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Abstract: To expand the industrial applicability of strong and ductile high Mn-Low Cr steel, a deeper
understanding and mechanistic interpretation of long-term corrosion behavior under harsher environ-
mental conditions are needed. From this perspective, the long-term corrosion behaviors of 24Mn3Cr
steel under acidic aqueous conditions were examined through a comparison with conventional ferritic
steels using the electrochemical measurements (linear polarization resistance and impedance), and
immersion test followed by the metallographic observation of corrosion morphologies. In contrast
to conventional ferritic steels, 24Mn3Cr steel, which had the lowest corrosion resistance at the early
immersion stages (i.e., the highest corrosion current density (icorr) and lowest polarization resistance
(Rp)), showed a gradual increase in corrosion resistance with prolonged immersion. Owing to the
slow formation kinetics of (Fe,Cr)-enriched oxide scale, a longer incubation time for ensuring a
comparatively higher corrosion resistance is required. On the other hand, conventional ferritic steels
had an oxide scale with less densification and a lower elemental enrichment level that did not provide
an effective anti-corrosion function. From the results, this study can provide significant insight into
the industrial applicability of the high Mn-low Cr steel by providing the mechanistic interpretation
of corrosion behaviors in acidic aqueous environments.

Keywords: high manganese steel; corrosion; polarization; impedance; scale; acidic environment

1. Introduction

Recently, the development of ternary-based austenitic steel alloys (Fe1−x−yMnxCry
with y << x << 1 and lower C concentrations) with attractive mechanical properties, an
inhibiting nature in relation to hydrogen penetration, and erosion–corrosion resistance,
were reported [1–3]. Despite the intrinsic weakness arising from their higher Mn concen-
trations (i.e., the standard reduction potential of Mn (−1.18 V) is much lower than that of
Fe (−0.447 V) [4,5]), their long-term corrosion resistance is much higher than conventional
API (American petroleum institute)-grade low-C steel and is even comparable to 9% Ni
steel in a neutral aqueous environment. A previous study [1] revealed that their superior re-
sistance to the dynamic flowing erosion–corrosion as well as static corrosion was attributed
primarily to the formation of an (Fe,Cr)-enriched oxide scale (i.e., α-Fe2-xCrxO3) with an
inhibiting nature on the surface. In 9% Ni steel, the higher corrosion resistance is caused
mainly by the formation of an oxide scale composed of NixFe3-xO4 and NiO/Ni2O3 on the
surface [1,6,7]. However, these surface characteristics can only be manifested under a neu-
tral aqueous environment. The corrosion study with high Mn-bearing steel (i.e., 18Mn3Cr
steel) conducted by Park et al. [8] was based on a sweet environment. They reported that
the addition of Cr to high Mn steel improved the resistance to CO2 corrosion owing to the
increase in the stability of the corrosion products formed on the steel surface. In addition,
Kim et al. [9] reported the beneficial effects of the addition of Cr and Mn to high Mn steel
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(i.e., 18Mn and 18Mn5Cr steel) on the corrosion resistance in a 3.5% NaCl solution at 60 ◦C.
They showed that the alloying elements of Mn and Cr in high Mn steel contributed to
the increase in goethite (α-FeOOH) in non-adherent rust (NARs) and to the refinement of
the adherent rust (AR) grain. However, they focused only on the corrosion resistance of
high Mn steel in a neutral environment. J. Bosch et al. [10] reported the corrosion behavior
of high Mn-bearing steel (i.e., 22.6–30 Mn steel) under a variety of aqueous conditions
(i.e., neutral, and alkaline environments), but the mechanistic interpretation of the corrosion
and scale forming processes was limited. Hence, to expand the applicability of 24% Mn-3%
Cr bearing steel to various industrial sectors, it is necessary to advance the knowledge of
the long-term corrosion behavior under harsher environmental conditions. In particular,
the corrosion behaviors and scale forming processes of 24Mn-3Cr steel in the acidic en-
vironments, where the anodic dissolution rate could be much higher than in the neutral
conditions, needs deeper investigation.

