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In this study, a fine-grained structure was obtained in high-Mn austenitic steel through martensite treat-
ment. The corrosion response of fine-grained and coarse-grained steels was studied and compared in
3.5 wt.% NaCl solution. Electrochemical impedance spectroscopy (EIS), potentiodynamic polarization, and
Mott-Schottky analysis were performed to understand the effect of grain refinement on the electrochemical
behavior of this steel. Microstructural evaluation showed that by reduction in grain size, the amount of low
energy grain boundaries was increased, which led to better electrochemical behavior. In addition, the
corrosion resistance of fine-grained steel did not deteriorate in comparison with coarse-grained steel. Both
specimens showed a charge-transfer resistance of about 4-5 kX cm2 in NaCl. Besides, a protective film
related to fine-grained sample was detected by EIS and Mott-Schottky analysis, which could be a sign of
higher grain boundaries in this steel.
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1. Introduction

High-manganese (15-30 wt.%) steels such as transforma-
tion-induced plasticity (TRIP) and twinning-induced plasticity
(TWIP) steels display excellent behavior in applications for
structural components such as vehicle industry due to their
exceptional combination of strength, crashworthiness, and
ductility (Ref 1-6). There has been a growing interest in
developing nano/ultrafine-grained steels in order to achieve
higher strength without sacrificing ductility (Ref 7, 8).
Although the mechanical response of Mn steels is excellent,
the corrosion resistance of such steels is not significant (Ref 9,
10). The corrosion resistance of high-Mn steels may be
improved by the addition of Al, Cr, and Si. There is little
information in the literature on the electrochemical corrosion
behavior of these steels, especially the fine-grained structures,
in aqueous media (Ref 10, 13). Grajcar et al. (Ref 10) showed
that the corrosion behavior of high-Mn steels is more affected
by their chemical composition. It was also observed that high-
Mn steels could show a tendency to passivation in corrosive
media, probably due to the presence of alloying elements (Ref
11-14). For instance, Al, Cu, and Cr elements can form a

protective layer which leads to an increase in Ecorr and a
decrease in Icorr in H2SO4 solution (Ref 14-16).

In the previous work (Ref 17), it was shown that the
formation of nano/fine-grained structure improved the mechan-
ical properties of austenitic steels. However, increasing the
volume fraction of grain boundaries due to grain refinement
may degrade corrosion properties of steels. On the other hand,
there are considerable reports (Ref 18-24) on improvement in
corrosion properties of nano/fine-grained austenitic stainless
steels compared with coarse-grained steel. In the present study,
a fine-grained high-Mn steel was produced via a thermo-
mechanical treatment called martensite treatment (Ref 20, 25,
26). The corrosion resistance of a high-Mn steel in both
conditions of coarse-grained and fine-grained structures was
investigated by electrochemical impedance spectroscopy,
potentiodynamic polarization, and Mott-Schottky tests.

2. Experimental Procedure

2.1 Material

The experimental material was received as-hot-rolled con-
dition with the chemical composition of Fe-0.07C-18Mn-
2.00Si-2.00Al (wt.%). The hot-rolled microstructure consisted
of 99.5% austenite phase with a grain size of 45± 5 lm. The
mechanical behavior and detailed microstructures of the
experimental steel have been reported elsewhere (Ref 1, 3).
The actual martensite content was determined using a Ferri-
teoscope model MP30 and considering the following equation
(Ref 26):

Vol:%martensite ¼ 1:75� Ferriteoscope reading

2.2 Martensite Treatment

In order to achieve a fine-grained structure, the martensite
treatment was applied through compression deformation fol-
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lowed by annealing treatment. The compression specimen, with
the diameter of 8 mm and the height of 12 mm, was machined
from the hot-rolled plate along the rolling direction according
to ASTM E209 standard. The compression test was carried out
using a Gotech AI-7000 universal testing machine in the
temperature of 25 �C under the constant strain rate of 0.01 s�1.
The specimen was compressed to a true strain of 0.6 followed
by immediate water quenching in order to keep the deformed
microstructures unchanged and prevent the formation of
precipitations during air cooling. The deformed specimen was
annealed at 750 �C for 300 s. In addition, the tint etching
technique with picric acid in 100 mL ethanol and sodium
metabisulfite was used.

