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Properties

Abstract
Purpose: The aim of the paper is to investigate the corrosion behaviour of the new-developed high-manganese 
austenitic steel in 0.5n NaCl solution.
Design/methodology/approach: The steel used for the investigation was thermomechanically rolled and 
solution heat-treated from a temperature of 850°C. Corrosion resistance of investigated steel was examined 
using weight and potentiodynamic methods. In the weight method, the specimens were immersed in the prepared 
solution for 24h. In the potentiodynamic method, anodic polarization curves with a rate of potential changes of 1 
mV/s in the anodic direction were registered. After the current density being equal 1 mA/cm2 was achieved, the 
direction of polarization has been changed. Basing on the registered curves, the pitting potential, repassivation 
potential, polarization resistance and corrosion current were determined.
Findings: It was found that the steel is characterized by a partially recrystallized austenitic microstructure with 
numerous annealing twins and slip bands. According to the results of potentiodynamic analyses it was found 
that the samples of examined steel show poor corrosion resistance in the NaCl solution. The observed corrosion 
pits are related to the chemical composition. It is connected with the high dissolution rate of Mn and Fe atoms 
in NaCl solution. Fractographic analyses of samples revealed corrosion products on their surface in a form of 
pits with diversified size.
Research limitations/implications: To investigate in more detail the corrosion behaviour of high-manganese 
steel, the investigations should include steels with a wider Al concentration.
Practical implications: The obtained results can be used for searching the appropriate way of improving the 
corrosion resistance of a modern group of high-manganese austenitic steels.
Originality/value: The corrosion behaviour in chloride solution of a new-developed Fe-Mn-Si-Al steel was 
investigated.
Keywords: Corrosion resistance; Thermo-mechanical processing; High-manganese steels; TWIP-effect; 
Potentiodynamic tests; NaCl solution
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1. Introduction 
 
Significant progress in a field of development of new groups 

of steels assigned for sheets in the automotive industry has been 
made in the period of the last twenty years. From the aspect of 
materials, this development has been accelerated by strong 
competition with non-ferrous aluminium and magnesium alloys as 
well as with composite polymers, which meaning has been 
successively increasing. From the aspect of ecology, an essential 
factor is to limit the amount of exhaust gas emitted into the 
environment. It’s strictly connected to fuel consumption, mainly 
dependent on a car weight. Taking into consideration increased 
quantity of accessories used in modern cars, reduce of car weight 
can be achieved solely throughout optimalization of sections of 
sheets used for bearing and reinforcing elements as well as for 
body panelling parts of a car. Application of sheets with lower 
thickness preserving proper stiffness requires application of sheets 
with higher mechanical properties, however keeping adequate 
formability. Steels of IF and BH type with moderate mechanical 
properties and high susceptibility to deep drawing were elaborated 
for elements of body panelling [1, 2]. However, the widest range 
of applications belongs to multiphase steels containing martensite 
islands in a ferritic matrix [3] or bainitic-austenitic [4]. Sheets 
made of these steels are widely used for bearing and reinforcing 
elements. 

Nowadays, apart from limiting fuel consumption, special 
pressure is placed on increasing the safety of car users. 
Constructional solutions and steels used in the frontal part of a 
vehicle are the most significant due to the possibility of accident 
occurrence. The role of structural elements such as frontal frame 
side members, bumpers and other parts is to take over the energy 
of an impact. Therefore, steels that are used for these parts should 
be characterized by high product of UTS and UEl, proving the 
ability of energy absorption. The benefits deriving from taking 
advantage of cold strain-induced martensitic transformation of 
retained austenite in TRIP-type steels (TRansformation Induced 
Plasticity) [5] have captured the attention of materials engineers 
to steels with homogeneous austenite microstructure. Although 
TRIP effect can be achieved in Cr-Ni austenitic steels [6], they are 
too expensive for their application in the automotive industry. 
Therefore, intense research on high-manganese austenitic steels 
has been performed in the recent years. Apart from 15 30%Mn 
they also contain 0.03÷0.2%C, 1÷3%Si, 1÷3%Al [7]. Mechanical 
properties of these steels depend on structural processes occurring 
during cold plastic deformation, which in turn are the derivative 
of stacking fault energy of austenite [8]. In case it’s equal from 12 
to 20 mJm-2, a partial transformation of austenite into martensite 
occurs taking advantage of TRIP effect [9]. Values of SFE equal 
from 20 to 60 mJm-2 determine intense course of mechanical 
twinning connected to TWIP effect (TWinning Induced Plasticity) 
[10]. Making use of these phenomena allows shaping mechanical 
properties of steels in a wide range, i.e. YS0.2 = 250÷400 MPa, 
UTS = 500÷1000 MPa, UEl = 30÷70%. Moreover, strong strain 
hardening causes that the value of instantaneous hardening 
exponent is maintained at a high level up to high values of 
deformation [7]. This beneficial connection of mechanical 
properties predisposes discussed steels for their application for 
parts absorbing impact energy, as well as for parts with complex 
shape, generally fabricated in several operations. 

