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Abstract

The resistance to pitting corrosion of austenitic stainless steel Cr18Mn12N has been studied in model solutions of
sulphuric acid (0.5 M) containing chloride ions (0.5 M). The cyclic potentiodynamic method has been employed to
investigate the effects of chloride ions and agitation rate on the pitting and repassivation potentials. Electron and
optical microscopy, electron diffraction spectroscopy and atomic absorption spectrometry have been used to detect
the surface sites for pit formation and the growth of pit nuclei. The results obtained with chromium–manganese–
nitrogen steel have been compared with those of austenitic Cr18Ni9 stainless steel. A similarity in pit initiation is
established, while steel composition exhibits no significant effect. Cr18Mn12N steel is less prone to repassivation as
compared with Cr18Ni9 steel.

1. Introduction

The incorporation of nitrogen in steel is a new trend in
the field of ferrous alloys. Numerous nitrogen contain-
ing stainless steels with different nitrogen content have
been reported: classical Cr–Ni steels with incorporated
nitrogen [1–6], Cr–Ni steels with reduced nickel content,
partially or fully replaced by austenite forming elements,
more frequently manganese, etc. [3].
The studies of the pitting corrosion of nitrogen

containing steels have led to the formulation of different
hypotheses [7].
All emphasize the positive effect on steel resistance by

the accumulation of nitrogen at the steel surface.
However the question as to how nitrogen segregates at
the steel surface is still open. According to Olefjord and
Wegrelius [8] nitrogen, similarly to nickel, accumulates at
the interphase boundary metal/oxide and its concentra-
tion increases with increase in both the applied potential
and the polarization time. Other authors consider [8–10]
that nitrogen is in the elemental state, while others
suggest that it is in the form of surface nitrides [11, 12].
Despite these differences the positive effect of nitrogen on
the stability of the passive state of steels is confirmed.
Moreover, a relationship between the surface segregation
of nitrogen and enrichment of the passive film with Cr3+

has been established [11].
Manganese as an alloying element of steels has been

studied mainly due to the formation of anodic non-
metallic inclusions of manganese sulphide, the latter

being the preferred sites for pit nucleation [2, 13]. The
alloying of steel with manganese under these studies is
relatively low (up to 2%) and the results indicate its
negative effect on the alloy resistance against pitting
corrosion. On the other hand, similar studies on steels
with high manganese content [6, 14] also confirm its
promoting effect on the pit initiation.
Some authors have studied the effect of agitation of

the corrosive media on passivity breakdown. According
to Tchechovsky and Burian [15] the fluid flow retards
the pit nucleation due to the reduction of the surface
concentration of the aggressive ion. Sato et al. [16] have
performed experiments with a rotating stainless steel
disc electrode, but significant changes in the frequency
of pits and pitting potential with variations of disc
rotation speed have not been detected. On the other
hand, Harb and Alkire [17] have demonstrated that fluid
flow is the strongest factor affecting the pit growth. They
have developed a model of hemispherical pits not
covered by a film; according to this model, the pit
dissolution rate depends on the potential only. The
electrolyte stirring could repassivate the pits by reduc-
tion of solution concentration inside the pits. In some
cases, however, a reverse effect can be observed associ-
ated with the inhibition of salt film formation [18]. Beck
and Chan [19] reported that the effect of agitation rate
on the repassivation of pits is mainly due to destruction
of the salt film.
Sulphuric acid aqueous solutions containing chlorides

are frequently employed in the study of stainless steel
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passivation behaviour [1, 13, 20, 21], since they ensure
combined action of the aggressive medium (low pH)
with high reproducibility of the characteristic parame-
ters of pitting corrosion (the pitting potential Epit, the
repassivation potential Erp), thus providing almost the
best conditions for testing new materials.
The present work reports the results of a pitting

initiation and repassivation study of Cr18Mn12N steel
in 0.5 M sulphuric acid solution without and with 0.5 M

sodium chloride. Special attention is paid to the effect of
solution stirring on pitting potential and pit shapes. The
pitting behaviour of chromium–manganese–nitrogen
steel is comparedwith that of the austenitic Cr18Ni9 steel.

