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Pitting corrosion behavior of three kinds of nickel-free and manganese-alloyed high-nitrogen (N) stainless
steels (HNSSs) was investigated using electrochemical and immersion testing methods. Type 316L stainless
steel (316L SS) was also included for comparison purpose. Both solution-annealed and sensitization-treated
steels were examined. The solution-annealed HNSSs showed much better resistance to pitting corrosion
than the 316L SS in both neutral and acidic sodium chloride solutions. The addition of molybdenum (Mo)
had no further improvement on the pitting corrosion resistance of the solution-annealed HNSSs. The
sensitization treatment resulted in significant degradation of the pitting corrosion resistance of the HNSSs,
but not for the 316L SS. Typical large size of corrosion pits was observed on the surface of solution-
annealed 316L SS, while small and dispersed corrosion pits on the surfaces of solution-annealed HNSSs.
The sensitization-treated HNSSs suffered very severe pitting corrosion, accompanying the intergranular
attack. The addition of Mo significantly improved the resistance of the sensitization-treated HNSSs to
pitting corrosion, particularly in acidic solution. The good resistance of the solution-annealed HNSSs to
pitting corrosion could be attributed to the passive film contributed by N, Cr, and Mo. The sensitization
treatment degraded the passive film by decreasing anti-corrosion elements and Cr-bearing oxides in the

passive film.

Keywords corrosion resistance, high-nitrogen stainless steels,
passive film, pitting corrosion, sensitization treatment

1. Introduction

High-nitrogen (N) alloyed stainless steels (HNSSs) have
attracted much attention during past several decades due to
their well-balanced combination of excellent mechanical prop-
erties and corrosion resistance. In recent years, nickel (Ni)-free
HNSSs have been developed for purposes of saving resources,
avoiding Ni allergy problems and fabricating non-magnetic
materials, which may offer some interesting solutions in the
fields of surgical cutting tools, implant materials, instruments
for examination in strong magnetic fields, costume jewellery,
and kitchen utensils.

N is usually regarded as an ideal element replacing partly or
entirely Ni in Ni-saving stainless steels without damaging the
mechanical properties and corrosion resistance (Ref 1, 2). The
influence of N alloying on the corrosion properties of stainless
steels has received much attention and a number of reviews have
been focused on this topic in recent years (Ref 3-5). It is
generally believed that N alloying may improve the local
corrosion resistance of stainless steels (Ref 6-10). With an
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increase of N content, the resistance of stainless steels to pitting
corrosion, crevice corrosion, and stress corrosion cracking has
been improved remarkably, particularly for the HNSSs with
combined additions of N and molybdenum (Mo). There has
been extensive discussion in the previous literatures about
effects of N or N-Mo synergism on corrosion properties and
various mechanisms have been proposed. Typical mechanisms
to explain the beneficial roles of N alloying on corrosion
properties of stainless steels consist of theories of ammonia
production (Ref 11, 12), surface enrichment (Ref 13-15), anodic
segregation (Ref 16-18), salt film formation (Ref 19), and
synergistic effects of N, Mo, and chromium (Ref 16, 20-22).
However, there is still a fair amount of controversy regarding the
independent and synergistic effects of N and Mo alloying on
general corrosion or active dissolution (Ref 7, 23-25), passive
film properties (Ref 25-27), pitting resistance (Ref 28-30), and
stress corrosion cracking (Ref 31, 32). The related mechanisms
are still under debate.

Manganese (Mn) increases N solubility and assists in
stabilizing the austenitic microstructure as well as reduces cost
by replacing Ni (Ref 33). Moreover, Mn unlike Ni is an
essential trace element for the human body and is thus
biocompatible. Mn, therefore, becomes another alternative
alloying element in Ni-free HNSSs. However, Mn alloying
seemed to be detrimental to corrosion resistance of N-bearing
stainless steels. Our previous work has showed that high Mn
alloying caused obvious degradation on the general and
intergranular corrosion resistance of the HNSSs (Ref 34). It
has also been reported that Mn alloying degraded the resistance
of the HNSSs to localized corrosion (Ref 35-37).

The present work is to investigate the pitting corrosion
behavior of three kinds of Ni-free and Mn-alloyed HNSSs as
well as a 316L stainless steel (316L SS) using electrochemical
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and immersion testing methods. Both the solution-annealed and
sensitization-treated specimens were examined. The effects of
Mo alloying on the pitting resistance of the HNSSs were
investigated and the related mechanisms were discussed.