The research conducted at the present is focused mainly on 
investigation of behaviour of high-manganese steels during cold-
working [8-13] or hot-working [14-17]. However, there is still no 
sufficient information regarding their corrosion resistance. The 
research [18, 19] of Fe-C-Mn-Al steels for cryogenic applications 
that were supposed to substitute expensive Cr-Ni steels was carried 
out in the eighties of the last century. The role of manganese boils 
to Ni replacement and obtaining austenitic microstructure, whereas 
aluminium has a similar impact as chromium. Improvement of 
corrosion resistance by Al consists in formation of thin, stable layer 
of oxides. In the result of conducted research it was found that Fe-
C-Mn-Al steels show inferior corrosion resistance than Cr-Ni steels 
and they can be used as a substitute only in some applications [19]. 
Corrosion resistance of Fe-0.5C-29Mn-3.5Al-0.5Si steel in 3.5% 
NaCl solution has been recently investigated by Ghayad and others 
[20]. They have found that investigated steel does not yield to 
passivation independently from the state: supersaturated, aged or 
strain aged. The steel was subjected to general corrosion, 
particularly intense after the appearance of the second phase in the 
form of ferrite, after sustained ageing at the temperature of 550°C. 
The behaviour of Fe-0.2C-25Mn-8Al steel with increased 
concentration of aluminium up to 8% wt. in the medium of HNO3 
and NaCl has been investigated by Hamada [21], who has found 
that in the medium of HNO3 solution, the steel with high 
concentration of Al is covered by a thin layer of salt. After 
increasing Mn concentration to 30% and introducing additionally 
6%Cr, the steel undergoes passivation and is covered by 
considerably more stable film of oxides. In addition, the steel 
containing Al and Cr shows resistance to the effects of 3.5% NaCl, 
that is not present in case of the steel containing only increased 
concentration of aluminium [22]. 

The research carried out so far has not taken into account the 
influence of silicon on a course of corrosion phenomena as well 
as an influence of Nb and Ti microadditions. Moreover, thermo-
mechanical processing conducted in the work and behaviour of 
investigated steel in the chloride medium may have an essential 
meaning. 
 
 

2. Experimental procedure 
 

The research was carried out on high-manganese austenitic 
steel with a chemical composition presented in Table 1. This type 
of steels finds repeatedly wider application for different kinds of 
structural components of vehicles characterized by advantageous 
connection of strength and ductile properties. This particularly 
profitable combination of properties has a meaning not only in the 
production process of steel and car components, but also during 
possible accident while using the car, because of relatively high 
reserve of plasticity in the zones of controlled energy absorption 
of the car being damaged. 
 
Table 1. 
Chemical composition of the investigated steel. 

Mass contents, (%) 
C Mn Si Al P 

0.054 24.4 3.49 1.64 0.004 
S Nb Ti N O 

0.016 0.029 0.079 0.0039 0.0006 

 

The material used for the investigation was delivered in a 
form of segment of steel sheet with the following dimensions 
340x225x3.1 mm, obtained in a rolling process using the thermo-
mechanical treatment method. Thermo-mechanical processing of 
studied steel included: 
 heating of a charge up to the temperature of 1150°C, 
 austenitizing at the temperature of 1150°C for 15 minutes, 
 rolling of the charge in a temperature range from 1050°C to 

850°C, according to established conditions (Table 2), 
 isothermal holding of a rolled segment of sheet at the 

temperature of finishing rolling for 15s, 
 solution heat treatment of the flats in water. 

