. The
results for the Cl2p XPS spectra at different
depths in the passive film show that chlo-
rides are incorporated in the passive film,
they are located mostly in the outer part of
the film.

located mostly in the outer part of the film.

A marked enrichment of the alloyed
(Mo) elements is observed in the metallic
phase under the passive film and nitrogen
enrichment (nitride) is observed in the alloy
near the alloy/passive film interface, due to
the preferential dissolution of iron. The ni-
tride phase is formed by anodic segregation
of the nitrogen contained in the alloy, dur-
ing the dissolution stage preceding passiva-
tion. The rate of anodic segregation of N
and Mo enrichement or iron selective dis-
solution is in the following order: 0.5M
H,50,+0.8M NaCl>1.5M Na(l
(pH=1.5)>0.5M H,SO,. This confirmed by
electrochemistry results. The high and in-
termediate binding energy nitrogen peaks
(may originate from N-H or N-O) are as-
signed to nitrogen species located at the
surface of the passive film, and are pro-
duced via reaction with the electrolyte, so
the intensities of the high binding energy
nitrogen peaks depend on the dissolution of

the alloy during the dissolution stage pre-

ceding passivation.

81



The oxygen (Ols) region clearly shows
the presence of the oxide O and hydroxide
(OH") states. A third peak is present cor-
responding to oxygen in H,0 and SO/*.
Oxidized Mo is detected in the analyzed
passive film. The Mo signal has been resolved
into the metallic form and three oxides states
Mo*® (MoO,), Mo*©d MoO(OH),
type and Mo®*®(MoO,). The curve fitting
of the Me spectrum shows that Mo is main-
ly present in the passive film in the form of
Mo® ), This is in good agreement with
Brox and Olefjord's results on the 316 SS
(15). In the Mo3P;,-Nls region the Nls sig-
nal has been resolved in three nitrogen spe-
cies N(1), N(2) and N(3). On the basis of
previously reported results (13) the peak lo-
cated at low binding energy (N (1) at
397.7+£0.1 eV) is associated to nitride in-
corporated in the passive film. The peak lo-
cated at a higher binding energy (N (2) at
400.240.1 eV) may originate from N-H or
NO (15). The third peak located at an even
higher binding energy (N (3) at 40210.1
eV), may originates from nitrogen in am-
monium (16).

Figures 6 and 7 show the spectra of
Cr2p,),, Ols, Mo3ds, 5, and Mo3p,,-Nls
recorded after passivation (30 minutes) of
the Fel7Cr13Ni3Mo0.07N alloy in 0.5M
H,SO,+0.8M NaCl and 1.5M NaCl
(pH=1.5) solutions for two ‘take-off angles
90° and 45°. In these agressive solutions the
ratios areas of Cr’* hydroxide and oxide
(Cr**(hyd)/ICr**(0ox)) increases with de-
creasiong take off angle. These results
show that the Cr hydroxide, is located in
outer part of the passive layer (enhanced
signal at 45°). The Ols signal which has a
OH" component partly related to Cr**d
shows the same tendency. The major differ-
ence between the surface composition in
0.5M H,S0,+0.8M NaCl and 1.5M NaCl
(pH=1.5) solutions are the following: the
signals from Cr**** and O* are enhanced in
1.5M NaCl (pH=1.5) solution. In oposition
the N(1), N(2), N(3), Cr and Mo signals are
enhanced in 0.5 M H,S0O,+0.8M NaCl solu-
tion, (i. e. the rate of segregation of N, en-
richement of Cr and Mo and selective dis-
solution of iron is higher in 0.5M
H,S0,+0.8M NaCl solution). These results
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confirm the idea that nitrogen bonded to
chromium (chromium nitride) is formed
during the dissolution stage preceding pas-
sivation.

In order to investigate the effects of al-
loy dissolution and potential on the seg-
regation of nitrogen in the passive film a
complementary experiment was carried out
in 0.5M H,SO+0.8M NaCl solution for the
Fel7Cr13Ni3Mo0.07N alloy using the fol-
lowing experimental conditions: the sample
was first sumitted to a potentiodynamic
sweep from the corrosion potential to 650
mV/SHE (in the passive region); then it
was maintained at this potential for 30 min-
utes Figure 8 shows the spectra of Cr2p,,,
Ols, Mo3ds, 5, and Mo3p;,-Nls this com-
plementary experiment revealed that N(1),
N(2) and N(3) are also mostly formed in
this condition.