2. Experimental

Three kinds of Ni-free and Mn-alloyed HNSSs were used in
the present work. All the steels are made by high-frequency
vacuum refinement. The chemical compositions of the HNSSs
are listed in Table 1. Type 316L SS was also included for
comparison purpose. The specimens of 10 x 10 x 3 mm for
electrochemical tests and pitting corrosion investigations were
machined from the hot rolled sheets. All the specimens were
solution annealed at 1200 °C for 1 h in an argon protective
atmosphere followed by water quenching. Sensitization treat-
ments were performed for some specimens at a temperature of
650 °C for 2 h in an evacuated tube and water quenched.
Electrolytic etching with 10% oxalic acid solution was used to
reveal the microstructure in the present study.

Electrochemical measurements were made at ambient
temperature in naturally aerated neutral solution of 3.5% NaCl
and acidic solution of 0.5 M NaCl + 0.5 M H,SO,. Testing
solutions were all prepared from analytical grade reagents and
triply distilled water. The testing specimens were mounted in
araldite and mechanically polished up to 1 um with metallur-
gical papers and then rinsed with distilled water. Polarization
curves were recorded using a PAR & EG&G potentiostatic
Model 273 A workstation. A saturated calomel electrode (SCE)
was used as a reference electrode and a platinum plate was used
as a counter electrode. Tests were conducted at a potential scan
rate of 20 mV/min starting from the potential value 250 mV
more negative than the corrosion potential. Electrochemical
impedance spectroscopy (EIS) measurements were performed
using a Solartron 1287 Electrochemical Interface and a
Solartron 1260 Frequency response analyzer. EIS measure-
ments were conducted at open circuit potential (OCP) in a
frequency domain from 0.01 Hz to 1000 kHz, with the
excitation voltage amplitude of 10 mV.

Pitting corrosion rate and pitting corrosion morphologies
were examined using immersion testing of polished specimens
in a solution comprising 100 g FeCl;-6H,O and 900 mL
0.05 mol/L HCI. The testing temperature was 35 °C and the
testing duration was 24 h. All the specimens for immersion
tests were weighed with 0.00001 g sensitivity analytical
balance before and after corrosion tests. The corrosion rate
mpy, with units of mm/year, was calculated as follows.

AW
=—— %24 x 365 Eq1l
mpy = 5 % 24 (Eq 1)

where AW is the weight loss of specimens with units of g, p is
the density of the stainless steels with units of g/mm”, S is the

total corrosion area with units of mm?, and ¢ is the time of
exposure with units of h.

After metallographic etching or pitting corrosion tests, the
specimens were rinsed with deionized water and alcohol and
then dried. The microstructural characteristics and pitting
corrosion morphologies were examined using an optical
microscopy (OM) and a scanning electronic microscope
(SEM) equipped with an energy dispersive spectrum analyzer.
The phase analysis was performed using an X-ray diffraction
(XRD) analyzer. The passive film were examined and analyzed
by X-ray photoelectron spectroscopy (XPS).

3. Results

3.1 Microstructure

Figure 1 shows optical morphologies of microstructure of
solution-annealed and sensitization-treated HNSSs and 316L
SS used in the present study. It is clear that all the solution-
annealed steels consisted of y grains with typical twins (Fig. 1a,
¢, and e). The HNSS B and HNSS C showed very similar
microstructural characteristics due to their similar chemical
compositions. However, the sensitization treatment resulted in
significant change of microstructure, particularly in the areas of
grain boundary (Fig. 1b, d, and f). After electrolytic metallo-
graphic etching with 10% oxalic acid solution, the Mo-free
HNSS A suffered severe attack along the grain boundaries
(Fig. 1b). Observed at high magnification, cankerous attack
patterns appeared frequently along the grain boundaries
(Fig. 2a). The Mo-bearing HNSS B and HNSS C showed a
relatively slight intergranular attack, but discontinuous attack
was also observed along the grain boundaries (Fig. 1d).
Observed at high magnification, such discontinuous attack
was found to be composed of corrosion pits along the grain
boundaries (Fig. 2b). Very fine step-like patterns could be
observed inside these intergranular pits (Fig. 2c), seemingly
suggesting that a step-like dissolution mechanism dominates
the formation of the intergranular pits. For the 316L SS,
continuous intergranular attack appeared on the specimen
surface (Fig. 1f). Observed at high magnification, very narrow
and continuous corrosion ditches appeared along the grain
boundaries (Fig. 2d). The above results revealed that the
sensitization treatments caused significant degradation of
corrosion resistance of grain boundaries of the HNSSs and
316L SS. The addition of Mo, to some extent, improved the
corrosion resistance of the HNSSs. In addition, it should be
noted that the twin boundaries in the HNSSs and 316L SS
showed little attack after electrolytic metallographic etching
(Fig. 2a, b, and d), suggesting that the twin boundaries in the
stainless steels inhere in much better corrosion resistance than
the grain boundaries.