2.3 Preparation for EBSD

The microstructural analysis was performed using a Hitachi
SU6600 field emission scanning electron microscope (FE-
SEM), equipped with a Nordlys Nano Oxford detector of
electron backscattered diffraction (EBSD) which can operate at
a voltage of 20 kV. The specimens were mechanically polished
with SiC papers followed by electro-polishing to prevent
formation of �a or e-martensite during sample preparation. The
patterns were acquired using the AZTEC 2.0 data acquisition
software compatible with the EBSD detector with a binning of
49 4 pixels and a minimum of six bands for pattern recognition
using acquisition rates (20 frames/s). The EBSD raw data were
further analyzed using the Oxford Instruments Channel 5 post-
processing software.

2.4 Texture Measurements

The texture measurement was carried out using a Bruker D8
diffractometer with Cr Ka radiation and a 2D Hi-star detector.
To calculate the orientation distribution function (ODF), three
pole figures were used for FCC austenite {(111), (200), (220)}.
The measured pole figures were further treated with Resmat
TexTools to calculate the inverse pole figures. Moreover, grain
boundary character distribution analysis was obtained by post-
processing using TexTools software.

2.5 Electrochemical Measurement

The corrosion performance was evaluated by open-circuit
potential (Ecorr) monitoring, potentiodynamic polarization,
electrochemical impedance spectroscopy (EIS), and Mott-
Schottky measurements in a 3.5 wt.%. NaCl solution. Electro-
chemical measurements were performed via an AUTOLAB
PGSTAT 30 potentiostat controlled by NOVA software. A three
conventional electrode cell was used to perform the electro-
chemical tests, with a platinum wire as a counter electrode and
an Ag/AgCl electrode as the reference electrode. The chosen
area of the working electrode (coarse-grained (CG) high-Mn
steel and fine-grained (FG) high-Mn steel) was 0.1 cm2. The
polarization curves were performed in a potential range
between �200 mV (below OCP—open-circuit potential) to
1000 mV (above OCP) with a scan rate of 1 mV/s. Corrosion
rate (icorr), corrosion potential (Ecorr), and Tafel slopes were
determined by NOVA software. For the EIS measurements, the
amplitude of the EIS perturbation signal was set 5 mV
sinusoidal (rms signal) and the frequency range was changed
from 100 kHz to 10 mHz. Three replications were performed to
ensure repeatability of the process. ZView 3.1c software was
used to analyze EIS data. Mott-Schottky analysis was per-

formed at a frequency of 1 kHz using a 10 mV ac signal and a
step potential of 25 mV in the cathodic direction form the initial
potential of 0.9 V versus Ag/AgCl to the final potential of 0 V
versus Ag/AgCl.

3. Results and Discussion

Figure 1 shows the initial austenite microstructure of the as-
hot-rolled material. The material has a moderate grain size of
45± 5 lm with few annealing twinning. Figure 2 illustrates the
tint-etched microstructure of the deformed specimen after
straining to 0.6. As seen in this figure, the austenite grains are
refined by strain-induced martensite phase. Detailed
microstructural studies of this steel (Ref 1, 3) confirmed that
both types of e-martensite and �a-martensite were formed during
room temperature deformation. The Ferriteoscope results
showed that the volume fraction of �a-martensite reaches 85
pct after compression to 0.6. Austenitic-Mn steels contain
thermodynamically metastable austenite at room temperature
and are easily transformed into martensite. The fragmentation
of martensite occurs during further deformation, and the
martensite is reverted to austenite during subsequent annealing,
leading to a noticeable grain refinement (Ref 26). The annealing
microstructure of the deformed specimen at 750 �C for 300 s is
shown in Fig. 3. As it can be seen in Fig. 3(a) and (b), a FG
structure with an average grain size of 2.5± 0.5 lm was
achieved as a result of martensite treatment and recrystallization
process. The grain size distribution curve is shown in Fig. 3(c).
The Ferriteoscope results confirmed that martensite phases
were fully reverted to austenite phase during annealing. The
coincidence site lattice (CSL) map of the annealed specimen is
seen in Fig. 3(b). Moreover, sigma value distribution curve is
indicated in Fig. 3(d). Among the CSL types, the volume
fraction of R3 boundary is dominant. It was well established
that CSL boundaries are developed during annealing treatment
in austenitic steels (Ref 27).

Figure 4 displays the macro-texture of the annealed spec-
imen obtained by x-ray diffraction technique. As is seen in
inverse pole figure, the as-received CG specimen depicted a
weak texture. Likewise, a weak texture in the FG specimen was
obtained after martensite treatment.