This work extends a previous study to examine the long-term corrosion behavior of
24% Mn-3% Cr bearing steel in comparison with two conventional ferritic steel samples
(9Ni and API-grade low-C steels) under exposure to acidic environments. For this, the
change in the electrochemical polarization and impedance behaviors of the steels with an
increasing immersion in an acidic solution was interpreted based on the characteristics of
the corrosion scale formed on their surfaces.

2. Materials and Methods
2.1. Materials Information

The tested materials under current investigation were a high Mn (24%)-bearing steel
with a face-centered cubic (FCC) structure and two commercial structural steel samples:
9% Ni steel and API-grade X70 steel, with a body-centered cubic (BCC) structure. Their
chemical compositions are listed in Table 1, and they are called ‘24Mn3Cr’, ‘9Ni’, and
‘APIX70’, respectively, hereinafter. The mechanical properties and detailed manufacturing
processes for the tested samples have been reported elsewhere [1]. Before testing, all
samples (2 × 2 × 0.5 cm3) were mechanically polished to 2000 grit sandpaper and cleaned
ultrasonically in ethanol.

Table 1. Chemical composition of the three tested samples.

C Mn Si Cu Cr Ni

24Mn3Cr 0.3–0.4 ~24 0.25–0.35 <0.5 3–3.5 0.02–0.03
APIX70 0.01–0.1 1–2 0.2–0.3 <0.05 0.1–0.2 0.01–0.02

9Ni 0.01–0.1 0.6–0.7 0.2–0.3 <0.01 <0.02 ~9

2.2. Open Circuit Potential and Linear Polarization Resistance Measurements

The electrochemical experiments were carried out with a conventional three-electrodes
cell system consisting of a sample, a Pt grid, and a saturated calomel electrode (SCE), which
served as the working, counter, and reference electrode, respectively. The sample fastened
to the corrosion cell was then immersed in an acidic 3.5% NaCl solution adjusted to pH 3
using CH3COOH, with an exposure area of 1 cm2, for 42 days. The tested samples were
considered as materials for a slurry pipeline that should meet the NACE standard (i.e.,
NACE TM0284 [11]). Considering that the acetic acid was used for the tested solution in
the NACE standard, the pH was adjusted using acetic acid. The change in the open circuit
potential (OCP) with an increasing immersion time was plotted continuously. For the linear
polarization resistance (LPR) measurements, the potential from −20 mV to 20 mV vs. the
OCP of the sample was applied using a potentiostat (Gamry Reference 600, Pennsylvania,
U.S.). The corrosion current density (icorr) was quantified by fitting the experimental LPR
data to the theoretical model based on the Wagner–Traud equation [12] described below.

i = icorr

[
exp

(
2.303(E− Ecorr)

βa

)
− exp

(
−2.303(E− Ecorr)

βc

)]
(1)
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where i, icorr, βa, βc, E, and Ecorr are the measured total current density, corrosion cur-
rent density, anodic Tafel slope, cathodic Tafel slope, measured potential, and corrosion
potential, respectively.

The changes in icorr and mpy (i.e., mils per year, which was derived from icorr by the
unit conversion [13]) with an increasing immersion time were obtained on the same sample.
The experiment was performed three times to ensure reproducibility, and the mean values
and their standard deviations are listed in Table 2.

Table 2. Mean values (µ) and their standard deviations (σ) of several fitted parameters obtained by
curve fitting to the LPR data of the tested samples.

APIX70

icorr (µA·cm−2) Ecorr (V) Rp (Ω·cm2) βa (V·Decade−1) βc (V·Decade−1)

Time µ σ µ σ µ σ µ σ µ σ

1 h 56.7 2.81 −0.6448 0.008 306.07 9.21 0.03 0.007 0.1 0.001
1 d 43.84 5.11 −0.6501 0.009 392.59 6.55 0.06 0.007 0.12 0.003
7 d 26.03 2.13 −0.6782 0.011 644.81 11.21 0.06 0.006 0.12 0.005

14 d 27.07 1.32 −0.6701 0.016 608.72 8.97 0.06 0.008 0.12 0.001
21 d 28.48 1.85 −0.6725 0.008 580.32 7.25 0.06 0.007 0.12 0.002
28 d 23.31 1.22 −0.6786 0.006 683.28 8.22 0.07 0.006 0.11 0.001
35 d 23.38 3.64 −0.6808 0.005 742.01 15.11 0.07 0.005 0.12 0.002
42 d 21.01 3.45 −0.6762 0.008 782.12 13.58 0.06 0.003 0.12 0.005