 
Table 2. 
Rolling schedule for the flats with a thickness of 5.4 mm 

Pass 
number 

Deformation 
temperature, 

°C 

Thickness 
before the 
pass, mm 

Thickness 
after the 
pass, mm 

Relative 
reduction, 

% 
1 1050 5.4 4.3 20 
2 950 4.3 3.7 15 
3 850 3.7 3.1 15 

 
Corrosion resistance of investigated steel was examined using 

weight and potentiodynamic methods. 
Weight method. Corrosion tests were carried out in 0.5N 

NaCl solution on samples with 16.9x16.1x3.1 mm dimensions. 
Specimens were cleaned in 95.6% ethanol and they were weighed 
on analytical balance before starting the analysis. Temperature of 
the solution during the test was equal 23ºC±1ºC, whereas the time 
of the test was equal 24h. Volume of corrosion loss was 
calculated using the following dependence: 

%100
p

kp
u V

VV
V  (1) 

where:  Vp – initial volume of a sample [mm3], Vk – volume of a 
sample after corrosion tests [mm3]. 
Corrosion rate was determined basing on the dependence (2): 

tS
mVcor  (2) 

where:  S – surface of a sample [mm2], t – time of the 
measurement [h], m – mass loss of a sample [g]. 

Potentiodynamic method. Corrosion tests were carried out in 
0.5N solution of NaCl. Temperature of the solution during the test 
was equal 23ºC ± 1ºC. Specimens were cleaned in 95.6% ethanol 
before starting the analysis. Tests were initiated from 
determination of Eocp open circuit potential and then anodic 
polarization curves with a rate of potential changes of 1 mV/s in 
the anodic direction were registered. After the current density 
being equal 1 mA/cm2 was achieved, the direction of polarization 
has been changed. In such way, the return curve was registered. 
According to registered curves, chemical quantities describing 
corrosion resistance were determined: pitting potential Eb (mV), 
repassivation potential Ecp (mV) – if occurred, polarization 
resistance Rp (k ·cm2) and corrosion current icor (A/cm2). In order 
to calculate the corrosion current, the Stern-Geary equation was 
used [23]: 

)(3,2 kacor

ak
p bbi

bbR  (3) 

where: bk – the slope coefficient of the cathodic Tafel line,  
ba – the slope coefficient of the anodic Tafel line, icor – the 
corrosion current density [mA/cm2], Rp – the polarization 
resistance [ cm2]. 

 
Microstructure observations of specimens coming from rolled 

segment of the sheet etched in nital, as well as of those after 
corrosion tests, were carried out on LEICA MEF 4A light 
microscope. Fractographic analyses of surface of specimens after 
corrosion tests were conducted using DSM 940 Digital Scanning 
Microscope, with 12nm of resolving power and 15kV of 
accelerating voltage, supplied by OPTON Company. 
 
 

3. Results and discussion 
 

Metallographic microscopic research that was carried out 
permitted to observe microstructure of the sheet, rolled using 
thermo-mechanical processing method in accordance with the 
program set in Table 2 and surface of specimens put to the 
corrosion test in 0.5N NaCl solution. Specimens taken from rolled 
segment of the sheet reveal austenite microstructure with 
annealing twins and numerous slip bands inside the grains of  
phase (Figs. 1, 2). 

 
 
Fig. 1. Structure of the investigated steel after the thermo-
mechanical processing. Austenite grains with annealing twins and 
slip bands apparent 
 

Metallographic observations of sample surface after corrosion 
test using weight method showed numerous corrosion damages. 
The view of sample surface after corrosion tests in 0.5N NaCl 
solution carried out for 24 hours is presented in Fig. 3. Numerous 
micropores and pits were revealed on the surface of samples 
investigated in this medium (Fig. 3). Similar corrosion effects 
were observed on the surface of specimens after electrochemical 
analyses (Fig. 4).Corrosion tests carried out using weight method 
allowed to calculate volume loss of a sample as well as the 
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1. Introduction 
 
Significant progress in a field of development of new groups 

of steels assigned for sheets in the automotive industry has been 
made in the period of the last twenty years. From the aspect of 
materials, this development has been accelerated by strong 
competition with non-ferrous aluminium and magnesium alloys as 
well as with composite polymers, which meaning has been 
successively increasing. From the aspect of ecology, an essential 
factor is to limit the amount of exhaust gas emitted into the 
environment. It’s strictly connected to fuel consumption, mainly 
dependent on a car weight. Taking into consideration increased 
quantity of accessories used in modern cars, reduce of car weight 
can be achieved solely throughout optimalization of sections of 
sheets used for bearing and reinforcing elements as well as for 
body panelling parts of a car. Application of sheets with lower 
thickness preserving proper stiffness requires application of sheets 
with higher mechanical properties, however keeping adequate 
formability. Steels of IF and BH type with moderate mechanical 
properties and high susceptibility to deep drawing were elaborated 
for elements of body panelling [1, 2]. However, the widest range 
of applications belongs to multiphase steels containing martensite 
islands in a ferritic matrix [3] or bainitic-austenitic [4]. Sheets 
made of these steels are widely used for bearing and reinforcing 
elements. 