Fig. 1 Initial microstructure of hot-rolled specimen
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Considering the CSL map of the FG specimen shown in
Fig. 3(b) and (d), it can be speculated that grain boundaries
with misorientation angles close to 60� may be related to R3. It

has been reported that in some face-centered cubic steels with
low stacking fault energy, such as austenitic stainless steels, the
frequency of low R CSL grain boundaries can be significantly
increased using appropriate thermo-mechanical treatments (Ref
27-30).

Figure 5 shows the Nyquist curve for the CG and the FG
specimens in 3.5 wt.%. NaCl. The equivalent model shown in
this figure includes the solution resistance Rs, the charge-
transfer resistance Rct, and the constant phase element CPEct,
which is a non-ideal capacitor in the metal-solution interface.
The theoretical impedance value of a CPE is equal to A�1 (i
x)�n, where A is a constant corresponding to the interfacial
capacitance, i is the imaginary number, x is the angular
frequency, and n is an exponential factor in the range of �1 and
1 (Ref 31). The optimized values for circuits parameters
obtained from ZView 3.1c software are summarized in Table 1.
The charge-transfer resistances of the CG and the FG
specimens in the NaCl solution were obtained to be 4190 and
5000 X cm2, respectively. Besides, the CPEct values for the CG
and the FG specimens were calculated to be 289 10�5 and
239 10�5 F/cm2, respectively. These results showed that grain
refinement led to a slight better corrosion resistance in the FG
compared with the CG specimen in the NaCl solution.Fig. 2 Tint-etched microstructure of deformed specimen to 60 pct

Fig. 3 Microstructure of annealed specimen at 750 �C after 300 s: (a) orientation map of austenite phase, (b) band contrast showing coincidence
site lattice (R3 as red, R9 as pink and R11 as yellow), (c) grain size distribution obtained by EBSD, (d) sigma value distribution (Color figure online)
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Figure 6 shows bode and phase diagrams related to the
corrosion resistance of the CG and the FG steels in the NaCl
solution. The bode diagram showed higher values of impedance

modulus Zj j Z 02 þ Z 002½ �1=2
� �

for the FG at higher frequencies

in comparison with the CG specimen. High frequency region in
the EIS curves was associated to the capacitance response
corresponding to the thin oxide layer or increment of R CSL
grain boundaries after the thermo-mechanical treatment. By
increasing R CSL of grain boundaries for the FG sample, it
could be concluded that the susceptibility in the corrosive
media was decreased and the high energy borders were
reduced. It may be concluded that the higher values of |Z| in
the high frequency region corresponding the FG steel was a
sign of grain boundaries variation due to the thermo-mechan-
ical process. Therefore, the FG steel showed higher impedance
modulus in the high frequency region. Besides, the phase angle
diagram obtained for the FG steel showed higher contents at
higher frequencies, which could be a sign of greater resistance
in this region (Ref 32).

Figure 7 depicts potentiodynamic polarization behavior of
the CG and the FG steels after immersing in a 3.5 wt.%. NaCl.
Table 2 illustrates the amount of Icorr, Ecorr, and Tafel slope
lines (ba and bc). Icorr associated to the CG and the FG steels
were obtained 2 and 4 lA/cm2, respectively. The corrosion
current density of these two steels was in the same range, which
was also observed by the EIS data. However, in the anodic
sweep, the FG steel showed a lower current density. This could

be due to the higher corrosion resistance of the FG steel due to
the development of CSL boundaries, which was emphasized by
the EIS plots. Finally, at high anodic potentials, the FG and the
CG steels indicated the same behavior, more likely due to the
highly deterioration of oxide layer in the FG steel. It should be
mentioned that a shift to more noble potentials, as presented in
Fig. 7, could be related to the presence of an alloying element
such as Al which has the tendency toward passivation (Ref 15).
In steels, Mn forms unstable manganese oxide due to low
passivity coefficient and hence reduces their electrochemical
corrosion resistances. Mn oxide precipitates in the passive film,
and therefore, the resistance to the pitting corrosion is
decreased (Ref 15). On the other hand, Al passivity coefficient
is much greater than that of Mn. Hence, adding Al to steel is
expected to promote the passivation ability via forming a
compact Al2O3 film. In a chloride-containing solution (near
neutral pH), whereas Al forms a protective Al2O3 oxide film
(Ref 15, 33), Si forms a silica film in acidic pH, where TWIP
steel exposes high corrosion in the acidic environment due to
the poor passivation tendency of Al and high dissolution of Mn
and Fe (Ref 13). Thermodynamically, A12O3 and SiO2 are very
stable with respect to the metal and have high melting points.
Also, their transport processes through the scales are generally
slow (Ref 34).