_In order to investigate the effect of nitro-
gen concentration of the alloy on the chem-
ical composition of the passive film, pas-
sivation experiments were carried out for
the Fel7Cr13Ni3Mo0.15N in 0.5M
H,50,+0.8M NaCl solution at 650 mV/
SHE, 30min. Figure 9 shows the spectra of
Cr2p,;, Ols, Mo3ds, 3, and Mo3p;,-Nls
for the take-off angle 90°. Inspection of
Mo3p-Nls spectra reveals,three intense N1s
signals at the position of N(1), N(2) and N
(3). N(1) corresponds clearly to N-metal
bonds formed by surface segregation of
bulk nitrogen, N(2) and N(3) are thought to
originate from nitrogen located at the sur-
face of the film and which has reacted with
the electrolyte (i. e. the intensity of N(1) in-
crease with the nitrogen content in the alloy
and the intensities of N(2) and N(3) in-
creases with the rate of dissolution and so-
lution charged by nitrogen). I

To aid in locating the positions of the
different species in the passive film, com-
position- depth profiles were recorded by
ion sputtering and XPS analysis for
Fel7Cr13Ni0.07N polarized in 0.5M
H,S0,, 0.5M H,SO,+0.8M NaCl and 1.5M
NaCl (pH=1.5). The results are shown in
fig 10. The XPS signal emitted by O* in the
passive film is shown as an indicator of the
depth scale during argon ion sputtering. In
both media the OH/O? intensity ratio de-
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Ni0.15N alloys in 1.5M NaCl(pH=1.5) solu-
tion. The results in fig 4 and the data in ta-
ble 4 show that i)in the active region the
dissolution similar to the variation in 0.5M
H,S0,+0.8M NaCl solution, ii) the active/
passive transition potential (maximum in
the i-E curves) is shifted to more anodic po-
tentials with Mo containing alloys iii) the
current in the passive state increases with N
concentration for the Mo containing alloys,
iv) the alloy 0.15N-3Mo pit readily whereas
the alloy 0.07 N-3Mo is more resistence to
pitting. More breakdown/repassivation
events are observed on the high N steel.

2) XPS analysis of the passive films

The spectra of Cr2p,, Ols Mo3ds, 4,
and Mo3p,,-Nls recorded after argon ion
sputter cleaning and after passivation of the
Fel7 Cr13 Ni3 Mo 0.07N alloy in 0.5M
H,SO, solution are shown in Fig. 5 for the
take-off angle of 90° (angle of the sample
surface with the direction in which the elec-
trons are analysed). The observation, for the
passivated alloy, of the signals emitted by
Cr and Mo (underlying alloy elements) in-
dicates that the passive film is very thin.The
chromium signal was resolved by curve fit-
ting into chromium oxide Cr**®’(Cr,0,) and
chromium hydroxide Cr**®9(Cr(OH), type).

Table 2. Electrochemical data in 0.5M HZSO 4

Corrosion potential

Alloys (mV/SHE)

Passivation po-
tential (mV/SHE)

Residual Current in the

Current density )
passive state (WA/cm”)

maximum (LA/cm’

Fel7Cr13Ni3Mo0.07N

Fel7Cr13Ni0.15N

304 type SS

| Corrosion potential

Alloys (mV/SHE)

Passivation po-
| tential (mV/SHE)

| Residual Current in the [

Current density e
passive state (WA/cm”) ¢

, ! )
maximum (LA/cm

Fel7Cr13Ni3Mo0.15N

Fel7Cr13Ni3Mo0.07N

Fel17Cr13Ni0.15N

316 type SS

Corrosion potential

Alloys (nV/SHE)

Passivation po-
tential (mV/SHE)

Residual Current in the

Current density )
passive state (LA/cm)

maximum (LA/cm’

Fel7Cr13Ni3Mo0.15N |

Fel7Cr13Ni3Mo0.07N

Fel7Cr13Ni0.15N
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tion under applied potential, rinsed immedi-
ately in ultra-pure water, dried in nitrogen
gas and then transferred to the surface anal-
ysis system using the transfer vessel and the
fast entry port located on the preparation
chamber of the spectrometer. A survey XPS
spectrum of each sample was immediately
recorded to determine its surface clean-
liness. The presence of a Cls signal reveals
the existence of a contamination layer. The
only metallic elements detected were the
constituting elements of the alloy. The data
processing of high resolution spectra of
Fe2p, Cr2p, Ni2P, Ols, Mo3d Mo3p-NIs,
S2p and Cl2p allowed us to identify the ele-
ments and their chemical states in the pas-
sive films. The data processing is based on
reference data obtained for the clean and
oxidized stainless steels. XPS measure-
ments were obtained using an Al Koo X-ray
source - (hv=1486.6 eV), and a hemi-
spherical analyser, with a pass energy of 20
eV for the high resolution spectra.