Nowadays, apart from limiting fuel consumption, special 
pressure is placed on increasing the safety of car users. 
Constructional solutions and steels used in the frontal part of a 
vehicle are the most significant due to the possibility of accident 
occurrence. The role of structural elements such as frontal frame 
side members, bumpers and other parts is to take over the energy 
of an impact. Therefore, steels that are used for these parts should 
be characterized by high product of UTS and UEl, proving the 
ability of energy absorption. The benefits deriving from taking 
advantage of cold strain-induced martensitic transformation of 
retained austenite in TRIP-type steels (TRansformation Induced 
Plasticity) [5] have captured the attention of materials engineers 
to steels with homogeneous austenite microstructure. Although 
TRIP effect can be achieved in Cr-Ni austenitic steels [6], they are 
too expensive for their application in the automotive industry. 
Therefore, intense research on high-manganese austenitic steels 
has been performed in the recent years. Apart from 15 30%Mn 
they also contain 0.03÷0.2%C, 1÷3%Si, 1÷3%Al [7]. Mechanical 
properties of these steels depend on structural processes occurring 
during cold plastic deformation, which in turn are the derivative 
of stacking fault energy of austenite [8]. In case it’s equal from 12 
to 20 mJm-2, a partial transformation of austenite into martensite 
occurs taking advantage of TRIP effect [9]. Values of SFE equal 
from 20 to 60 mJm-2 determine intense course of mechanical 
twinning connected to TWIP effect (TWinning Induced Plasticity) 
[10]. Making use of these phenomena allows shaping mechanical 
properties of steels in a wide range, i.e. YS0.2 = 250÷400 MPa, 
UTS = 500÷1000 MPa, UEl = 30÷70%. Moreover, strong strain 
hardening causes that the value of instantaneous hardening 
exponent is maintained at a high level up to high values of 
deformation [7]. This beneficial connection of mechanical 
properties predisposes discussed steels for their application for 
parts absorbing impact energy, as well as for parts with complex 
shape, generally fabricated in several operations. 

The research conducted at the present is focused mainly on 
investigation of behaviour of high-manganese steels during cold-
working [8-13] or hot-working [14-17]. However, there is still no 
sufficient information regarding their corrosion resistance. The 
research [18, 19] of Fe-C-Mn-Al steels for cryogenic applications 
that were supposed to substitute expensive Cr-Ni steels was carried 
out in the eighties of the last century. The role of manganese boils 
to Ni replacement and obtaining austenitic microstructure, whereas 
aluminium has a similar impact as chromium. Improvement of 
corrosion resistance by Al consists in formation of thin, stable layer 
of oxides. In the result of conducted research it was found that Fe-
C-Mn-Al steels show inferior corrosion resistance than Cr-Ni steels 
and they can be used as a substitute only in some applications [19]. 
Corrosion resistance of Fe-0.5C-29Mn-3.5Al-0.5Si steel in 3.5% 
NaCl solution has been recently investigated by Ghayad and others 
[20]. They have found that investigated steel does not yield to 
passivation independently from the state: supersaturated, aged or 
strain aged. The steel was subjected to general corrosion, 
particularly intense after the appearance of the second phase in the 
form of ferrite, after sustained ageing at the temperature of 550°C. 
The behaviour of Fe-0.2C-25Mn-8Al steel with increased 
concentration of aluminium up to 8% wt. in the medium of HNO3 
and NaCl has been investigated by Hamada [21], who has found 
that in the medium of HNO3 solution, the steel with high 
concentration of Al is covered by a thin layer of salt. After 
increasing Mn concentration to 30% and introducing additionally 
6%Cr, the steel undergoes passivation and is covered by 
considerably more stable film of oxides. In addition, the steel 
containing Al and Cr shows resistance to the effects of 3.5% NaCl, 
that is not present in case of the steel containing only increased 
concentration of aluminium [22]. 

The research carried out so far has not taken into account the 
influence of silicon on a course of corrosion phenomena as well 
as an influence of Nb and Ti microadditions. Moreover, thermo-
mechanical processing conducted in the work and behaviour of 
investigated steel in the chloride medium may have an essential 
meaning. 
 
