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According to the bipolar model, ion selectivity of some species in the passive film is important factor 
to control the passivation. An increase of cation selectivity of outer layer of the passive film can stabilize
the film and improves the corrosion resistance. Therefore, the formation and roles of ionic species in the 
passive film should be elucidated. In this work, two types of solution (hydrochloric or sulfuric acid) were
used to test high N and Mo-bearing stainless steels. The objective of this work was to investigate the
formation of oxyanions in the passive film and the roles of oxyanions in passivation of stainless steel. 
Nitrogen exists as atomic nitrogen, nitric oxide, nitro-oxyanions (NOx

-), and N-H species, not nitride in 
the passive film. Because of its high mobility, the enriched atomic nitrogen can act as a reservoir. The
formation of N-H species buffers the film pH and facilitates the formation of oxyanions in the film. NOx

-

species improve the cation selectivity of the film, increasing the oxide content and film density. NOx
- acts

similar to a strong inhibitor both in the passive film and at active sites. This facilitates the formation of
chromium oxide. Also, NOx

- can make more molybdate and nitric oxide by reacting with Mo. The role
of Mo addition on the passivation characteristics of stainless steel may differ with the test environment.
Mo exists as metallic molybdenum, molybdenum oxide, and molybdate and the latter facilitates the oxide 
formation. When nitrogen and molybdenum coexist in stainless steel, corrosion resistance in chloride solutions
is drastically increased. This synergistic effect of N and Mo in a chloride solution is mainly due to the
formation of nitro-oxyanions and molybdate ion. Oxyanions can be formed by a ‘solid state reaction’ in
the passive film, resulting in the formation of more molybdate and nitric oxide. These oxyanions improve
the cation selectivity of the outer layer and form more oxide and increase the amount of chromium oxide
and the ratio of Cr2O3/Cr(OH)3 and make the film stable and dense.
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1. Introduction

  In a chloride-containing environment, the effect of nitro-
gen additions for Mo-bearing stainless steels is more pro-
nounced than for Mo-free stainless steels.1),2) To date, how-
ever, this effect has only been phenomenologically under-
stood as a synergistic effect of N and Mo additions, and 
there is little understanding of the synergistic effect when 
N and Mo coexist in stainless steel. The pitting resistance 
equivalent (PRE) reveals the strong effect of nitrogen and 
molybdenum on pitting corrosion,3) and super stainless 
steels having a similar pitting resistance to Ti and Ni-base 
super alloys have been developed.4) In addition, an ex-
pression reflecting the synergistic effect between N and 

Mo has recently been reported5): PRE = Cr + 3.3 Mo + 
36 N + 7 MoN - 1.6 Mn. Some suggestions on the syner-
gistic effect between Mo and N can be summarized as 
follows: According to the work of Olefjord et al.,6) the 
synergistic effect between Mo and N is due to enrichment 
of Mo, Ni and Cr at the metal-electrolyte interface of ini-
tiated pits. The growth rate of the pits on the Mo-contain-
ing steel becomes lower than on the Mo-free alloy. 
Nitrogen is expected to compensate for the pH drop in 
the pits by reaction with H+ and formation of NH3 and 
NH4

+. Repassivation is enhanced by the increased pH val-
ue in the pits and the higher concentration of Cr, which 
forms the passive film. Lu et al.7) explained this effect 
by the formation of nitrides on the surface of anodically 
polarized stainless steel, thus, inhibiting the transpassive 
dissolution of molybdenum. This effectively retains Mo 
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Table 1. Chemical compositions of the experimental alloys (wt.%)

No. Cr Mo N Ni Mn C Si S P Fe PRE1 PRE2
A1 22.9 0.01 0.36 13.0 0.50 0.02 0.42 0.005 0.003 Bal. 33.7 35.1
A2 23.1 1.04 0.39 14.1 0.47 0.02 0.44 0.004 0.004 Bal. 38.2 42.7
A3 23.1 4.52 0.43 17.5 0.47 0.03 0.44 0.003 0.009 Bal. 50.9 66.8
A4 23.2 5.66 0.44 18.5 0.46 0.02 0.45 0.003 0.011 Bal. 55.1 74.4