The spectrometer (VG ESCALAB MK
II) was calibrated using the Au4f,, (binding
energy (BE)=84eV) and Cu2p,, (BE=932.7
eV) peaks. The presence of Mo also com-
plicates the analysis of the N1s XPS spectra
due to overlap in binding energy of elec-
trons originating from Nls and Mo3ps,, core
levels. To obtain reference spectra, we have
synthetized and characterized MoO, and
MoO;, with the Al X-ray source. A pure Mo
single crystal (111) face) was mounted on a
heatable sample holder and cleaned by ion
sputtering prior to oxidation. MoO, was
prepared using the following oxidation con-
ditions: PO,=10" mbar, T=600°C, t=40
min. MoO; was prepared on the single crys-
tal surface under the following conditions:
PO,=10" mbar, T=400°C, t=15 min. The
spectra are shown in figure 1. The spectra
of the figure 1b were fitted with two doub-
lets assigned to the species Mo**®® and Mo**
©@hyd) " (ox=oxide and hyd=hydroxide) ac-
cording to the corresponding Ols signals
(O*and OH-). The Mo3d and Mo3p spectra
of the passivated alloys could all be fitted
with the above chemical states, thus other
Mo oxides which have been detected in oth-
er works (Mo,0;, Mo,Os) (14) were not
considered here. Composition depth pro-
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files of the passive films on the stainless
steels were obtained by ion sputtering the
surface, using a VG AG60 ion gun mounted
in the analysis chamber, under the fol-
lowing’ conditions: an ion beam Voltage of
4KV an a current density of 0.5UA cm™.

Results and Discussion
1) Electrochemical behaviour

Figure 2 shows the potentiodynamic (i-
E) curves for the Fel7 Cr13 Ni3 Mo0.07N
alloy, Fel7 Cr13 Ni0.15N alloy (studied in
a previous work (to be published) and the
304 type SS in 0.5 M H,SO, solution. The
salient electrochemical features are reported
in table 2. The current at the peak maxi-
mum varies in the following order: alloy
with 0.15% N without Mo>>304 type
SS>alloy with 0.07%N and 3% Mo. The
major difference is mainly associated with
the presence of 3% Mo in Fel7 Cr13 Ni3
Mo0.07N alloy and a small amount of Mo
(0.14%) in 304 type-stainless steel. Similar
effects have already been observed for Mo
implanted Fe-Cr-Ni alloys (6). The residual
currents in the passive state are similar for
the three alloys.

Figure 3 shows the potentiodynamic
curves for the Fel7 Cr13 Ni3 Mo0.15 N,
Fel7 Cr13 Ni3 Mo0.07N and Fel7 Cr13
Ni0.15N alloys in 0.5 M H,SO,+0.8M NaCl
solution.The polarization curve for thye
316-type stainless steel is also included in
the figure for comparison. The results in fig
3 and the data in table 3 show that i) in the
active region, the dissolution current den-
sities vary in the following order: alloy with
0.15%N without Mo>316 type SS>alloy
with 3Mo-0.15N>alloy with 3Mo-0.07N,ii)
the alloys without Mo have a small range of
passivity. In the-passive state, the current
increases with increasing N content and de-
creasing Mo content and iii) there is no de-
tectable pitting with the alloys containing
3%Mo but pitting is observed with 316 type
SS and the Alloy without Mo. The re-
sistance to pitting of the 316 is more better
then the one- of the alloy with 0.15N which
does not contain molybdenum.

Figure 4 shows the potentiodynamic
curves for the Fel7Cr13Ni3Mo0.15N,
Fel7 Cr13 Ni3 Mo0.07N and the Fel7 Cr13
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rosion resistance(7-11). However, the de-
velopment of an understanding of the role
of nitrogen in the corrosion behaviour of
austenitic stainless steels has been ifnpeded
by the fact that the alloys investigated con-
tain significant amounts of molybdenum
and, therefore, the observed differences in
corrosion, from nitrogen-free steels may be
due to synergistic effects between mo-
lybdenum and nitrogen instead of nitrogen
alone. In previous studies (A. Sadough and
P. Marcus (12), P. Marcus and M. Bussell.
(13) have shown, with XPS and electro-
chemical measurements, that nitrogen alone
(i. e. in the absence of Mo) does not in-
fluence on the polarization of the studied al-
loy (Fel7Cr13Ni0.15N) and nitrogen-
implanted autenitic stainless steels in acid
solution.

The aim of this work is to investigate, by
electrochemical and surface analytical
measurements, the effect of nitrogen in the
presence of molybdenum on the dissolution
and passivation of austenitic stainless
steels. XPS and electrochemical measure-
ments have been done on a Fel7 Cr13 Ni3
Mo 0.07 N alloy, to determine the role of
Mo and N in the passive film formed in dif-
ferent acidic solutions with and without
chloride. We have also compared the elec-
trochemical behaviour of Fel7 Cr13 Ni3
Mo0.07N with the one of other alloys: Fel7
Cr13Ni3Mo0.15N, Fel7Cr13Ni0.15 N,
304-type stainless steel and 316-type stain-
less steel.