9Ni

icorr (µA·cm−2) Ecorr (V) Rp (Ω·cm2) βa (V·Decade−1) βc (V·Decade−1)

Time µ σ µ σ µ σ µ σ µ σ

1 h 11.1 1.01 −0.5249 0.008 356.41 8.12 0.03 0.006 0.12 0.002
1 d 18.64 2.11 −0.5905 0.009 908.38 11.52 0.05 0.008 0.12 0.003
7 d 20.28 1.28 −0.6119 0.011 756.89 16.21 0.11 0.004 0.12 0.001

14 d 32.83 2.32 −0.6228 0.023 461.96 12.08 0.12 0.004 0.12 0.001
21 d 40.87 3.11 −0.6291 0.025 442.86 11.02 0.12 0.008 0.08 0.002
28 d 39.26 6.12 −0.6297 0.018 388.72 10.11 0.12 0.007 0.06 0.006
35 d 43.25 5.44 −0.6294 0.014 343.47 8.89 0.12 0.006 0.05 0.004
42 d 43.57 4.89 −0.6399 0.022 349.22 9.87 0.08 0.005 0.02 0.001

24Mn3Cr

icorr (µA·cm−2) Ecorr (V) Rp (Ω·cm2) βa (V·Decade−1) βc (V·Decade−1)

Time µ σ µ σ µ σ µ σ µ σ

1 h 95.12 6.12 −0.7191 0.012 189.03 5.22 0.09 0.008 0.12 0.002
1 d 105.28 7.55 −0.7179 0.016 158.53 2.11 0.10 0.007 0.12 0.001
7 d 68.24 6.33 −0.7112 0.011 258.72 1.59 0.11 0.009 0.12 0.003

14 d 36.48 1.21 −0.7119 0.009 453.14 7.07 0.06 0.003 0.12 0.005
21 d 30.86 1.23 −0.7004 0.011 541.89 8.55 0.05 0.009 0.11 0.006
28 d 23.3 3.11 −0.6925 0.008 679.79 13.27 0.05 0.009 0.12 0.004
35 d 17.31 2.33 −0.6838 0.013 936.40 20.33 0.05 0.007 0.12 0.004
42 d 15.35 1.28 −0.692 0.009 1158.13 23.12 0.05 0.009 0.11 0.006

2.3. Electrochemical Impedance Measurements

Electrochemical impedance spectroscopy (EIS) was performed over the frequency
range, from 100 kHz to 10 mHz, with a sinusoidal AC potential of ±10 mV at the OCP.
The three-electrodes cell system and sample preparation processes were the same as those
for the LPR experiment, as described above. The Nyquist plots obtained were fitted with
an equivalent circuit model using the Gamry Echem Analyst software (ver. 7.07), and the
fitted curves and parameters were plotted. The experiment was performed three times to
ensure reproducibility, and the mean values and their standard deviations were listed in
Table 3.
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Table 3. Mean values (µ) and their standard deviations (σ) of several fitted parameters obtained by
curve fitting to the Nyquist plots of the tested samples.

APIX70

Rs
(Ω·cm2)

Qscale (×10−4

F·cm−2·sn−1)
Rscale

(Ω·cm2) nscale
Qdl (×10−4

F·cm−2·sn−1)
Rct

(Ω·cm2) ndl

Time µ σ µ σ µ σ µ σ µ σ µ σ µ σ

1 h 26.61 1.17 - - - - - - 2.45 0.231 263.5 6.51 0.824 0.006
1 d 24.24 1.21 - - - - - - 2.82 0.55 433.3 8.21 0.794 0.008
7 d 24.07 1.85 0.88 0.07 32.1 2.87 0.872 0.011 3.54 0.46 557.1 12.17 0.743 0.011
14 d 22.56 2.21 0.44 0.06 34.4 3.54 0.930 0.019 5.51 0.44 642.6 13.22 0.657 0.031
21 d 22.90 2.14 7.01 0.31 159.0 7.22 0.622 0.011 0.87 0.11 474.2 20.19 0.956 0.044
28 d 24.45 4.12 0.27 0.07 19.31 2.87 0.891 0.021 13.01 0.90 892.5 21.36 0.587 0.048
35 d 24.60 3.88 0.78 0.13 19.80 1.23 0.87 0.014 13.26 0.77 800.9 13.18 0.567 0.031
42 d 25.12 2.89 1.79 0.18 18.54 1.36 0.77 0.017 11.13 0.73 821.6 25.13 0.557 0.049