* PRE1 = Cr + 3.3Mo + 30N, PRE2 = Cr + 3.3Mo + 36N + 7MoN - 1.6Mn

in the passive surface, and thereby improves the localized 
corrosion resistance of stainless steel. Also, according to 
Olsson,8) the synergistic effect between nitrogen and mo-
lybdenum could result when nitrogen buffers the pH of 
the solution near the passive layer and, thus, alters the 
passive film environment to be more stable for compounds 
containing molybdates. Since the presence of molybdate 
in the passive film is an important parameter for the de-
protonation rate in the film, molybdate would assist in 
the formation of ammonium. On the other hand, Kim et 
al.9),10) previously suggested that the synergistic effect 
comes from increased Mo enrichment and increased mo-
lybdate ion due to the cation selectivity of the NO3

- ion 
in the passive film. The increased cation selectivity could 
increase the ratio of Cr2O3/Cr(OH)3, the activation energy 
for pit initiation, and the repassivation rate.
  Most of the above suggestions6),7),8) have focused on the 
increase of corrosion resistance and the reduction of pas-
sive current density by the addition of nitrogen and mo-
lybdenum to stainless steel. However, the addition of mo-
lybdenum increases the passive current density of stainless 
steels in sulfuric acid solutions.11)

  According to the bipolar model,9),10),11),12),13),14),15) ion se-
lectivity of some species in the passive film is important 
factor to control the passivation. An increase of cation se-
lectivity of outer layer of the passive film can stabilize 
the film and improves the corrosion resistance. Of course, 
inverse case is possible. Therefore, the formation and roles 
of ionic species in the passive film should be elucidated. 
In this work, two types of solution (hydrochloric or sulfu-
ric acid) were used to test high N and Mo-bearing stainless 
steels. The objectives of this work were to investigate the 
formation of oxyanions in the passive film and the roles 
of oxyanions in passivation of stainless steel.

2. Experimental methods

  The stainless steels evaluated in this study were prepared 
from high purity grades of Fe, Cr, Ni, Mo, Fe-Cr-N, Fe-Si, 
and Fe-Mn. After melting in a high frequency vacuum 
induction furnace, only solid sections of the cast ingots 

were taken to prepare the specimens. The sections were 
first soaked 120 minutes and hot rolled to 6 mm at 1,250
℃. The hot rolled specimens were annealed at 1125 ℃ 
for 10 minutes, water quenched, and acid pickled. A small 
section was cut after each procedure and was used for 
chemical analysis. Table 1 presents the chemical composi-
tions of the experimental alloys.
  The experimental alloys were cut into 2 x 2 cm and 
ground to SiC paper - #600 grit. The critical pitting tem-
perature (CPT) was determined according to ASTM G48, 
by immersion in 6% FeCl3 and "green death" solution (7% 
H2SO4 + 3% HCl + 1% CuCl2 + 1% FeCl3) for 24 hours 
at each temperature tested. In this work, CPT indicates 
the temperature where the accumulated weight loss for 
each test temperature exceeds 5 mg. After immersion the 
specimen surface was examined by optical microscope to 
detect pitting.
  Anodic polarization tests were performed in hydro-
chloric or sulfuric acid solution using an EG&G Par Model 
273A potentiostat. All specimens were ground to SiC pa-
per - #600 grit. The solutions were deaerated by purging 
with prepurified nitrogen gas (90 ml/min) for 30 minutes 
before specimen immersion. After immersion, the sample 
was cathodically polarized for 10 minutes at -700 mV 
(SCE). Specimens were potentiostatically help for 10 mi-
nutes at open circuit potential and subsequently polarized 
anodically from the corrosion potential at a scan rate of 
1 mV/sec. A saturated calomel electrode (SCE) was uti-
lized as the reference and high-density graphite rods were 
used as counter electrodes. 
  Electrochemical impedance spectra were generated at 
passive state (+600 mV(SCE)) over a frequency range be-
tween 600 KHz and 5 mHz using a Schlumberger Solatron 
1250 Frequency Response Analyzer(FRA) in combination 
with a Solatron 1286 potentiostat.
  X-ray Photoelectron Spectroscopy (XPS) was conducted 
to analyze the surface species of the passive film of the 
specimen. In order to form a passive film on the specimen, 
an anodic potential, +600 mV (SCE), was applied to the 
specimen for 1 hours in a 6 N H2SO4 solution. All XPS 
measurements were carried out in a Model 5700 ESCA 