XRD analysis of the solution-annealed and sensitization-
treated HNSSs and 316L SS indicated that no other peaks

Table 1 Chemical compositions of the steels used in the present study

Steels Cr Ni Mn Mo N Si C S P Al Fe
HNSS A 19.8 18.4 0.82 0.04 0.012 0.015 0.02 Bal.
HNSS B 19.07 18.84 2.20 0.77 0.043 0.012 0.015 0.02 Bal.
HNSS C 18.4 . 15.8 2.19 0.66 0.24 0.04 0.005 0.017 0.02 Bal.
316L SS 16.4 10.2 1.02 2.36 0.40 0.019 0.06 0.033 Bal.
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Fig. 1 OM morphologies of microstructure of solution annealed (a, c, e) and sensitization treated (b, d, f) of stainless steels used presently.

(a, b) HNSS A, (c, d) HNSS C, and (e, f) 316L SS

except for the ones corresponding to y phase appeared on the
diffraction spectrum (Fig. 3), suggesting that the sensitization
treatment in the present study do not induce any detectable
precipitation in the steels, although it certainly caused degra-
dation of corrosion resistance of grain boundaries of the HNSSs
and 316L SS (Fig. 2).

3.2 Electrochemical Tests

Figure 4 shows polarization curves of the solution-annealed
HNSSs and 316L SS in neutral 3.5% NaCl solution. The
HNSSs showed much better pitting corrosion resistance than
the 316L SS in NaCl solution. The pitting potentials of the
HNSSs appeared very close to each other, irrespective of the
Mo and N contents in the steels. The Mo-bearing HNSS B and
HNSS C had very similar polarization behavior due to their
similar chemical compositions. The passive current density of
the Mo-free HNSS A was only a little higher than that of the
other two Mo-bearing HNSSs, which could be attributed to
beneficial effect of Mo on the stability of the passive film
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(Ref 31, 38-42). It should be noted that the 316L SS had no
obvious passive region on the polarization curve, seemingly
suggesting that active dissolution dominate the corrosion
process of the 316L SS in neutral NaCl solution. Figure 5
shows polarization curves of the sensitization-treated HNSSs
and 316L SS in neutral 3.5% NaCl solution. The sensitization
treatment had obvious influence on the corrosion behavior of
the HNSSs. For the Mo-free HNSS A, the passive region on the
polarization curve almost disappeared. The active dissolution
current density increased rapidly (Fig. 5a). For the Mo-bearing
HNSS B and HNSS C, the passive current density of the
sensitization-treated specimens was about 10 times that of the
solution-treated specimens (Fig. Sb and c¢). However, the
sensitization treatment seemed to have no influence on the
pitting potentials of the sensitization-treated Mo-bearing
HNSSs. For the 316L SS, both the solution-annealed and
sensitization-treated specimens showed quite similar polariza-
tion behavior (Fig. 5d).

Figure 6 shows polarization curves of the solution-annealed
HNSSs and 316L SS in 0.5 M NaCl + 0.5 M H,SO4 solution.
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Fig. 2 SEM morphologies of microstructure of sensitization-treated stainless steels. (a) HNSS A, (b) HNSS C, (c) high magnification morphology

of (b), and (d) 316L SS
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Fig. 3 XRD analysis of the solution-annealed (SA) and sensitization-
treated (ST) HNSSs and 316L SS