9Ni

Rs
(Ω·cm2)

Qscale (×10−4

F·cm−2·sn−1)
Rscale

(Ω·cm2) nscale
Qdl (×10−4

F·cm−2·sn−1)
Rct

(Ω·cm2) ndl

Time µ σ µ σ µ σ µ σ µ σ µ σ µ σ

1 h 21.05 0.09 - - - - - - 1.98 0.31 711.1 11.33 0.854 0.004
1 d 23.41 0.28 - - - - - - 7.66 0.63 834.0 12.58 0.884 0.006
7 d 25.59 1.87 1.89 0.31 35.31 2.88 0.849 0.031 0.63 0.09 1058.1 27.21 0.731 0.033
14 d 27.65 2.31 1.18 0.35 28.72 3.11 0.869 0.022 0.62 0.11 579.1 17.35 0.757 0.029
21 d 28.64 1.87 1.18 0.24 24.28 2.55 0.822 0.034 0.10 0.04 458.5 15.22 0.744 0.019
28 d 31.33 2.33 1.06 0.21 23.39 1.25 0.850 0.028 0.10 0.06 520.7 19.36 0.781 0.022
35 d 26.19 1.55 0.99 0.18 15.18 2.87 0.883 0.033 0.12 0.08 497.5 13.56 0.780 0.018
42 d 29.78 2.53 0.88 0.16 14.36 1.21 0.894 0.043 0.15 0.07 631.3 20.68 0.773 0.035

24Mn3Cr

Rs
(Ω·cm2)

Qscale (×10−4

F·cm−2·sn−1)
Rscale

(Ω·cm2) nscale
Qdl (×10−4

F·cm−2·sn−1)
Rct

(Ω·cm2) ndl

Time µ σ µ σ µ σ µ σ µ σ µ σ µ σ

1 h 30.74 0.18 - - - - - - 4.10 0.11 162.3 2.69 0.722 0.005
1 d 29.84 1.25 - - - - - - 9.82 0.21 139.1 3.11 0.837 0.006
7 d 24.84 1.08 6.56 0.39 108.2 8.91 0.871 0.028 3.61 0.42 199.9 8.43 0.941 0.008
14 d 28.13 2.11 8.50 0.34 354.8 11.21 0.852 0.030 0.24 0.08 103.3 7.14 0.901 0.006
21 d 24.90 3.81 7.93 0.25 394.8 21.22 0.886 0.041 0.26 0.07 134.1 9.78 0.93 0.011
28 d 25.31 2.87 7.06 0.21 546.1 23.58 0.883 0.023 0.21 0.05 162.2 6.74 0.93 0.018
35 d 27.42 6.15 4.65 0.54 737.8 28.28 0.892 0.034 0.18 0.03 253.1 11.81 0.88 0.023
42 d 29.70 4.25 6.25 0.29 756.1 18.21 0.898 0.014 0.29 0.06 279.7 16.87 0.99 0.016

2.4. Analysis of the Corrosion Scale

After immersion in an acidic solution for 7 and 28 days, the surface and cross-section
of the samples were observed using field-emission scanning electron microscopy (FE-SEM)
(Hitachi, Tokyo, Japan). Prior to the cross-sectional observation, the samples, which had
been immersed in the solution, were mounted, grounded mechanically with sandpaper,
and micro-polished with a 1 µm diamond suspension. The elemental compositions in
the corrosion scale formed on the sample surface were examined by energy dispersive
spectroscopy (EDS) (Bruker, Berlin, Germany).