Y. S. KIM

22 CORROSION SCIENCE AND TECHNOLOGY Vol.9, No.1, 2010

system (Perkin-Elmer Co.) using an Al-Kα excitation 
(1486.6 eV). Take-off angles were 15, 45, 75o. All XPS- 
spectra were corrected for the charge shift taking the car-
bon spectrum from adventitious carbon at 284.6eV. A sat-
ellite subtraction program, depending on the analyzer pass 
energy, was employed to eliminate the X-ray satellite. A 
Lorentian/Gaussian convolution program was used for 
peak synthesis. To minimize the effect of air-formed oxide 
during the transfer to XPS instrument, every sample was 
sputtered for 0.3 min. The noise level for nitrogen was 
suppressed by utilizing very long acquisition times (20 
min.) for each nitrogen spectrum.8)

3. Results

  Fig. 1 shows the effect of Mo and N additions on the 
critical pitting temperature in 6% FeCl3 and "green death" 
solutions. Increasing the PRE value (i.e. increasing Mo) 
improves corrosion resistance in chloride solution. Alloy 
A3 that contain high Mo and high N content exhibited 
a CPT above the boiling point of the test solution. That 
is, PRE2 value (Cr + 3.3Mo + 36N + 7MoN - 1.6Mn) 
of A3 is 66.8. The PRE2 equation5) incorporates the syner-
gistic effect of N and Mo additions. The low Mo alloy, 
A2, exhibits a CPT of 50-60 ℃; however, other alloys 
(Fe-28Cr-3Ni-4Mo) with a similar PRE value (ca. 42) ex-
hibit a much higher CPT of 90 ℃.14) This suggests that 
the synergistic effect on pitting corrosion can be effective 
in high Mo and N stainless steel. 
  Fig. 2a reveals the effect of Mo and N additions on 
the anodic polarization behavior at a scan rate of 1 mV/sec 
in 50 ℃, 1.5 N HCl solution. The low Mo alloy, A2 ex-
hibited high passive current density. With increasing Mo 
additions (A3), there is a slight increase in the corrosion 
potential in conjunction with a decrease in both critical 
current density and passive current density. Also, increas-
ing Mo and N contents, AC impedance in the passive film 
was increased as shown in Fig. 2b. 
  Fig. 3a shows the effect of Mo and N additions on the 
anodic polarization behavior at a scan rate of 1 mV/sec 
in 50 ℃, 6N H2SO4 solution. In general, the corrosion po-
tential increased and the critical current density decreased 
as a function of increasing Mo content. Conversely, in 
contrast to the behavior in HCl, the passive current density 
increased with the addition of Mo. It has previously been 
reported10),11) that, even in the event of similar corrosion 
potentials, the addition of Mo increased passive current 
density in sulfuric acid. To date explanations within the 
literature to account for the effect of Mo on passivation 
are incomplete as they have been unable to account for 
this phenomenon.13),16),17) One aim of this work is, there-

fore, to provide a general understanding of passivation be-
havior as a function of Mo and N additions. Also, increas-
ing Mo and N contents, AC impedance in the passive film 
was reduced as shown in Fig. 3b.
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Fig. 1. Critical pitting temperature in 6% FeCl3 and ‘green death 
solution.
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Fig. 2. Effects of Mo and N on the polarization behavior and 
the impedance of passive films; (a) 50 ℃ 1.5 N HCl, 1 mV/sec, 
(b) 1 hr passivated at +400 mV(SCE).