In the acidic solution, all the steels showed typical passivation.
Moreover, the secondary passivation was observed for the
HNSSs. The HNSSs had a much wider passive potential range
compared to the 316L SS. The pitting potentials of the HNSSs
were about 1 V higher than that of the 316L SS. However, the
passive current density for all the steels appeared similar. It
should be noted that the critical current density for passivation
of the HNSSs was much higher than that of the 316L SS. After
sensitization treatment, the corrosion resistance of the Mo-free
HNSS A degraded significantly (Fig. 7a). The pitting potential
of the sensitization-treated specimen was about 1.5 V lower
than that of the solution-annealed one. The passive potential
range on the polarization curve also became very narrow.
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Fig. 4 Polarization curves of solution-annealed (SA) HNSSs and
316L SS in 3.5% NaCl solution

The passive current density of the sensitization-treated speci-
men was about 10 times that of the solution-annealed one. For
the Mo-bearing HNSS B, the polarization behavior of the
sensitization-treated and solution-annealed specimens appeared
similar except that the sensitization-treated specimen showed a
larger passive current density than that of the solution-annealed
one (Fig. 7b). The sensitization treatment showed little influ-
ence on the polarization behavior of the 316L SS (Fig. 7c).
Figure 8 shows EIS testing results of the solution-annealed
and sensitization-treated HNSSs and 316L SS in neutral 3.5%
NaCl solution. Impedance values and phase angle values were
plotted in the Bode plot format in order to distinguish clearly
the resistive and capacitive regions. Impedance values at the
frequency f*— 0 give the sum of the polarization resistance
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Fig. 5 Polarization curves of sensitization-treated (ST) HNSSs and 316L SS in 3.5% NaCl solution. (a) HNSS A, (b) HNSS B, (c) HNSS C,

and (d) 316L SS
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Fig. 6 Polarization curves of solution-annealed HNSSs and 316L SS
in 0.5 M NaCl + 0.5 M H,SO, solution

across the metal/solution interface R, and the solution resis-
tance Ry, . It was found that the solution-annealed HNSSs had
relatively large impedance values (f — 0) in comparison with
the sensitization-treated steels, while the impedance values of
the solution-annealed and sensitization-treated 316L SS almost
kept a same level (Fig. 8a). In particular, the impedance values
for both the solution-annealed and sensitization-treated HNSS
B (Mo bearing) obtained at OCP were about 2-3 times that for
the HNSS A (Mo free), indicating a higher value of R, due to
the Mo alloying. The phase angle plots indicate the nature of
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the film and its protectiveness, qualitatively. Generally, a
broader capacitive loop indicates the formation of a more stable
and protective film (Ref 43). In the present work, the capacitive
loops observed at OCP for all the steels showed only a single
time constant (Fig. 8b). The capacitive loops tended to become
narrow for the sensitization-treated HNSSs (particularly for the
Mo-free HNSS A), but not for the 316L SS. This suggested that
the sensitization treatment used presently causes sure degrada-
tion on film stability of the HNSSs, especially for the Mo-free
HNSS A. Nyquist plots showed depressed semicircle at high
frequencies, attributed to the typical charge-transfer-dominated
process, with some diffusion control (Fig. 8c), which was
believed to be due to the film formation coupled with the
restricted diffusion process (Ref 44, 45). It can be also seen
from the Nyquist plots that the polarization resistance R,, of the
sensitization-treated HNSSs were much lower than that of the
solution-annealed steels.

3.3 XPS Analysis of Passive Film

Figure 9 shows distribution of the concentration of N, O, Cr,
and Mo along the depth of the passive film in neutral 3.5% NaCl
solution. It is clear that N, O, and Cr were rich in the surface
layer of the passive film and their concentration decreased with
the depth from the surface, while Mo, to some extent, was
depleted in comparison with the matrix. The concentration of N,
O, Cr, and Mo in the passive film of the solid-annealed HNSS
was higher than that of the sensitization-treated one. Table 2
shows the oxides in surface, middle, and inner layers of the
passive film. All the oxides were identified according to the
binding energy of the elements within the passive film. It was
found that the passive film of the solution-annealed HNSS
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Fig. 7 Polarization curves of sensitization-treated HNSSs and 316L
SSin 0.5 M NaCl + 0.5 M H,SOj, solution. (a) HNSS A, (b) HNSS C,
and (c) 316L SS

contained more oxides than that of the sensitization-treated
one. Cr- and Mn-bearing oxides appeared in the middle and
inner layers of the passive film of the solution-annealed HNSS,
while no Cr-bearing oxides were detected in the middle and
inner layers of the passive film in the sensitization-treated
HNSS.
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Fig. 8 EIS testing results of solution-annealed and sensitization-
treated HNSSs and 316L SS in 3.5% NaCl solution. (a) Impedance
plots, (b) phase angle plots, and (c) Nyquist plots