3. Results and Discussion
3.1. Electrochemical Corrosion Behaviors

Similar to the case of neutral aqueous conditions reported previously [1], the OCPs
of the 24Mn3Cr sample were comparatively lower than the other two samples over the
entire immersion period, as shown in Figure 1. Considering that the standard reduction
potential, E0, of Mn (i.e., Mn = Mn2+ + 2e−), is approximately−1.18 V, which is much lower
than that of Fe (−0.447 V) and Ni (−0.257 V) [4,14], the addition of 24 wt. % Mn to steel
decreased the OCP of steel at the early stages of immersion in aqueous conditions. The
OCPs of 24Mn3Cr were ennobled slightly with an increasing immersion time. On the other
hand, the much higher OCPs of 9Ni and APIX70 at the early stages decreased gradually
with an increasing immersion time. In particular, marked decreases in the OCP of 9Ni
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were notable. Although OCP evolution may be associated with the characteristics of the
corrosion scale formed on the steel samples, it cannot be a direct indication of the corrosion
kinetics, and the polarization behaviors need to be examined further.
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Figure 1. OCP evolution of the three tested samples with an increasing immersion time.

Figure 2a–c present the curve fitting to LPR data in a semi-log format. In addition,
Table 2 lists the fitted parameters of the LPR data evaluated in an acidic solution. The Ecorr
values of APIX70 and 9Ni samples decreased in the active direction with prolonged immer-
sion, whereas the Ecorr of the 24Mn3Cr sample showed a tendency to continuously increase
in the noble direction. Compared to the case of a neutral environment [1], the icorr of the sam-
ples measured in an acidic solution, which are listed in Table 2, were considerably higher,
presumably due to the higher cathodic reduction rate by H+ (4H+ + O2 + 4e− → 2H2O) in
the aerated solution and the thermodynamic instability of the corrosion scale, composed
mostly of metal oxides/hydroxides, formed on the steel samples. In particular, the icorr of
24Mn3Cr measured at one-day immersion was significantly higher (i.e., more than five
times compared to that of 9Ni). In addition, it was notable that the differences in icorr among
the samples within one day of immersion under acidic conditions (more than 100 µA/cm2)
were much greater than those under neutral conditions (approximately 10 µA/cm2 [1]).
These suggest that the surface of the 24Mn3Cr sample showed more rapid dissolution
kinetics of metallic cations (Mn2+/Fe2+/Fe3+) at the initial stages under acidic conditions.
Interestingly, from Figure 2d (i.e., icorr–immersion time chart), considerable differences
between the 24Mn3Cr and 9Ni samples were observed with an increasing immersion
time. In contrast to the 9Ni sample, the corrosion resistance of the 24Mn3Cr sample was
improved significantly after a prolonged immersion, as evidenced by the markedly large
decline in icorr. The order of icorr between the 9Ni and 24Mn3Cr samples measured initially
was reversed after 14–21 days of immersion.

This trend was supported further by the change in charge transfer (Rct) and scale
resistances (Rscale) obtained by fitting to the Nyquist plots of EIS with immersion time
(Figure 3). Except for the very early immersion stages, the oxide layers were formed on
the steel surface with a prolonged immersion and the two time constants were contained
in an equivalent circuit to fit the Nyquist plots. In contrast to the bare steel, the corrosion
scale formed on the steel surface could be measured as another resistance due mainly
to its semi-conducting properties [15]. In this regard, the Nyquist plots with prolonged
immersion except for one day of immersion were fitted with an equivalent circuit including
two time constants. The two types of equivalent circuit models used in this work are shown
in Figure 3.
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The fitted parameters from the curve fitting to Nyquist plots with the equivalent circuit
models are listed in Table 3. As shown in the Rp (Rct + Rscale)–immersion time charts, the
lowest Rp of 24Mn3Cr sample at the initial stages increased considerably with an increasing
immersion time, showing the highest value, but it was vice versa in the case of the 9Ni
sample. The highest Qdl of the 24Mn3Cr sample was within 1–24 h of the immersion,
which suggests that the formation of a scale by the adsorption of metallic ions [16–18] at
the sample surface was insignificant. As the immersion time was increased, however, the
formation of a scale with an inhibiting nature (i.e., higher Rp, which can be found in Table 3)
on the surface of the 24Mn3Cr sample was expected. In particular, as shown in Table 3,
the Rscale of 24Mn3Cr was the highest compared to the other samples, and it showed a
tendency to increase significantly with a prolonged immersion. The impedance can be
briefly expressed in the following equation [19–22]:

Z =
1

Y0

[
(jω)n]−1 (2)

where Y0 is the magnitude of the CPE, j is the imaginary number, w is the angular frequency,
and n is the depression parameter (0 < n <1).