SYNERGISTIC EFFECT OF NITROGEN AND MOLYBDENUM ON LOCALIZED CORROSION OF STAINLESS STEELS

23CORROSION SCIENCE AND TECHNOLOGY Vol.9, No.1, 2010

-600

-400

-200

0

200

400

600

800

1000

1200

0.000001 0.00001 0.0001 0.001 0.01

Current density, A/cm2

Po
te

nt
ia

l, 
m

V(
SC

E)

A2

A3

(a)

100000

75000

50000

25000

0

0 25000 50000 75000 100000

Zre , ohm

Z
im

 ,
 o

h
m

A2

A3

(b)
Fig. 3. Effects of Mo and N on the polarization behavior and 
the impedance of passive films; (a) 50 ℃ 6 N H2SO4, 1 mV/sec, 
(b) 1 hr passivated at +400 mV(SCE).

  Figs. 4 (a - c) present XPS spectra for N1s from the pas-
sive film formed on alloy A1 (Mo-free) and Figs. 5 (a
- c) present corresponding spectra for alloy A4 (Mo-bear-
ing). In both cases the passive film was formed in a 6 
N H2SO4 solution (50 ℃) at an applied potential of +600 
mV (SCE). (Take-off angle: a-15o, b-45o, c-75o). As pre-
sented in these figs., for the Mo-free stainless steel (A1), 
nitrogen exists as atomic nitrogen, N-H species (NH3 and 
NH4

+), nitric oxide (NO), and nitro-oxyanions (NO-, NO2
-, 

and NO3
-). In the Mo-bearing stainless steel, because the 

N1s peak overlaps the Mo3p peak, the Mo3p peak should 
be considered. As in the case of the Mo-free alloy, nitrogen 
exists as atomic nitrogen, N-H species, nitric oxide, and 
nitro-oxyanions. Detection of nitric oxide and nitro-oxy-
anions is contrary to earlier findings7),18),19),20) and it will 
help to provide a more general explanation of passivation 
behavior. Fig. 5 reveals the effect of Mo on the atomic 
nitrogen, nitro-oxyanions and N-H species content. An in-
crease in Mo, resulted in an increase in atomic nitrogen 

(a) 15o

(b) 45o

(c) 75o

Fig. 4. Chemical states of nitrogen by XPS in the passive film 
of Alloy A1 formed in a 6 N H2SO4 solution (50 ℃) at an applied 
potential of +600 mV (SCE). (Take-off angle: a-15o, b-45o, c-75o).
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(a) 15o

(b) 45o

(c) 75o

Fig. 5. Chemical states of nitrogen by XPS in the passive film 
of Alloy A4 formed in a 6 N H2SO4 solution (50 ℃) at an applied 
potential of +600 mV (SCE). (Take-off angle: a-15o, b-45o, c-75o).

and nitro-oxyanions; however, it also resulted in a decrease 
in N-H species. Clayton et al.,13),21) previously suggested 
that, for Mo bearing alloys the higher Cr2O3/Cr(OH)3 ratio 
formed in HCl solutions is due in part to the role played 
by MoO4

= in the outer region of the passive film and 
MoO4

= anion may convert the anion selective hydrated ox-
ides to cation selective phases. Therefore, the decreased 
ratio of Cr2O3/Cr(OH)3 reveals that MoO4

= formation by 
Mo addition may alter the ion selectivity of the passive 
film from cation selective to anion selective.15)

4. Discussion

4.1 Formation of nitro-oxyanions and nitric oxide
  Since Osozawa et al.22) reported the formation of ammo-
nium in the solution during corrosion testing of N bearing 
steels, as summarized as Table 2, many researchers have 
studied the formation of soluble species. As tabulated be-
low, many papers report the formation of soluble nitrogen 
species. Most papers, except that of Kim et al.,9) consid-
ered that NH4