 

2. Experimental procedure 
 

The research was carried out on high-manganese austenitic 
steel with a chemical composition presented in Table 1. This type 
of steels finds repeatedly wider application for different kinds of 
structural components of vehicles characterized by advantageous 
connection of strength and ductile properties. This particularly 
profitable combination of properties has a meaning not only in the 
production process of steel and car components, but also during 
possible accident while using the car, because of relatively high 
reserve of plasticity in the zones of controlled energy absorption 
of the car being damaged. 
 
Table 1. 
Chemical composition of the investigated steel. 

Mass contents, (%) 
C Mn Si Al P 

0.054 24.4 3.49 1.64 0.004 
S Nb Ti N O 

0.016 0.029 0.079 0.0039 0.0006 

 

The material used for the investigation was delivered in a 
form of segment of steel sheet with the following dimensions 
340x225x3.1 mm, obtained in a rolling process using the thermo-
mechanical treatment method. Thermo-mechanical processing of 
studied steel included: 
 heating of a charge up to the temperature of 1150°C, 
 austenitizing at the temperature of 1150°C for 15 minutes, 
 rolling of the charge in a temperature range from 1050°C to 

850°C, according to established conditions (Table 2), 
 isothermal holding of a rolled segment of sheet at the 

temperature of finishing rolling for 15s, 
 solution heat treatment of the flats in water. 

 
Table 2. 
Rolling schedule for the flats with a thickness of 5.4 mm 

Pass 
number 

Deformation 
temperature, 

°C 

Thickness 
before the 
pass, mm 

Thickness 
after the 
pass, mm 

Relative 
reduction, 

% 
1 1050 5.4 4.3 20 
2 950 4.3 3.7 15 
3 850 3.7 3.1 15 

 
Corrosion resistance of investigated steel was examined using 

weight and potentiodynamic methods. 
Weight method. Corrosion tests were carried out in 0.5N 

NaCl solution on samples with 16.9x16.1x3.1 mm dimensions. 
Specimens were cleaned in 95.6% ethanol and they were weighed 
on analytical balance before starting the analysis. Temperature of 
the solution during the test was equal 23ºC±1ºC, whereas the time 
of the test was equal 24h. Volume of corrosion loss was 
calculated using the following dependence: 
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where:  Vp – initial volume of a sample [mm3], Vk – volume of a 
sample after corrosion tests [mm3]. 
Corrosion rate was determined basing on the dependence (2): 

tS
mVcor  (2) 

where:  S – surface of a sample [mm2], t – time of the 
measurement [h], m – mass loss of a sample [g]. 

Potentiodynamic method. Corrosion tests were carried out in 
0.5N solution of NaCl. Temperature of the solution during the test 
was equal 23ºC ± 1ºC. Specimens were cleaned in 95.6% ethanol 
before starting the analysis. Tests were initiated from 
determination of Eocp open circuit potential and then anodic 
polarization curves with a rate of potential changes of 1 mV/s in 
the anodic direction were registered. After the current density 
being equal 1 mA/cm2 was achieved, the direction of polarization 
has been changed. In such way, the return curve was registered. 
According to registered curves, chemical quantities describing 
corrosion resistance were determined: pitting potential Eb (mV), 
repassivation potential Ecp (mV) – if occurred, polarization 
resistance Rp (k ·cm2) and corrosion current icor (A/cm2). In order 
to calculate the corrosion current, the Stern-Geary equation was 
used [23]: 
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where: bk – the slope coefficient of the cathodic Tafel line,  
ba – the slope coefficient of the anodic Tafel line, icor – the 
corrosion current density [mA/cm2], Rp – the polarization 
resistance [ cm2]. 

 
Microstructure observations of specimens coming from rolled 

segment of the sheet etched in nital, as well as of those after 
corrosion tests, were carried out on LEICA MEF 4A light 
microscope. Fractographic analyses of surface of specimens after 
corrosion tests were conducted using DSM 940 Digital Scanning 
Microscope, with 12nm of resolving power and 15kV of 
accelerating voltage, supplied by OPTON Company. 
 
 

3. Results and discussion 
 

Metallographic microscopic research that was carried out 
permitted to observe microstructure of the sheet, rolled using 
thermo-mechanical processing method in accordance with the 
program set in Table 2 and surface of specimens put to the 
corrosion test in 0.5N NaCl solution. Specimens taken from rolled 
segment of the sheet reveal austenite microstructure with 
annealing twins and numerous slip bands inside the grains of  
phase (Figs. 1, 2). 