2. Experimental details

The chemical composition of the steels studied is shown
in Table 1. The austenitic microstructures of both
steels were obtained by quenching in water after heating
at 1100 �C. Oxides and oxide–sulphides were mainly
detected as non-metallic inclusions in the steels. The
chromium–manganese–nitrogen steel contains more
inclusions than the chromium–nickel steel and the main
inclusions are sulphides and, to a lesser extent, nitrides
and oxides.
The electrodes were disks with 0.5 cm2 working

surface. At the beginning of the electrochemical tests,
the samples were treated in the following sequence: (i)
manual finishing with 600 grit abrasive paper; (ii)
passivation in a bath of nitric acid (1:1) for 10 min (to
exclude crevice corrosion); (iii) second polishing just
before the test with 800 grit abrasive paper; (iv) rinsing
with distilled water and (v) degreasing with an alcohol–
ether mixture. The test corrosive media – 0.5 M sulphuric
acid and 0.5 M sulphuric acid containing 0.5 M sodium
chloride – were prepared using analytical grade reagents
and distilled water. The tests were performed under open
air conditions at room temperature (20 �C).
The cyclic polarization pitting test is a relatively rapid

technique that allows the study of the pitting resistances
of numerous alloys. The pitting potential (Epit) and the
repassivation potential (Erp) were determined and used to
characterize the steel resistance against pitting corrosion.
The electrochemical investigations were carried out in
a conventional three-electrode cell with a platinum
counter electrode and a saturated calomel reference
electrode (SCE). The measurements were performed with
a PAR-263 potentiostat and M352 Soft Corr Corrosion
Measurement and Analysis Software. In the potentiody-
namic tests, the specimens were first cathodically polar-
ized to )700 mV (SCE) and kept for 1 min under these

conditions, followed by anodic polarization carried out
at a potential scan rate 1 mV s)1 in the positive direction
up to 10)4 A cm)2 current density. The polarization in
the reverse (negative) direction was carried out down to
the point where the curve intersected the anodic curve in
the passive region.
The rotation speed of the disc electrode was changed

within in the range 0–2000 rpm. The steady state
polarization curves were traced in the test solution with
chloride ions. The potentiodynamic method was applied
at various rotation speeds in order to obtain a set of
anodic polarization curves.
The microstructure of both steels and the type of the

corrosion attack were determined by optical (Epityp-2)
and electron (JEOL) microscopy.
Energy dispersive spectroscopy (EDS) (VG Ma500

Auger microscope) and atomic absorption spectrometry
(AAS) (Perkin Elmer 3030) were used to analyse the
surfaces attacked by pitting corrosion and the products
in the corrosive media. For this purpose the steel samples
with polished surface were treated galvanostatically for
12 h in a 0.5 M sulphuric acid solution containing 0.5 M

sodium chloride under anodic current density of
1.2 � 10)4 A cm)2. Both the high current density and
the duration of the polarization offered a possibility for
large pits to form. These conditions also yield high
concentrations of metal ions in the solution provided
mainly by the pit cavities.

3. Results and discussion

3.1. Study of pitting corrosion by the potentiodynamic
method

Under anodic polarization the samples of austenitic
stainless steels (in 0.5 M sulphuric acid solution) acquired
a passive state, with breakdown at the transpassivity
potential – about 900 mV (SCE) (Figure 1). The param-
eters characterizing anodic passivity (the passivation
current density and the passivating potential) for both
steels are identical and the widths of the passive region
are almost equal, which is an indication for similarity of
the passive films formed on the metal surfaces under
these conditions.
The addition of chloride ions to the sulphuric acid

solution leads to a sharp current increase at potentials
significantly lower than those of transpassivity (Figure 1).
The current increase is caused by the breakdown of the
passive film and development of pitting corrosion. The
passive film perforation yields a narrow range of poten-
tials corresponding to the passive state – about 600 mV
for Cr18Mn12Nand 500 mV forCr18Ni9 steel. The plots
in Figure 1 demonstrate similar anodic behaviour of both
steels, within the passive state range, regardless the
absence (curves 3 and 4) and presence (curves 1 and 2)
of chloride ions. This fact may be attributed to the sim-
ilarity of the passive films. The replacement of nickel by
manganese and nitrogen obviously does not significantly

Table 1. Chemical compositions of steels tested (%wt)

Steel Cr Mn Ni Si N C

Cr18Mn12N 16.5 12.00 – 0.30 0.61 0.04

Cr18Ni9 17.49 1.28 9.37 0.52 – 0.055
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affect the initial stage of pit nucleation in sulphuric acid
media.
The reverse shift of potential in the cathodic direction