+ ion may be formed through reaction and 
NO3

- ion may be formed through the reaction of NH4
+ 

+ 3H2O →NO3
- + 10H+. Kim et al. tested Fe - 20Cr - 4Ni

- 6.5Mo - 0.28N stainless steel in aqueous 1.5N HCl. 
They report finding nitrate and ammonium ions in the elec-
trolyte by ion chromatography and that the formation of 
nitro-oxyanion may be possible through the solid state re-
action: N + 6OH- NO3

- + 3H2O + 5e (typical reaction) in 
the passive film. Kim23) also studied the effect of nitrate, 
nitrite, and ammonium ions on the passivation of stainless 
steels. The results indicate a decrease in passive current 
density for nitrate and nitrite ions; however, ammonium 
ion increases the passive current density. For the structure 
of the passive film, in the case of N-bearing stainless steel, 
nitrogen exists as atomic nitrogen, nitric oxide, and ni-
tro-oxyanion; however, for N-free stainless steel in a ni-
trate containing solution, atomic nitrogen was not detected 
at any depth and the majority of the film consisted of 
nitrate and nitrite. 
  However, recently, D. Kim et al.24) reported the for-
mation of nitrate is not possible. They polarized N-free 
stainless steels cathodically in 0.1 M HCl + 0.5 M NaNO3 
and then performed an anodic polarization test and XPS 
measurement. They concluded that there was no evidence 
to suggest that the N constituent of N-containing stainless 
steels anodically oxidized to nitrate, and the role of the 
surface nitride formed cathodically from NO3

- ions is anal-
ogous to that formed from anodic segregation of nitrogen 
in N alloyed steel. Olsson8) noticed that there is a possi-
bility for the formation of soluble oxidized species via 
the reaction NH4

+ + 2H2O →HNO2 + 7H+ + 6e-, however, 
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Table 2. Result of solution analysis of N-bearing stainless steels

Authors (year) Alloys Test solutions Detected Species in solution References
Osozawa et al. (1975) 23Cr-22Ni-1.5Mo-N 20%FeCl36H2O NH4

+ 22
Kim et al. (1989) 20Cr-4Ni-6.5Mo-0.28N 1.5N HCl (anolyte & passive film) NO3

-, NH4
+ 9

Hanju et al. (1991) 20Cr-12Ni-2Mo-N 1% HCl (anolyte) NO3
-, NH4

+ 26
Komori et al. (1992) 316LN 3.5% NaCl (anolyte) NO3

-, NH4
+ 26

Tsai et al. (1993) 18Cr-19Mn-N 1% NaCl (SSRT) NH4
+ 26

Shirage et al. (1993) 316LN 3.5% NaCl (anolyte) NO3
- 26

Palit et al. (1993) 316LN 1N HCl NH4
+ 26

Komori et al. (1995) 316LN 1000ppm Cl- (anolyte) NO3
-, NH4

+ 26

he concluded it may be dispersed in the solution and not 
observed during surface analysis. Moreover, Vanini et al. 
25) reported that N-H or N-O peaks may come not only 
from the bulk nitrogen but also from nitrogen-containing 
species present at trace level in the solution. On the other 
hand, Kim et al.9) reported that by using ion spectroscopy, 
NO3

- and NH4
+ ions were detected in anolytes formed at 

passivation potentials (+400 mV (SCE)) of Mo and N 
bearing stainless steel, but not for Mo-free stainless steel 
(0.21% N).
  Fe is easily dissolved in both the active and passive 
state and, therefore, other elements can be relatively 
enriched. In the passive state, Fe was still dissolving even 
though iron oxide formed; however, Cr, Mo and N all 
formed stable oxides. A higher Cr enrichment was ob-
served for films formed in the passive region than in the 
active region; however, the opposite was true for both Mo 
and N, which exhibited a lower enrichment in the case 
of active dissolution. This suggests that Mo and N enrich-
ment during active dissolution may produce soluble spe-
cies (as like MoO4