 
 
Fig. 1. Structure of the investigated steel after the thermo-
mechanical processing. Austenite grains with annealing twins and 
slip bands apparent 
 

Metallographic observations of sample surface after corrosion 
test using weight method showed numerous corrosion damages. 
The view of sample surface after corrosion tests in 0.5N NaCl 
solution carried out for 24 hours is presented in Fig. 3. Numerous 
micropores and pits were revealed on the surface of samples 
investigated in this medium (Fig. 3). Similar corrosion effects 
were observed on the surface of specimens after electrochemical 
analyses (Fig. 4).Corrosion tests carried out using weight method 
allowed to calculate volume loss of a sample as well as the 
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corrosion rate. The initial volume of the sample, Vp, was equal 
0.84348 cm3, whereas the mass of the sample before the corrosion 
test was equal 5.4 g. Calculated volume of the sample after the 
corrosion test in 0.5N NaCl solution, Vk, was equal 0.78914 cm3, 
therefore its volume loss, Vu, determined using dependence (1) 
was equal 6.4%. Corrosion rate, determined using equation (2), 
was equal 0.091 g cm-2 day-1. 
 

 
 
Fig. 2. Structure of the investigated steel after the thermo-
mechanical processing. Austenite grains and slip bands apparent 
 

 
 
Fig. 3. Micropores  and  corrosion pits on  a specimen  surface 
after immersion tests in the 0.5N NaCl 
 

Performed electrochemical analysis revealed that the open 
circuit potential for all the samples established itself after 400s 
(Fig. 5). The course of changes of current density in a function of 
potential for the sample investigated in 0.5N NaCl solution is 
presented in Fig. 6. The value of corrosion potential Ecor was 
equal -796 mV and the density of corrosion current ikor 
determined basing on the Stern-Geary equation was equal 0.0084 
mA/cm2. Determination of pitting potential, Eb, was impossible 
due to the fast course of corrosion processes. In case of the 
sample investigated in 0.5N NaCl solution passivation did not 

occur. The factors which precluded repassivation inside pits being 
formed on the surface of the sample were probably an increase of 
chloride ions concentration as a consequence of their relocation 
along the corrosion current, what made a contribution to the 
formation of a corrosion cell inside the pit as well as difficult 
supply of oxygen into the interior of the pit due to its low 
solubility in the electrolyte. The increase of the current density in 
positive direction on the polarization curves, what contributed to 
the intensification of corrosion process, was observed in case of 
one sample. The change of polarization of samples didn’t cause 
any decrease of anodic current density. 
 

 
 
Fig. 4. Micropores  and  corrosion pits on a specimen surface after 
electrochemical investigations in the 0.5N NaCl 
 

 
 
Fig. 5. Change in the potential Ecorr as a function of time for the 
specimen investigated in the 0.5N NaCl 
 

 
 
Fig. 6. Change in the current density as a function of potential for 
the specimen investigated in the 0.5N NaCl 

 

 
 
Fig. 7. Numerous, large pits on a specimen surface after imme-
rsion tests 
 

 
 
Fig. 8. Numerous pits on a specimen surface after electrochemical 
tests 
 

Fractographic analyses of sample surface put to corrosion 
tests allowed to evaluate the type and the degree of corrosion 
damages. On the surface of samples investigated in 0.5N NaCl 
solution for 24h, numerous pits and micropores with diversified 
size were revealed (Figs. 7-9), however the pits present on the 
surface of samples coming from weight method were 
characterized by bigger sizes in relation to the pits observed on 

samples after electrochemical analyses. Damaging of a superficial 
layer occurred around the pits. Cracked passive layer was also 
observed, what could be a result of rapid penetration of corrosive  
medium into interior of investigated specimens (Fig. 10). Similar 
corrosion products were identified on the surface of specimens after 
electrochemical analyses in 0.5N NaCl solution (Figs.11, 12). 
 

 
 
Fig. 9. Corrosion pits and the partially cracked surface layer of the 
specimen 
 

 
 
Fig. 10. Cracked passive layer on a surface of the specimen after 
immersion tests 
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corrosion rate. The initial volume of the sample, Vp, was equal 
0.84348 cm3, whereas the mass of the sample before the corrosion 
test was equal 5.4 g. Calculated volume of the sample after the 
corrosion test in 0.5N NaCl solution, Vk, was equal 0.78914 cm3, 
therefore its volume loss, Vu, determined using dependence (1) 
was equal 6.4%. Corrosion rate, determined using equation (2), 
was equal 0.091 g cm-2 day-1. 
 