(100–200 mV) leads to an initial current increase attrib-
uted to the sustainable development of pits. With a
further shift of potential in the same direction the
repassivation potential (Erp) is reached when the passive
film and its protective properties are restored.
When the sulphuric acid solution contains chloride

ions, the potentiodynamic method demonstrates a better
repassivation capability of the classical chromium–nickel
steel as compared to chromium–manganese–nitrogen
steel. The plots in Figure 1 show that Cr18Mn12N steel
exhibits a difference between Epit and Erp larger than that
of Cr18Ni9 steel. Similar results concerning the repass-
ivation properties of the steels studied (under different
experimental conditions) were also reported earlier [22,
23]. The difference between the repassivation ability of
both steels can be explained by their different composi-
tions. The absence of nickel and the higher manganese
content in the chromium–manganese–nitrogen steel
reduce its repassivation ability after breakdown of the
protective film.
Figure 2 shows the change in pitting and repassiva-

tion potentials vs. electrode rotation speed. The agita-
tion of the electrolyte affected significantly processes
associated with the passive state breakdown on the steel
surface. The pitting potentials of the steels had quite
similar values and became more positive as the electrode
rotation speed was increased. In the case of Cr18Mn12N
steel, the shift of Epit in the positive direction was linear
in the within the range 0–2000 rpm, whereas for the
Cr18Ni9 steel it was observed only at around 1000 rpm
which is in accordance with the literature [10, 12].
Increase in rotation speed of the disk electrode led to

a slight shift (50–80 mV) of the repassivation potential
(Erp) towards more positive values for chromium–
manganese–nitrogen steel, while the shift for chro-
mium–nickel steel was larger (more than 120 mV).

3.2. Microscopic studies

The optical and SEM observations of the samples after
exposure in 0.5 M H2SO4 solution indicated that the
medium did not provoke local changes of the surface,
while the addition of chlorides developed pitting corro-
sion. The number of pits formed on the surface of the
chromium–manganese–nitrogen steel is relatively small,
but they are deeper. The pits observed on the surface of
the Cr18Mn12N steel are irregular (Figure 3a, b) or
hemispherical open cavities, while those on the surface of
the classical austenitic steel are mainly covered cavities
(Figure 4a).
The microscopic studies of Cr18Mn12N surfaces

affected by pitting corrosion indicate that corrosion
attack is located around the non-metallic inclusions
(Figure 3). The pits observed on the classical chromium–
nickel steel grow not only around such non-metallic
inclusions, but also upon surface defects. A more
characteristic example of pit formation at the boundary
of three grains is illustrated in Figure 4b (the contacting
grains are well observed at the cavity bottom).
The weak repassivation ability of Cr18Mn12N (as

determined by the potentiodynamic method) can be also
explained by the results above mentioned. The anodic
non-metallic inclusions (manganese sulphide) retain the
local anodes in active state [13]. The dissolution of
inclusions stimulates the penetration of pits into the steel,
leading to a significant change in the chemical compo-
sition of the electrolyte inside the cavity. Generally,
the latter is affected by hindered ion exchange between
the solution in the cavity and in the bulk, as well as by the
accumulation of ions (mainly Mn2+ and S2)) due to
dissolution of the non-metallic inclusions. Moreover, the
repassivation of the pits developed on Cr18Mn12N steel
surfaces is suppressed by the high manganese content
which hinders the positive effect of nitrogen. To the best
of our knowledge no reported results for the effect of
manganese on repassivation exists; however, its high
activity and the negative effect on passivity [2, 14] suggest
that the lower corrosion resistance of the new austenitic

Fig. 1. Polarization curves of Cr18Mn12N and Cr18Ni9 steels at

20 �C, scan rate 1 mV s)1: curves 1 and 2 – in 0.5 M sulphuric acid

solution; curves 3 and 4 – in 0.5 M sulphuric acid solution containing

0.5 M sodium chloride.

Fig. 2. Pitting and repassivation potentials of Cr18Mn12N and

Cr18Ni9 steels determined by cyclic polarization tests vs. disk rota-

tion speed in 0.5 M sulphuric acid solution containing 0.5 M sodium

chloride at 20 �C.
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steel can be attributed to the high content of this alloying
element.
Electrolyte agitation leads to an increase in the

average size and to a decrease in the maximum size of
pits. The latter can be related to the enhanced repass-
ivation ability of the open pits (Cr18Mn12N samples) by
the rotation of the disk which allows nucleation of new
pits near the repassivated ones. The difference in the size
of small and large pits on Cr18Ni9 increases as agitation
intensity increases. The latter also changes the type of
pits: at higher agitation intensity, more pits have open
cavities. This is in disagreement with the results of
Lacome [24] for AISI 304 steel who assumed that
agitation hindered the destruction of the lacy metallic
cover of pits.
An interesting result obtained here is that under

intensive agitation of the solution (above 1600 rpm) both
steels demonstrate similar pitting corrosion behaviour.
The increase in the repassivation ability at increased

disk rotation speed can be explained by the enhanced
oxygen supply which favours repassivation as well as by
the open shape of pits which allows immediate repass-
ivation after decrease in anodic polarization.