= and NO3
-) in the passive film during 

passivation. These oxy-anions can partially dissolve and 
have been detected in anolytes;9),10),11) thus, less Mo and 
N are detected in the passive film than in the active region. 
On the other hand, if the enriched Mo, N, and Cr observed 
during active dissolution had formed mixed nitrides, the 
extent of enrichment in the passive region should have 
remained approximately constant since nitrides are chemi-
cally and electrochemically very stable.
  As presented in Fig. 5, nitro-oxyanions (NO3

-, NO2
-, 

NO-) and nitric oxide (NO) were detected. How could ni-
tro-oxyanions and nitric oxide be formed?
  During active dissolution, N can form NH4

+ and NH3 
via a cathodic reaction as in reaction and N + 3H+ + 3e 
→ NH3. So, N reduces the active dissolution rate of the 
steel and is enriched during dissolution. In addition, for 
acidic conditions Fe is very soluble in both the active and 

passive region and dissolves easily. This selective dis-
solution behavior facilitates the enrichment of other ele-
ments during active dissolution or in the passive state (It 
should be noted, however, that in alkaline solution, Fe 
oxidized and was not depleted in the passive state). There-
fore, nitrogen suppresses active dissolution and buffers the 
pH of the passive film due to the formation of NH4

+ and 
NH3.
  During dissolution and passivation, enriched nitrogen 
acts as a reservoir for several inhibiting reactions because 
of its high mobility, as shown by the work of Olsson.8) 
He showed nitrogen enrichment at the metal/oxide inter-
face above both the ferrite and austenite phase of duplex 
stainless steel. As nitrogen solubility in ferrite is very 
small, the high level of nitrogen in the passive film above 
the ferrite indicates high mobility. Thus, it is considered 
that when depassivation occurs, the enriched nitrogen can 
migrate and form inhibiting species (for examples, NO3

-, 
NO, NH4

+ etc.). 
  Because excess OH- and NH4

+/NH3 are formed in the 
passive film, local passive film pH would be high. Thus, 
nitro-oxyanions such as NO-, NO2

-, NO3
- can be formed 

by a ‘solid state reaction’13),27) in the passive film even 
at low electrode potentials. Typical reactions that may be 
considered are as follows:

  N + H2O → NO- + 2H+ + e   
  N + 2H2O → NO2

- + 4H+ + 3e  
  N + 3H2O → NO3

- + 6H+ + 5e 
 
Oxyanions formed in the passive film may be soluble in 
part, and some ions have been detected in the anolyte.9), 

11) Also, these oxyanions may be reduced and then ammo-
nium ion can be easily detected both in the film7),18),19),20),24) 
and in the solution.26) Typical reactions, which may be 
considered, are as follows;
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  NO3
- + 10H+ + 8e → NH4

+ + 3H2O 
  NO2

- + 8H+ + 6e → NH4
+ + 2H2O  

  NO- + 6H+ + 4e → NH4
+ + H2O   

  Also, nitric oxide can be formed from these nitro-oxy-
anions or atomic nitrogen and other species as in the fol-
lowing reactions;

  NO3
- + 4H+ + 3e → NO + 2H2O

  NO2
- + 2H+ + e → NO + H2O

  3 NO2
- + 2H+ → 2NO + NO3

- + H2O
  2N + 2H2O → 2NO + 4H+ + 8e
  NH4

+ + H2O → NO + 6H+ + 5e

  Moreover, molybdenum and tungsten can be oxidized 
to molybdate and tungstate and can make nitric oxide in 
nitrate-nitrite as follows;28)  