 
 
Fig. 2. Structure of the investigated steel after the thermo-
mechanical processing. Austenite grains and slip bands apparent 
 

 
 
Fig. 3. Micropores  and  corrosion pits on  a specimen  surface 
after immersion tests in the 0.5N NaCl 
 

Performed electrochemical analysis revealed that the open 
circuit potential for all the samples established itself after 400s 
(Fig. 5). The course of changes of current density in a function of 
potential for the sample investigated in 0.5N NaCl solution is 
presented in Fig. 6. The value of corrosion potential Ecor was 
equal -796 mV and the density of corrosion current ikor 
determined basing on the Stern-Geary equation was equal 0.0084 
mA/cm2. Determination of pitting potential, Eb, was impossible 
due to the fast course of corrosion processes. In case of the 
sample investigated in 0.5N NaCl solution passivation did not 

occur. The factors which precluded repassivation inside pits being 
formed on the surface of the sample were probably an increase of 
chloride ions concentration as a consequence of their relocation 
along the corrosion current, what made a contribution to the 
formation of a corrosion cell inside the pit as well as difficult 
supply of oxygen into the interior of the pit due to its low 
solubility in the electrolyte. The increase of the current density in 
positive direction on the polarization curves, what contributed to 
the intensification of corrosion process, was observed in case of 
one sample. The change of polarization of samples didn’t cause 
any decrease of anodic current density. 
 

 
 
Fig. 4. Micropores  and  corrosion pits on a specimen surface after 
electrochemical investigations in the 0.5N NaCl 
 

 
 
Fig. 5. Change in the potential Ecorr as a function of time for the 
specimen investigated in the 0.5N NaCl 
 

 
 
Fig. 6. Change in the current density as a function of potential for 
the specimen investigated in the 0.5N NaCl 

 

 
 
Fig. 7. Numerous, large pits on a specimen surface after imme-
rsion tests 
 

 
 
Fig. 8. Numerous pits on a specimen surface after electrochemical 
tests 
 

Fractographic analyses of sample surface put to corrosion 
tests allowed to evaluate the type and the degree of corrosion 
damages. On the surface of samples investigated in 0.5N NaCl 
solution for 24h, numerous pits and micropores with diversified 
size were revealed (Figs. 7-9), however the pits present on the 
surface of samples coming from weight method were 
characterized by bigger sizes in relation to the pits observed on 

samples after electrochemical analyses. Damaging of a superficial 
layer occurred around the pits. Cracked passive layer was also 
observed, what could be a result of rapid penetration of corrosive  
medium into interior of investigated specimens (Fig. 10). Similar 
corrosion products were identified on the surface of specimens after 
electrochemical analyses in 0.5N NaCl solution (Figs.11, 12). 
 

 
 
Fig. 9. Corrosion pits and the partially cracked surface layer of the 
specimen 
 

 
 
Fig. 10. Cracked passive layer on a surface of the specimen after 
immersion tests 
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Fig. 11. Corrosion pits on a surface of the specimen after 
electrochemical tests 
 

 
 
Fig. 12. A small corrosion pit on a surface of the specimen after 
electrochemical tests 
 

The observed corrosion products are related to the chemical 
composition rather than to the phase structure of the steel. It is 
connected with the high dissolution rate of manganese and iron 
atoms in NaCl solution. Hamada et al. [21] and Zhang et al. [24] 
reported that the stability of Mn in high-manganese steels 
containing Al is low. It leads to forming unstable oxides and 
preferential dissolving of manganese at the oxide/electrolyte 
interface. 

Hamada et al. [22] reported that the corrosion behaviour of 
Fe-Mn-Al alloys in chloride solutions can be improved by the 
anodic passivation in 30% HNO3 aqueous solution. They 
observed that the prolonged to 5h anodic ageing leads to a 
modification of the chemical composition of the surface layer, 
connected with reducing the manganese concentration at the 
surface and the enrichment this region in Al, improving the 
corrosion resistance. 

It is difficult to say, if this process can improve the corrosion 
resistance of the investigated steel because of lower concentration 
of Al compared to steels investigated by Hamada, where  
aluminium concentraction was about 6%. Another way of 
improving the corrosion resistance of high-manganese steels is to 
use zinc coatings. Due to alloying problems, the best solution is 
the use the electro-galvanizing process [21, 25]. 
 
 

4. Conclusions 
 

Metallographic investigations of samples cut from the sheet 
produced with the thermo-mechanical processing method showed 
that the steel has partially recrystallized austenitic microstructure. 
Numerous annealing twins as well as slip bands were revealed in 
the microstructure of the new-developed steel. 