3.4 Pitting Corrosion Tests

Figure 10 shows corrosion rate of the solution-annealed and
sensitization-treated HNSSs and 316L SS in a solution
comprising 100 g FeCl;-6H,0 and 900 mL 0.05 mol/L. HCI1
at 35 °C. The 316L SS had the largest corrosion rate among all
the solution-annealed steels, in good agreement with the
previous electrochemical testing results shown in Fig. 4 and
6. The Mo-bearing HNSSs showed better corrosion resistance
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Table 2 Oxides in surface, middle, and inner layers
of passive film in 3.5% NaCl solution

Surface layer, Middle layer, Inner layer,

Specimens 1 nm 3 nm 7 nm
Solution annealed Cr,05 CrO, CrO,
Fe304 FC304 Fe3O4
Mn, O3 MnO MnO
Sensitization treated CrO, Fe;0,4 Fe;0,4
Fe304 MnO
MnO
14
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Fig. 10 Pitting corrosion rate of solution-annealed and sensitization-
treated HNSSs and 316L SS in a solution comprising 100 g FeCls -
6H,0 and 900 mL 0.05 mol/L HCI
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compared to the Mo-free steel. The corrosion rate of solution-
annealed Mo-free HNSS A was about 6-7 times that of the
Mo-bearing HNSS B, although the former had the highest N
content. The sensitization treatment resulted in significant
degradation on corrosion resistance of the HNSSs. The
corrosion rate of the sensitization-treated HNSSs was much
higher than that of the 316L SS. For the Mo-free HNSS A, the
corrosion rate of the sensitization-treated specimen was about
150 times that of the solution-annealed one. Even for the
Mo-bearing HNSS B and HNSS C, an obvious increase in
corrosion rate could be also observed for the sensitization-
treated specimens. However, the sensitization-treated 316L SS
specimen showed only a slight increase in corrosion rate
compared to the solution-treated one, coinciding well with the
previous electrochemical testing results.

Figure 11 shows pitting corrosion morphologies of the
solution-annealed HNSSs and 316L SS in a solution compris-
ing 100 g FeCls - 6H,0 and 900 mL 0.05 mol/L HCI at 35 °C.
For the HNSSs, lots of small and dispersed corrosion pits
appeared on the specimen surfaces (Fig. 11a-c). There was no
obvious difference in the initiation sites, size, and distribution
of pits among the HNSSs. However, typical large size of pits
except for many small ones appeared on the 316L SS specimen
surface (Fig. 11d). Figure 12 shows pitting corrosion morphol-
ogies of sensitization-treated HNSSs and 316L SS. The
sensitization-treated Mo-free HNSS A suffered severe corro-
sion. The original surface of the polished specimen had been
damaged completely (Fig. 12a). Relatively slight corrosion
damage was found on the specimen surfaces of the sensitization-
treated HNSS B and HNSS C. Lots of large size of corrosion
pits appeared on the specimen surfaces, relatively deep pits were
predominantly developed along the grain boundaries (Fig. 12b
and c). It should be noted that typical intergranular attack also
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took place accompanying with the pitting corrosion. The
intergranular attack was found to initiate frequently from the
corrosion pits along the grain boundaries (Fig. 12d). For the
sensitization-treated 316L SS, typical round pits were observed
on the specimen surface (Fig. 12e). Also, quite large size of
corrosion pits appeared on the specimen surface (Fig. 12f), just
as the solution-annealed specimen (Fig. 11d). No intergranular
attack could be found on the specimen surface of the
sensitization-treated 316L SS.