  Me (Mo or W) + 4NO2
- (or NO3

-) →MeO4
2- + 4NO + 2e 

  The simplest representative of nitrogen oxides is nitric 
oxide (NO). Nitric oxide readily reacts with free radicals 
and acts as an effective inhibitor. In the form of a neutral 
molecule, nitric oxide can combine with salts of many 
metals to form stable complexes - for example, nitroxyl 
iron sulfate - Fe(NO)SO4,29) or nitroxyl molybdenum 
chloride - MoCl2(NO)2.30)

  For nitric oxide formation, many papers31),32),33),34),35) 
confirm that adsorbed nitric oxide is the species formed 
from nitrite solutions and these adlayers are stable over 
a wide range of electrode potentials.33) Both nitroxyl com-
pounds36) and nitric oxide adlayers formed.31)

  Ibbotson et al.37) studied the chemisorption of NO on 
Ir using X-ray and UV-photoelectron spectroscopy, Auger 
electron spectroscopy, LEED etc. They believe the atomic 
recombination reaction on the surface is important. They 
report that XPS of NO yields the O1s and N1s levels of 
NO at 531.5 and 400.2 eV, respectively, with or without 
oxygen present and the oxygen overlayers tend to stabilize 
NO. Another XPS result by Sugai et al.38),39) indicates that 
the binding energies of atomic nitrogen and NO are 397.0 
and 400.4 eV respectively. Breitschafter et al.40) reported 
that NO can be formed on Ni at room temperature and 
the binding energies of N1s and O1s levels of NO are 
400.0±0.2 and 530.7±0.2 respectively.
  Agrawal et al.41) indicate that all surfaces contain 
defects. These can be defined as sites with a lower degree 
of coordination than the maximum possible for a particular 
crystallographic face. Defects on well-ordered low index 
single crystal surfaces are mainly in the form of step and 
kink sites and are present in small concentrations. In con-

trast, low coordination edge and corner atoms can be in 
the majority on small metal particles of supported metal 
crystals. Because molecules chemisorb more strongly on 
the defect atoms, such atoms can have a disproportionately 
large influence on surface chemical reactions. They re-
ported that NO adsorbs molecularly both at terrace and 
defect sites.

4.2 Effect of N and Mo on pit propagation 
  If any pits were formed, local chemistry might be 
changed to low pH and high aggressive ions, and high 
electric field might be formed in pitted area. Moreover, 
many active sites such as kink and terrace etc. could be 
formed in pitted face. High electric field will do active 
dissolution of pitted area and then N and Mo could be 
segregated at pitted area. Also, nitrogen may move into 
active sites easily because of high mobility of N. 
  Segregation of N and Mo facilitates the repassivation 
of pitted area; segregated nitrogen makes ammonium ion 
and nitro-oxyanions and nitric oxide. Ammonium ion can 
increase the local pH, and nitro-oxyanions and nitric oxide 
strengthen the oxide and facilitate the formation of chro-
mium oxide, and atomic nitrogen moves to kink and step 
sites and then reduces the dissolution of active sites. Partly 
dissolved molybdate and NOx

- ions act as corrosion in-
hibitors in pitted area, and molybdate and NOx

- ions in 
repassivated film increase the cation selectivity of the film 
and then facilitate the formation of chromium oxide. As 
described above, stainless steel having N and Mo additions 
is strong to localized corrosion and the repassivation rate 
can be increased with high N and Mo additions.

4.3 Synergistic effect of N and Mo additions in chloride 
solution
  The role of nitrogen on corrosion and passivation of 
stainless steel can be summarized as follows; Nitrogen ex-
ists as atomic nitrogen, nitric oxide, nitro-oxyanion (NOx

-), 
or N-H species in the passive film. The enriched atomic 
nitrogen acts as a reservoir because its mobility is high. 
The formation of N-H species buffers the pH of the film 
and facilitates the formation of oxyanions in the film.  
NOx

- species improve the cation selectivity of the film.9),23) 
It makes the film more oxide and dense. NOx

- acts as a 
strong inhibitor in both film and active sites and facilitates 
the formation of chromium oxide: for example,