Figure 8 displays the Mott-Schottky plots for the passive
films formed on the CG and the FG high-Mn steels in 3.5 wt.%
NaCl. According to the Mott-Schottky theory, the space charge
capacitances of n-type semiconductor were given by Eq 1 (Ref
35, 36):

1

C2
¼ 2

ee0eND
E � Efb �

kT

e

� �
ðEq 1Þ

where e is the electron charge (1.6029 10�19 C), ND is the
donor density for n-type semiconductor, e is the dielectric
constant of the passive film, usually taken as 15.6 (Ref 37),
e0 is the vacuum permittivity (8.8549 10�14 F/cm), k is the

Fig. 4 Macro-texture analysis of (a) as-received CG specimen, (b) FG specimen

Fig. 5 Nyquist plots for CG and FG specimens in 3.5 wt.% NaCl
solution

Table 1 Impedance data obtained by ZView simulation
for CG and UFG high-Mn steels in 3.5 wt.% NaCl solu-
tion

Sample Rs, X cm2 Rct, X cm2 CPEct, F/cm
2 n

CG 30 4190 289 10�5 0.78
UFG 30.3 5000 239 10�5 0.74
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Boltzmann constant (1.389 1023 J/K), T is the absolute tem-
perature, and Efb is the flat band potential. The term kT/e is
neglected because it is only about 25 mV at room tempera-
ture. In Eq 1, ND can be calculated from the slope of the
experimental C�2 versus E plots, and Efb from the extrapola-
tion of the linear portion to C�2 = 0 (Ref 37). ND is calcu-
lated from ND ¼ 2

ee0eS
, where S is the slope of the

experimental C�2 versus E plot (Ref 38). For a p-type semi-
conductor, C�2 versus E should be linear with a negative
slope which is inversely proportional to the acceptor density.
On the other hand, an n-type semiconductor yields a positive
slope which is inversely proportional to the donor density
(Ref 37). As is observed in Fig. 8, both samples show posi-
tive slopes indicating the presence of n-type semiconductor
on the surface. This type of semiconductor could be due to
the combination of a metal oxide like Fe2O3 (Ref 39) and
MnO2 (Ref 40) or oxygen vacancies (Ref 41). Moreover, the
ND calculated for the CG and the FG high-Mn steels was
about 99 1021 and 1191021 cm�3, respectively. Therefore,
the donor densities of the passive-like film formed on the FG
steel was higher than that of the CG steel, which can be at-
tributed to the higher grain boundary defects of the FG sam-
ple. The increase in the linear slope at the transition potential

implies that the donor density of the passive film was de-
creased because the donor density was inversely proportional
to the slope (Ref 41).

As mentioned earlier in Fig. 3, by applying a thermo-
mechanical process on high-Mn steel, low R CSL (lower
energy boundaries) was obtained in the FG specimen. The
formation of CSL boundary may lead to lower susceptibility to
corrosion damages in the FG sample. Indeed, based on the
electrochemical tests conducted, the researchers observed that
the thermo-mechanical process and the increment in the number

Table 2 Corrosion parameters of CG and UFG steel in
3.5 wt.% NaCl

Sample
Icorr, lA/

cm2
Ecorr, mV versus

Ag/AgCl ba, mV/dec bc, mV/dec

CG 2 �760 105 40
UFG 4 �710 97 67

Fig. 8 Mott-Schottky plots related to CG and FG specimens in
3.5 wt.% NaCl

Fig. 6 Bode (left) and phase (right) diagrams plots for CG and FG specimens in 3.5 wt.% NaCl solution

Fig. 7 Potentiodyamic polarization of CG and FG specimens in 3.5
wt.% NaCl
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of grain boundaries in the FG sample could not deteriorate the
corrosion behavior of high-Mn steel in the NaCl solution.

4. Conclusions

In the present work, the corrosion resistance of the FG and
the CG high-Mn steels was investigated and compared in
3.5 wt.% NaCl solution and the following main characteristics
were found:

1. A FG specimen with a weak texture was obtained as a
result of martensite treatment in present high-Mn steel.

2. The FG high-Mn steel showed high volume fraction of
R3 boundary due to the thermo-mechanical process.

3. The calculated icorr and Rct for both the CG and the FG
high-Mn steels were relatively identical, which demon-
strated increment in grain boundaries could not influence
corrosion resistance.

4. The obtained ND for the FG sample was higher than the
CG one. It might be due to easier diffusion of oxygen
atoms through the surface.

5. Corrosion resistance of the FG specimen did not degrade
in comparison with CG specimen due to the presence of
CSL boundaries.
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