4, Discussion

In the present work, according to the electrochemical testing
results, the HNSSs showed a better pitting corrosion resistance
in both neutral and acidic NaCl solutions in comparison with the
316L SS. The pitting potentials of the solution-annealed HNSSs
were much higher than that of the 316L SS (Fig. 4 and 6),
suggesting that the combined addition of N and Mn replacing Ni
did not degrade the pitting corrosion resistance of stainless
steels. This is believed to be mainly due to the high N alloying in
the HNSSs. There is generally agreement that N alloying
improves the pitting corrosion resistance of austenitic stainless
steels, increasing the pitting potential and decreasing the
corrosion rate in aqueous chloride solutions (Ref 26-28). The
beneficial roles of N are usually attributed to that N can be
concentrated on metal and oxidized surfaces to produce
ammonium ions on the metal surface, and furthermore it can
combine with Mo to form a more stable and dense passive film,
thereby enhancing the corrosion resistance of stainless steels.
Various N-related mechanisms have been discussed and pro-
posed. The details could be found in the section “Introduction.”
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It should be noted that all the solution-annealed HNSSs
showed very similar polarization behavior in both neutral and
acidic NaCl solutions, although different N and Mo contents in
these steels. All the solution-annealed HNSSs showed very
similar pitting potentials, which were much higher than that of
the 316L SS. Only a slight difference was observed on the
passive current density among the steels (Fig. 4 and 6). This
suggested that N alloying played a key role on the pitting
corrosion resistance of the solution-annealed HNSSs, while the
addition of Mo seemed to generate no further improvement on
the pitting corrosion resistance. Moreover, the N content
change from 0.66 wt.% (HNSS C) to 0.82 wt.% (HNSS A)
seemed to have little influence on the pitting corrosion
resistance of the solution-annealed HNSSs. However, the
pitting corrosion tests of the HNSSs in a solution comprising
100 g FeClz-6H,O and 900 mL 0.05 mol/L HCIl solution
showed that there was some difference in corrosion rate among
the HNSSs (Fig. 10). The solution-annealed Mo-bearing
HNSSs (HNSS B and C) had a lower corrosion rate than the
Mo-free steel (HNSS A), indicating that Mo played a beneficial
role on the corrosion resistance of the HNSSs. The difference
between the electrochemical and immersion testing results may
be due to the different testing methods. For the immersion tests
with the duration of 24 h, although the pitting corrosion was
dominant, it was believed that the general corrosion and/or
intergranular attack also made some contribution to the
corrosion rate. In this context, the corrosion rate calculated
from the weight loss results of immersion tests was not a real
indication of the resistance of the HNSSs to pitting corrosion.
Mo alloying has been reported to have a beneficial effect on the
resistance of the HNSSs to general and intergraunlar corrosion
(Ref 34). As a result, the present immersion tests showed that
Mo-bearing HNSSs had a better corrosion resistance than the
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Fig. 12 OM morphologies of pitting corrosion of sensitization-treated HNSSs and 316L SS in a solution comprising 100 g FeCl;-6H,0 and
900 mL 0.05 mol/L HCI, temperature: 35 °C, duration: 24 h. (a) HNSS A, (b) HNSS B, (c) HNSS C, (d) high-magnification morphology of pits
on HNSS C specimen surface, (e) 316L SS, and (f) high-magnification morphology of pits on 316L SS specimen surface

Mo-free steel. In addition, it should be noted that the corrosion
rates of the solution-annealed HNSSs were rather small (about
10~ mpy in magnitude) and were much less than that of the
316L SS. Only small and dispersed corrosion pits were
observed on the specimen surfaces of the HNSSs (Fig. 11a-c)
in comparison with typical large corrosion pits that appeared on
the 316L SS specimen surface (Fig. 11d). This suggested that
the HNSSs appeared much less susceptible to the pitting
corrosion in chloride solutions than the 316L SS, agreeing well
with the previous electrochemical testing results.