  2Cr + NO3
- + 4H+ + 2e → Cr2O3 + NH4

+  

Thus, N-H species can easily be detected but NOx
- species 

can hardly be detected in the film. Also, NOx
- can make 

more molybdate (or tungstate) and nitric oxide with Mo 
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(or W) by the above reaction. Thus, the synergistic effect 
of N and Mo is revealed.4),5),42)

  However, the role of the addition of Mo on the passiva-
tion of stainless steel is different in different environments, 
for example in hydrochloric or sulfuric acid solutions. As 
shown in Figs. 1 and 2, Mo improves the corrosion resist-
ance and reduces the passive current density of stainless 
steel in chloride solutions; however, in sulfuric acid, Mo 
increased the passive current density as presented in Fig. 
3. To date, previous suggestions have been unable to ac-
count for the observed passive current density increase as 
a result of the addition of Mo.11),14) One potential key point 
for that mechanism is a variation in the ion selectivity 
of molybdate as a function of the environment; however, 
this is beyond the scope of this paper, which focuses on 
the effect of Mo in chloride solution. As others have de-
scribed,11),13),21) Mo exists as metallic molybdenum, mo-
lybdenum oxide, or molybdate. Molybdate facilitates the 
formation of oxides on the basis of the bipolar model.
  Where does ‘synergistic effect’ of Mo and N additions 
come from? In the passive film, nitro-oxyanions and mo-
lybdate ion can be formed thermodynamically. Favorable 
thermodynamic conditions for the formation of these ions, 
which are unstable in acid solutions, could be provided 
by the presence of excess OH- and NH4

+ ion. These oxy-
anions can be formed via a ‘solid state reaction’ in the 
passive film, and more molybdate and nitric oxide can 
be formed through the following reaction (Mo + 4NO2

- → 
MoO4

2- + 4NO + 2e) in N and Mo bearing stainless steel. 
More oxyanions will increase the property of cation se-
lectivity and more oxide will be formed and, thus, the 
synergistic effect of N and Mo additions may develop. 
That is, in chloride solutions, more oxyanions improve the 
cation selectivity of the outer layer, form more oxide and 
increase the amount of chromium oxide and the ratio of 
Cr2O3/Cr(OH)3 and make the film stable and dense. Even 
in low pH solution, the effect of nitrogen becomes stronger 
than N-free alloys and this is due to buffering of the local 
pH by NH4

+ ion formation. 

5. Conclusions

  1) Nitrogen exists as atomic nitrogen, nitric oxide, ni-
tro-oxyanions (NOx

-), and N-H species, not nitride in the 
passive film. Because of its high mobility, the enriched 
atomic nitrogen can act as a reservoir. The formation of 
N-H species buffers the film pH and facilitates the for-
mation of oxyanions in the film. NOx

- species improve 
the cation selectivity of the film, increasing the oxide con-
tent and film density. NOx

- acts similar to a strong inhibitor 
both in the passive film and at active sites. This facilitates 

the formation of chromium oxide. Also, NOx
- can make 

more molybdate and nitric oxide by reacting with Mo. The 
role of Mo addition on the passivation characteristics of 
stainless steel may differ with the test environment. Mo 
exists as metallic molybdenum, molybdenum oxide, and 
molybdate and the latter facilitates the oxide formation.
  2) When nitrogen and molybdenum coexist in stainless 
steel, corrosion resistance in chloride solutions is drasti-
cally increased. This synergistic effect of N and Mo in 
chloride solutions is mainly due to the formation of ni-
tro-oxyanions and molybdate ion. Oxyanions can be 
formed by a ‘solid state reaction’ in the passive film, re-
sulting in the formation of more molybdate and nitric 
oxide. These oxyanions improve the cation selectivity of 
the outer layer and form more oxide and increase the 
amount of chromium oxide and the ratio of Cr2O3/Cr(OH)3 
and make the film stable and dense.  
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