3.3. Energy dispersive spectroscopy (EDS)

Results of EDS of the sample surfaces (Cr18Mn12N
steel) attacked by pitting corrosion are summarized in
Figure 5 and Table 2. The method was used to study the
passive surface, i.e. non-affected by the pits (Figure 5a)
as well as the bottoms of three typical pits (Figure 5b–d).
The pit P-1 (Figure 6a) has small size (d� 4:4 lm) with

a circular opening and is relatively deep with respect to its
surface diameter. Its bottom contains an increased
amount of manganese while weak peaks of sulphur and
chloride are recorded (Figure 5b). The low S content
indicates that the initial destruction of the surface starts
by dissolution of a non-metallic manganese sulphide
inclusion, the latter being completely dissolved due to the
lasting anodic polarization. The SEMmicrograph of this
pit shows some light spots at the bottom indicating the
presence of salt film deposits. Further development of the
pit in depth gives a dark spot at the bottom that can be
attributed to further dissolution of the steel confirmed by
the peaks of chromium and iron in the EDS spectra. Data
in Table 2 show that the solution inside the pit was more
aggressive towards iron than to chromium. The long

Fig. 4. SEM micrographs of pits formed on Cr18Ni9 steel.

Fig. 3. SEM micrographs of pits formed on Cr18Mn12N steel.
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lasting pit growth could lead to the accumulation of
chromium and to competition between the activating
action of the salt film and the repassivation action of
chromium.
The second type of pitting P-2 (Figures 5b and 6b) is

larger (d� 28 lm) than P-1. During the initial stage the
pit cavity was covered, but in the course of its growth an
open cavity was formed. The changes in the solution
content inside the cavity are similar to those already
reported for pit P-1; however the chromium content is
lower than that on the passive surface. At the left side of
the cavity bottom a porous structure (probably a salt
film) is observed, while in the lower part of the cavity the
corrosion attack penetrates deeper. The right side of the
cavity contains a crystal structure area that may be due
to a non-metallic inclusion (the spectrum displays a
relatively high silicon peak).
The light area around the mouths of pits P-1 and P-2

indicates the presence of salt films deposited during the

initial dissolution stages of manganese sulphide
inclusions prior to the formation of deep cavities.
According to Baker and Castle [13], sulphide anions
preferably pass into solution in the course of manganese
sulphide dissolution, while manganese ions remain in the
cavity and consequently attract and capture significant
amounts of chloride ions. In the course of the process a
salt film is deposited in the cavity bottom maintains
retains the pit in the active state. Salt film formation is
enhanced, facilitated also by the relatively large pitting
cavities (the depth surpasses the mouth diameter). This
pit geometry hinders ion exchange between electrolyte in
the pit and in the bulk and favours attainment of the
critical electrolyte concentration for salt precipitation. In
the volume of pit P-2 the salt deposition process is further
enhanced by the partly covered shape of the cavity at the
initial stage resulting in a deep corrosion attack. The salt
film has high ohmic resistance and the steel base dissolves
in active state. Under similar conditions all the three

Fig. 5. EDS spectra of different sections of the Cr18Mn12N sample surface after development of pitting corrosion: (a) passive surface; (b–d)

pits P-1, P-2 and P-3.
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alloying elements of steel can be dissolved, but the
contribution of manganese is more pronounced (due
to its higher electrochemical activity), followed by
chromium and iron. The main amount of dissolved

manganese remains in the pit cavity, while chromium and
iron pass into the bulk electrolyte. The concentration of
manganese ions in the cavity increases, thus supporting
the formation of salt films at the bottom. This autocat-
alytic process enhances pit growth in depth.
The above mentioned comments lead to the conclu-

sion that the increased content of manganese in the pits
is due to dissolved manganese sulphide inclusions and its
high content in steel. Due to its high activity, manganese
dissolves. Its exceptionally high amount in the pits is due
to its participation in the salt film as a main cation, or to
the precipitation of the solution in the pit after removing
the sample from the corrosion test medium or to both
reasons.
The third pit P-3 (Figures 5d and 6c) has an open