Experimental

The alloy is an austenitic stainless steel
(Fel7Cr13Ni3Mo) supplied by IRSID Uni-
eux (France). For the electrochemical study
a 304-type stainless steel and three other al-
loys containing Mo andlor N
(Fe17Cr13Ni0.15 N, Fel7 Cr13Ni3Mo0.15
N and a 316-type stainless steel) have been
investigated. The elementals composition
of the alloys listed in table1. The alloys
were mechanicaly polished with-0.5um di-
amond paste, giving them a miror-like fin-
ish The electrochemical experiments were
carried out in an inert gas glove box. Three
different solutions have been used: 0.5M
H,S0; (pH=0.4), 0.5M H,S0,+0.8M NaCl
(pH=0.15) and 1.5M NaCl (adjusted to
pH=1.5 with HCI). The electrolyte was de-
aerated by purging with nitrogen.Sample
disks of 10 mm diameter were mounted in
the electrochemical glass cell,. equipped
with a platinum counter electrode and a
mercurous sulfate reference electrode. The
electrode potentials reported in this work
are referenced to the stanard hydrogen.
electrode (SHE). Following insertion of the
samples into the electrochemical cell, they
were cathodically reduced (-1V, 300s) prior
to the measurement of the anodic polariza-
tion curve. The polarization curves were re-
corded using a voltage sweep rate of 1 mV/
s while sample passivation prior to surface
analysis was carried out by a potential step
to 650 mV (SHE) for 30 minutes. The pas-
sivated electrodes were removed from solu-

Table 1. Elementals composition of the alloys (wt%)

Alloys

Fe | Cr | Ni | Mo

NfCa Mn| Si C P S

Fel7Cr13Ni3Mo0.15N

Fel7Cr13Ni3Mo0.07N [

Fel7Cr13Ni0.15N

304-type SS

316-type SS
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042 {{ 0.151 ff 1.648 |

564 Jf 0.025 [ 0.035 { 0.002 f
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Abstract:
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r Austenitic stainless steels (Fel7Cr-13Ni) with molybdenum (3 wt%) and nz--1

| trogen (0.07 wt%) have been characterized by XPS after Passivation. The effects
t of molybdenum and nitrogen on the passivation of the alloy in 0.5M H,SOy,
1 0.5M H3SO0,+0.8M NaCl and 1.5M NaCl (PH=1.5) solutions have been in-
| vestigated. Prior to the electrochemical experiments, the alloy surface was
| cleaned by argon ion etching in the preparation chamber of the spectrometer. Af-
| ter XPS analysis the samples were transferred without exposure to air into a
| 8love box with an inert atmosphere for electrochemical testing. The electochem-
| ical behaviour of the alloy is significantly modified by the molybdenum and ni-
l'trogen, as shown by the comparison between Fel7Cr13Ni3Mo0.15N,
| Fel7Cr13Ni3Mo0.07N, Fel 7Cr13Ni0.15N, 316-type stainless steel and 304-type
! stainless steel. The pitting resistance of the alloys in 1.5 M NaCl was found to be
| noticably better for the alloy with 3Mo- 0.07N than for the alloy with 3Mo -0.15N.
! Surface analysis by XPS of the Mo3p-Nls region and peak fitting shows that
| after passivation of the alloys three chemical states of nitrogen are present. The
! low binding energy peak of nitrogen corresponds to nitride which is in-

, corporated in the passive film. The high and intermediate binding energy peaks .

! of nitrogen correspond to nitrogen species located on the surface of the passivat-

| ed alloys, which are produced by reaction with the solution. The nitrogen spece

I corresponding to the high binding energy peak is not stable under the X-ray beam.

i The passive film was found to have a bilayer structure (inner oxide and outer

| hydroxide) both in the absence of Cl” and in the presence of CI in the stage pre-

| ceding pitting. The outer hydroxzde layer contains molybdenum cations in the
i 6+ chemical state and Mo* is also detected. In the presence of Cl', Cl” are in-

' corporated in the passive film where they are located mostly in the outer part of |

: the film.

Introduction

The improvement of the corrosion re-
sistance of stainless steels in chloride solu-
tion obtained by alloying Mo to austenitic
stainless steels is well known, and XPS and
electrochemical studies of Mo-containing
alloys have been reported (1-6). Nitrogen is
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always present in stainless steels, usually in
small amount as an impurity, but some-
times in more significant amount as an al-
loying element. Several papers have re-
ported that the addition of nitrogen to
austenitic stainless steels increases the cor-
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