Because the derived values of n were less than 1 (see Table 3), this system at the
interface deviated from an ideal capacitance, and the depression angle (α) can be quantified
as follows [23,24].

α =
2(1− n)

π
(3)

Considering that the increase in α (derived from nscale) could be ascribed to the het-
erogeneity of the surface by increasing the surface roughness and forming the porous
layers [24,25], a much smaller α (APIX70: 0.116, 9Ni: 0.088, and 24Mn3Cr: 0.076) for the
24Mn3Cr sample with a prolonged immersion time could also suggest that the sample
may have had surface inhibiting properties with a comparatively higher level of homo-
geneity and a smaller level of porosity. An interesting point which is different from the
measurements in a neutral condition reported previously [1] is that a longer incubation
time was required to ensure the comparatively higher corrosion resistance of the 24Mn3Cr
sample in an acidic environment. On the other hand, the 9Ni sample, which showed
superior corrosion resistance in a neutral solution, exhibited a significant deterioration of
the corrosion resistance as the immersion time was increased in an acidic environment. The
9Ni sample showed the lowest corrosion resistance among the three samples tested after
approximately 14–21 days of immersion.

3.2. Characteristics of the Corrosion Scales

The morphological and compositional differences of the corrosion scale formed on the
24Mn3Cr, 9Ni, and APIX70 samples were compared, and they are shown in Figures 4–7.
As shown in Figure 4, there was no pre-existing corrosion damage or corrosion scale on
the steel surface before immersion. At an early immersion stage (seven days), the sample
surface was not covered uniformly with the (Fe,Cr)-enriched oxide (Table 4), which was
characterized previously as α-Fe2−xCrxO3, [1]. This is clearly different from the results
obtained under a neutral environment, which showed rapid formation kinetics of the
corrosion scale [1]. At the early immersion stages, the much higher icorr, and lower Rct and
Rscale of the 24Mn3Cr sample, presented in the previous section, can be understood by the
slower formation kinetics of α-Fe2−xCrxO3, known as an effective barrier against further
corrosion [1,26].
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APIX70, 9Ni, and 24Mn3Cr, respectively; (g–i) Magnified view of (d–f).
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Table 4. EDS quantitative analysis at each point marked on Figure 5.

Elements
APIX70 9Ni 24Mn3Cr

wt% at% wt% at% wt% at%

O 0.17 23.69 3.20 10.44 21.48 48.31
Cr - - - - 22.52 15.58
Mn - - - - 2.42 1.59
Ni - - 19.76 17.56 - -
Fe 91.83 76.31 77.04 72.00 53.58 34.52

With a prolonged immersion (28 days, Figure 6 and Table 5), however, the sample
surface was fully covered with the inner layer of the (Fe,Cr)-enriched scale. The outer layer
of the Fe(Mn)-based oxide scale was not stably formed even at this stage. These results
suggest that a longer incubation time is required for the stable formation of a corrosion
scale that can act as a barrier against further corrosion in acidic environments. The amounts
of C and Cl, detected by EDS analysis, were very insignificant in this study, which may be
ascribed to the limited resolution of EDS for light elements, such as C and Cl. In this case,
the use of analysis techniques with a higher resolution for light elements, such as electron
probe microanalysis (EPMA), would be needed.
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Figure 6. FE-SEM images of the tested samples immersed in an acidic solution for 28 days. (a–c) Surface
images of APIX70, 9Ni, and 24Mn3Cr, respectively; (d–f) Cross-sectional images of APIX70, 9Ni, and
24Mn3Cr, respectively; (g–i) Magnified view of (d–f).
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Table 5. EDS quantitative analysis at each point marked on Figure 6.