structure (d� 12 lm) with relatively small depth. The
EDS spectrum indicates a reduced amount of the basic
elements of the alloy (iron, chromium and manganese).
The exceptionally low Cr content at the pit bottom
(Table 2) contradicts the traditional viewpoints concern-
ing the role of Cr as the main alloying element giving
good protective properties of stainless steel surfaces. The
low chromium content in the shallowest pit can be
attributed to its reduced content in the metal phase
underneath the oxide. It should be noted that the highest
stability constant of chromium chloride complexes as
compared to that of iron and manganese may facilitate
chromium removal from steel [25].
It may be concluded that relatively deep pits on the

surface of Cr18Mn12N steel are formed after the
complete dissolution of the anodic inclusions (manga-
nese sulphide). Inside the pit, the deposition processes
mainly involve manganese (from the steel and inclusions)
and anions from the electrolyte, the latter stimulating the
corrosion attack in depth. On the other hand, the growth
of open and shallow pit cavities depends mainly on the
dissolution rates of the basic alloy elements.
The elucidation of the reason for the low chromium

content detected at the bottoms of pits P-2 and P-3
should take into account that the decreased concentra-
tion of this element was recorded with respect to the
content of the passive surface (chromium enriched). The
same is valid for manganese whose unexpected high
amounts at the bottom of pits P-1 and P-2 are related to
the relative character of the measuring method. There-
fore, the real variation of the elements cannot be detected
by this method only and an analysis of the corrosive
medium may provide additional information.

3.4. Atomic absorption spectrometry

The ratios of the content of the main elements (Fe, Cr,
Mn and Ni) in the test solution (%Mn+) and its content
in steel (%M) are listed in Table 3. The content (%wt) of
solutions and in steel is calculated for the main elements,
while the content of the other elements is neglected.When
the ratio%Mn+/%M is less than one, this is indicative of
the passing of element M in the solution in less degree,
than is its quantity in steel, therefore the metal surface is

Table 2. Energies of characteristic peaks of EDS spectra and ratios

of spectral intensities at the pit’s bottom (I¢) and the passive surface

(I¢¢)

Element Energy/

keV

Ratios for different pits

P-1 P-2 P-3

Fe 7.07
I 0Fe
I 00Fe

0.73 0.73 0.43

Cr 5.42 I 0Cr
I 00Cr

1.24 0.76 0.44

Mn

(mixed with Cr)

5.91
I 0Mn

I 00Mn
2.75 1.62 0.5

Fig. 6. SEM micrographs of pits formed on Cr18Mn12N steel and

analyzed by EDS. (a–c) pits P-1, P-2 and P-3.
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enriched with it. It is obvious from the Table 3 that at
Ecorr for steel Cr18Mn12N Cr dissolves most, the Fe less,
and Mn to the smallest degree. The quantity of the last
two elements in the solution is less than that in the steel.
The results, obtained for steel Cr18Ni9 show that at the
corrosion potential, the solution enriches approximately
proportionally with Fe, Cr and Ni.
The quantity of these elements in the corrosion

environment after pitting development can be presumed
to result only from dissolution of steel in the pits, because
the of the rest of the surface is passive. The analyzed
solutions, obtained after galvanostatical polarization at
E > Epit, are enriched mainly with Cr and less with Fe.
For Cr18Mn12N steel a slow increase in the Mn content
in comparison with its content in steel is noted. It is
unconditionally proved for Cr18Ni9 steel that under
anodic potentials Ni does not dissolve.

4. Conclusions

1. Pitting corrosion of Cr18Mn12N and Cr18Ni9
steels in sulphuric acid media occurs only in the
presence of chloride ions. The replacement of nickel
by manganese and nitrogen does not affect the
initial stage of pit growth, but hinders the repassi-
vation properties of steel.

2. The corrosion attack on the surface of Cr18Mn12N
steel is mainly located on the non-metallic inclu-
sions and the pits grow as open cavities. The pits on
Cr18Ni9 steel from at surface defects and the cavi-
ties are covered.

3. Agitation of the electrolyte hinders pit initiation
and facilitates repassivation. At disk rotation
speeds above 1600 rpm the character of the pitting
corrosion for both Cr18Mn12N and Cr18Ni9 steels
is similar.

4. The EDS and AAS analyses of Cr18Mn12N steel
and of test solutions show that deep pits are formed
after dissolution of the non-metallic inclusions
(manganese sulphide). This dissolution process
mainly affects manganese; most of the manganese
ions remain inside the pits (in the salt film deposited

at bottom of the cavity and in the pit electrolyte).
Chromium shifts to the bulk solution.
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