The effect of N alloying on active dissolution of stainless
steels is still under discussion. Much early work has noted that
N alloying reduces the critical current density for passivation
and general corrosion rate in concentrated reducing acids
containing chlorides (Ref 16, 18, 24). However, N has also
been reported to have a negligible effect on the active peak for
Mo-bearing austenitic stainless steels in acidic NaCl solution
(Ref 25) and Cr-Ni steels in sulfuric acid (Ref 7). It was also
found that increasing the N content in duplex stainless steels
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caused an increase in the critical current density for passivation
(Ref 46). In the present study, it was found that critical current
density for passivation of the HNSSs in acidic NaCl solution
was much higher than that of the 316L SS, particularly for the
Mo-free HNSS A with the highest N content. The addition of
Mo in the HNSSs, to some extent, resulted in a decrease of the
critical current density for passivation. Such a large critical
current density is believed to be due to the combined effects of
Mn and N in the present HNSSs. Mn has been found to have
negative effects on corrosion resistance of stainless steels due to
its strong chemical activity. The Mn-rich areas or Mn-rich
phases in stainless steels are easy to lose their electrons and to
become anodes in an electrochemical reaction system in
aggressive solutions. This thus promotes the anodic dissolution
of stainless steels. In addition, N has frequently been reported
to accelerate the anodic dissolution of iron in acidic solution
(Ref 5, 47-49), also to promote the selective dissolution of iron
from stainless steels (Ref 26, 46). As a result, the HNSSs with
combined addition of high Mn and N showed higher peaks of
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critical current density in comparison with the 316L SS. The
addition of Mo lowered the critical current density for
passivation of the HNSSs in acidic NaCl solution, which may
be due to beneficial effect of Mo on improving general
corrosion resistance of the HNSSs (Ref 34).

The sensitization treatment used in the present work caused
significant degradation on pitting corrosion resistance of
the HNSSs in both neutral and acidic NaCl solutions. For the
Mo-free HNSS A, no typical passivation was observed for
the sensitization-treated specimen in neutral NaCl solution. The
specimen seemed to suffer continuous active dissolution
(Fig. 5a). In acidic NaCl solution, the pitting potential
decreased remarkably and the passive potential range became
narrow for the sensitization-treated specimen, while the passive
current density showed an increase by almost one order of
magnitude (Fig. 7a), indicating significant degradation on
corrosion resistance. The Mo alloying significantly improved
the corrosion resistance of the sensitization-treated HNSSs. The
pitting potential and the passive potential range of the
sensitization-treated Mo-bearing HNSSs (HNSS B and C) in
both neutral and acidic NaCl solutions kept almost the same as
the solution-annealed ones (Fig. 5b, ¢ and 7b). However, the
passive current density of the sensitization-treated specimens
showed an increase by almost one order of magnitude in neutral
NaCl solution (Fig. 5b and ¢). Such an increase in the passive
current density was not so obvious in the acidic NaCl solution
(Fig. 7b), suggesting that the roles of Mo on improving the
properties of passive film or corrosion resistance of the HNSSs
appeared more effective in the acidic environments than in the
neutral environments. For the 316L SS, the sensitization
treatment showed little influence on its corrosion resistance in
both neutral and acidic NaCl solution (Fig. 5d and 7¢). The EIS
results agreed well with the polarization testing results. All the
solution-annealed HNSSs had relatively large impedance
values in comparison with the sensitization-treated steels in
the Bode plots, while the impedance values of the solution-
annealed and sensitization-treated 316L SS almost kept a same
level (Fig. 8a). The capacitive loops in the phase angle plots
tended to become narrow for the sensitization-treated HNSSs,
but not for the 316L SS. Both the solution-annealed and
sensitization-treated Mo-bearing HNSSs showed larger imped-
ance values and relatively narrow capacitive loops than the
Mo-free steel. These results suggested that the sensitization
treatment used presently caused sure degradation on film
stability of the HNSSs, while the addition of Mo, to some
extent, improved the nature of film and its protectiveness. This
has been proved by the XPS results shown in Fig. 9 and
Table 2. The concentration of anti-corrosion elements such as
N, Mo, and Cr in the passive film of the sensitization-treated
HNSSs decreased in comparison with that of the solution-
annealed steels. Moreover, there were more oxides in the
passive film of the solution-annealed HNSSs, particularly
Cr-bearing oxides appearing in the middle and inner layers of
the passive film. This is believed to improve the stability and
protectiveness of the passive film of the solution-annealed
HNSSs. In addition, the sensitization treatment seemed to have
little influence on the film stability and protectiveness of the
316L SS according to the present polarization and EIS results.