Metallographic observations of surface of samples after 
corrosion tests showed numerous corrosion damages. After 
investigations in 0.5N NaCl solution numerous corrosion pits 
were revealed. The same corrosion effects were observed on 
samples deriving from the immersion tests and after 
potentiodynamic analyses. Corrosion tests carried out using 
weight method revealed no corrosion resistance of the steel in the 
chloride medium. The volume of investigated samples immersed 
in 0.5N NaCl solution for 24h decreased by approximately 6.5%, 
yet the corrosion progressed with a rate of 0.091 g ·cm-2 day-1. 

According to the results of potentiodynamic analyses it was 
found that the samples of examined steel show poor corrosion 
resistance in the NaCl solution. The observed corrosion products 
are related to the chemical composition rather than to the phase 
structure of the steel. It is connected with the high dissolution rate 
of manganese and iron atoms in NaCl solution. The low stability 
of Mn leads to forming unstable layer and preferential dissolving 
of manganese at the oxide/electrolyte interface. The factors that 
precluded repassivation inside the pit were probably an increase 
of chloride ions, which made a contribution to the formation of a 
corrosion cell inside the pit and difficult supply of oxygen into the 
interior of the pit due to its low solubility in the electrolyte. 

Conducted fractographic analyses of samples after corrosion 
tests revealed corrosion products on their surface in a form of pits 
with diversified size. Damaging of a superficial layer has occurred 
around the pits. Moreover, cracked passivation layer allowing 
further penetration of the corrosive medium was observed. 
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Fig. 11. Corrosion pits on a surface of the specimen after 
electrochemical tests 
 

 
 
Fig. 12. A small corrosion pit on a surface of the specimen after 
electrochemical tests 
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connected with the high dissolution rate of manganese and iron 
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reported that the stability of Mn in high-manganese steels 
containing Al is low. It leads to forming unstable oxides and 
preferential dissolving of manganese at the oxide/electrolyte 
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Fe-Mn-Al alloys in chloride solutions can be improved by the 
anodic passivation in 30% HNO3 aqueous solution. They 
observed that the prolonged to 5h anodic ageing leads to a 
modification of the chemical composition of the surface layer, 
connected with reducing the manganese concentration at the 
surface and the enrichment this region in Al, improving the 
corrosion resistance. 

It is difficult to say, if this process can improve the corrosion 
resistance of the investigated steel because of lower concentration 
of Al compared to steels investigated by Hamada, where  
aluminium concentraction was about 6%. Another way of 
improving the corrosion resistance of high-manganese steels is to 
use zinc coatings. Due to alloying problems, the best solution is 
the use the electro-galvanizing process [21, 25]. 
 
 

4. Conclusions 
 

Metallographic investigations of samples cut from the sheet 
produced with the thermo-mechanical processing method showed 
that the steel has partially recrystallized austenitic microstructure. 
Numerous annealing twins as well as slip bands were revealed in 
the microstructure of the new-developed steel. 

Metallographic observations of surface of samples after 
corrosion tests showed numerous corrosion damages. After 
investigations in 0.5N NaCl solution numerous corrosion pits 
were revealed. The same corrosion effects were observed on 
samples deriving from the immersion tests and after 
potentiodynamic analyses. Corrosion tests carried out using 
weight method revealed no corrosion resistance of the steel in the 
chloride medium. The volume of investigated samples immersed 
in 0.5N NaCl solution for 24h decreased by approximately 6.5%, 
yet the corrosion progressed with a rate of 0.091 g ·cm-2 day-1. 

According to the results of potentiodynamic analyses it was 
found that the samples of examined steel show poor corrosion 
resistance in the NaCl solution. The observed corrosion products 
are related to the chemical composition rather than to the phase 
structure of the steel. It is connected with the high dissolution rate 
of manganese and iron atoms in NaCl solution. The low stability 
of Mn leads to forming unstable layer and preferential dissolving 
of manganese at the oxide/electrolyte interface. The factors that 
precluded repassivation inside the pit were probably an increase 
of chloride ions, which made a contribution to the formation of a 
corrosion cell inside the pit and difficult supply of oxygen into the 
interior of the pit due to its low solubility in the electrolyte. 

Conducted fractographic analyses of samples after corrosion 
tests revealed corrosion products on their surface in a form of pits 
with diversified size. Damaging of a superficial layer has occurred 
around the pits. Moreover, cracked passivation layer allowing 
further penetration of the corrosive medium was observed. 
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