Elements
APIX70 9Ni 24Mn3Cr

wt% at% wt% at% wt% at%

O 14.16 27.75 5.66 17.54 17.71 42.24
Cr - - - - 29.76 21.84
Mn - - - - 2.01 1.39
Ni - - 28.77 24.28 - -
Fe 85.84 72.25 65.57 58.18 50.52 34.52
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(a,b) 9Ni sample immersed for 7 and 28 days, respectively; (c,d) 24Mn3Cr sample immersed for 7 and
28 days, respectively.

On the other hand, the surface of the 9Ni sample was mostly covered with an Fe(Ni)-
based oxide scale at the early stages of immersion (within seven days). Although there
was an even interface between the scale and the underlying matrix, the covering ratio
by the scale was comparatively higher than the case of the 24Mn3Cr sample. With a
prolonged immersion to 28 days, the scale became much thicker, which was more than
eight times the thickness measured in a neutral environment [1]. On the other hand, the
densification and Ni-enriched level in the scale were somewhat lowered, considering the
elemental distribution map and point analysis of Fe/Ni/O. In particular, the outermost
layer in the scale was not covered with a Ni-enriched oxide (i.e., NiO) formed under
neutral conditions [1]. This can be understood by considering the significant decrease in
the thermodynamic stability of Ni-based oxides and the increase in Ni2+ activity with the
increasing acidity (refer to Pourbaix diagram of Ni [27,28]). The decrease in the corrosion
resistance of 9Ni with an increasing immersion time in this acidic solution, based on the
gradual increase in icorr, and the decrease in Rp can be understood in this way. In the case of
the APIX70 sample, there was no significant difference in the elemental composition in the
scale except that the scale became much thicker than that under the neutral conditions [1].

3.3. Corrosion Mechanism of High Mn-Low Cr Steel

Based on the electrochemical analyses and phenomenological observations, the schematic
diagram showing the long-term corrosion mechanism of 24Mn3Cr steel under acidic
environments is provided in Figure 8. At the initial corrosion stage, the rapid dissolution of
Mn on the surface occurred due to the lower standard reduction potential of Mn (−1.18 V)
than that of Fe (−0.447 V). Although the steel surface was not covered uniformly with the
(Fe,Cr)-enriched oxide at the early corrosion stage, a dense and stable (Fe,Cr)-enriched
oxide layer was gradually formed on the steel surface with prolonged immersion, providing
anti-corrosion properties.
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In short, the corrosion inhibiting ability of the ternary (high Mn-low Cr-balanced
Fe)-based austenitic steel under long-term exposure to acidic environments is far superior
to that of 9Ni, which is considered a more expensive steel alloy. This suggests that the
applicability of high Mn-low Cr-based austenitic steel as a structural material can be further
expanded to various industrial fields requiring contact with acidic aqueous environments.
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Figure 8. Schematic diagram of the long-term corrosion mechanism of 24Mn3Cr steel under
acidic environments.

4. Conclusions

This study examined the long-term corrosion behavior of three tested steels in an
acidic environment. The change in the electrochemical corrosion behaviors with immersion
time was interpreted from the characteristics of the corrosion scale formed on the steel
surface. The major findings are as follows.

1. At the early stages of immersion in an acidic solution, the 24Mn3Cr steel sample had
a much higher corrosion current density (icorr) and a lower polarization resistance
(Rp) compared to the two ferritic steel samples. In particular, the 9Ni steel sample
showed the highest corrosion resistance with the lowest corrosion current and highest
polarization resistance. With a prolonged immersion, however, these trends were
gradually reversed, and the order of corrosion resistance measured at the later stages
of immersion was 9Ni < APIX70 < 24Mn3Cr steel samples. In addition, 24Mn3Cr had
the highest scale resistance (Rscale) and the lowest depression angle (α). These results
are in contrast to those obtained in a neutral environment reported previously.

2. The formation kinetics of the (Fe,Cr)-enriched oxide scale on the 24Mn3Cr steel sam-
ple were much slower under acidic conditions. Considering that the oxide scale can
serve as an effective barrier against further corrosion, a longer incubation time is
required for the stable formation of the oxide scale and to ensure a comparatively
higher corrosion resistance in an acidic environment. On the other hand, the 9Ni
steel sample was covered with a thicker (Fe,Ni)-based scale, but the densification and
Ni-enriched level in the scale was lowered at later corrosion stages, due presumably
to the thermodynamic instability of Ni-based oxides in acidic environments. Further-
more, the APIX70 steel sample was covered only by an Fe-based scale which hardly
contributed to the improvement of the corrosion resistance.