The susceptibility of the HNSSs to the sensitization
treatment can also be indicated by the results of the immersion
tests in the FeCl; + HCl solution. A rapid increase in corrosion
rate was observed for the sensitization-treated HNSSs, but not
for the 316L SS (Fig. 10). The Mo-bearing HNSS B and C had
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lower corrosion rates compared to the Mo-free HNSS A. The
corrosion rate of the sensitization-treated HNSSs was much
higher than that of the 316L SS. Severe corrosion damage was
observed on the specimen surfaces of the sensitization-treated
HNSSs, particularly the Mo-free HNSS A (Fig. 12a). The Mo
alloying resulted in significant improvement on the corrosion
resistance of the sensitization-treated HNSSs (Fig. 12b and c).
The corrosion pits on the sensitization-treated specimen
surfaces were much larger and deeper than those on the
solution-annealed ones (Fig. 11b, ¢ and 12b, c). It should be
noted that intergranular attack also took place in the corrosion
process of the sensitization-treated HNSSs in the FeCl; + HCI
solution. Typical intergranular attack was observed to develop
from the corrosion pits along the grain boundaries (Fig. 12d).
This seemed to suggest that a synergy of pitting corrosion and
intergranular attack dominated the corrosion behavior of the
sensitization-treated HNSSs. In contrary to the HNSSs, the
sensitization-treated 316L SS showed only typical inhomoge-
nous corrosion pits without any intergranular attack on the
specimen surface (Fig. 12e and f), just similar to the situation
of the solution-annealed steel. The susceptibility of the present
HNSSs and 316L SS to sensitization treatment closely
depended on the chemical compositions of the steels, having
been discussed in detail in our previous work (Ref 34). It is
believed that a similar susceptibility to intergranular attack
played a role during the electrochemical tests of the HNSSs and
316L SS in chloride solutions. As a result, both the polarization
and EIS testing results showed that the sensitization treatment
caused significant degradation on corrosion resistance of the
HNSSs rather than the 316L SS.

5. Summary

The pitting corrosion behavior of three kinds of Ni-free and
Mn-alloyed HNSSs and a 316L SS was investigated using
electrochemical and immersion testing methods. Both the
solution-annealed and sensitization-treated specimens were
examined. The results are summarized as follows.

1. The solution-annealed HNSSs showed better pitting cor-
rosion resistance than the solution-annealed 316L SS in
both neutral and acidic NaCl solutions. The pitting poten-
tials of the solution-annealed HNSSs were about 1 V
higher than that of the 316L SS in acidic NaCl solutions.
The addition of Mo seemed to have no further improve-
ment on the pitting corrosion resistance of the solution-
annealed HNSSs.

2. The critical current density for passivation of the solution-
annealed HNSSs in acidic NaCl solution was larger than
that of the 316L SS. The Mo alloying, to some extent,
decreased the critical current density for passivation of the
HNSSs. The larger critical current density for passivation
of the HNSSs compared to the 316L SS could be attrib-
uted to accelerated anodic dissolution and/or selective dis-
solution of iron in acidic solution caused by Mn and N.

3. The sensitization treatment resulted in rapid degradation
of corrosion resistance of the Mo-free HNSSs in both the
neutral and acidic NaCl solutions. The pitting potential
and the passive potential range of the sensitization-treated
Mo-free HNSS significantly decreased in comparison
with the solution-annealed steel, while the passive current
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density increased significantly. The sensitization-treated
HNSSs showed smaller polarization impedance values
and more narrow capacitive loops compared to the solu-
tion-annealed steels. The addition of Mo remarkably
improved the corrosion resistance of the sensitization-
treated HNSSs. The pitting potential and the passive
potential range of the sensitization-treated Mo-bearing
HNSSs kept almost the same level as that of the solu-
tion-annealed steels in neutral and acidic NaCl solutions,
but the passive current density of the sensitization-treated
Mo-bearing HNSSs increased, particularly in neutral
NaCl solution. The sensitization-treated Mo-bearing
HNSSs had higher polarization impedance values and
broader capacitive loops compared to the sensitization-
treated Mo-free steel.

The solution-annealed 316L SS showed a larger pitting
corrosion rate than the HNSSs in the FeCl; + HCI solu-
tion. Typical large size of corrosion pits appeared on the
316L SS specimen surface. The sensitization treatment
caused the pitting corrosion rate of the HNSSs increased
rapidly, particularly for the Mo-free HNSS. The inter-
granular attack was also found to take place in the pitting
corrosion process for the sensitization-treated HNSSs, but
not for the 316L SS.

The good resistance of the solution-annealed HNSSs to
pitting corrosion could be attributed to the stable and pro-
tective passive film contributed by N, Cr, and Mo. The
sensitization treatment degraded the passive film by
decreasing the anti-corrosion elements and Cr-bearing
oxides in the passive film.
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