Author Contributions: Writing—original draft, J.S.P.; Visualization, J.S.P., S.O.K. and Y.J.J.; Method-
ology, S.O.K., Y.J.J., S.G.L. and J.K.C.; Conceptualization, S.G.L. and J.K.C.; Project Administration,
S.J.K.; Validation, S.J.K.; Writing—review and editing, S.J.K. All authors have read and agreed to the
published version of the manuscript.



Materials 2022, 15, 1746 12 of 13

Funding: This research was supported in part by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIT) (No. 2019R1C1C1005007). In addition, this work was
partly funded and conducted under the Competency Development Program for Industry Specialists
of the Korean Ministry of Trade, Industry and Energy (MOTIE), operated by the Korea Institute for
Advancement of Technology (KIAT) (No. P0002019, HRD Program for High Value-Added Metallic
Materials Expert).

Data Availability Statement: The data supporting the findings of this study are available from the
corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Jeong, Y.J.; Kim, S.O.; Park, J.S.; Lee, J.W.; Hwang, J.-K.; Lee, S.G.; Choi, J.K.; Kim, S.J. Strong and ductile Fe-24Mn-3Cr alloy

resistant against erosion-corrosion. NPJ Mater. Degrad. 2021, 5, 47. [CrossRef]
2. Vladimir, T.; Andrey, B.; Rustam, K. Improve mechanical properties of 18%Mn TWIP steels by cold rolling and annealing. Metals

2019, 9, 776.
3. Nam, Y.-H.; Park, J.-S.; Baek, U.-B.; Suh, J.-Y.; Nahm, S.-H. Low-temperature tensile and impact properties of hydrogen-charged

high-manganese steel. Int. J. Hydrog. Energy 2019, 44, 7000–7013. [CrossRef]
4. Jones, D.A. Principles and Prevention of Corrosion, 2nd ed.; Prentice Hall: Upper Saddle River, NJ, USA, 1996.
5. Ganesan, S.; Prabhu, G.; Popov, B.N. Development of Zn-Mn Alloy Based Sacrificial Coatings. ECS Trans. 2013, 50, 405–424.

[CrossRef]
6. Tzvetkoff, T.; Gencheva, P. Mechanism of formation of corrosion layers on nickel and nickel-based alloys in melts containing

oxyanions-A review. Mater. Chem. Phys. 2003, 82, 897–904. [CrossRef]
7. Liu, R.; Chen, X.P.; Shi, Q.N. Effect of Ni on Corrosion Resistance of Weathering Steels in Wet/Dry Environments. Adv. Mater. Res.

2014, 989–994, 420–424. [CrossRef]
8. Park, J.H.; Seo, H.S.; Kim, K.Y.; Kim, S.J. The Effect of Cr on the Electrochemical Corrosion of High Mn Steel in a Sweet

Environment. J. Electrochem. Soc. 2016, 163, C791–C797. [CrossRef]
9. Kim, B.; Kim, S.; Kim, H. Effects of Alloying Elements (Cr, Mn) on Corrosion Properties of the High-Strength Steel in 3.5% NaCl

Solution. Adv. Mater. Sci. Eng. 2018, 2018, 1–13. [CrossRef]
10. Bosch, J.; Martin, U.; Aperador, W.; Bastidas, J.; Ress, J.; Bastidas, D. Corrosion Behavior of High-Mn Austenitic Fe–Mn–Al–Cr–C

Steels in NaCl and NaOH Solutions. Materials 2021, 14, 425. [CrossRef]
11. Standard Test Method for Evaluation of Pipeline and Pressure Vessel Steels for Resistance to Hydrogen Induced Cracking; NACE TM

0284-96A; NACE International: Houston, TX, USA, 2016.
12. Wagner, C.; Traud, W. Additive hypothesis for oxidation-reduction reactions. Z. Electrochem. 1938, 44, 391–454.
13. Mehta, Y.; Trivedi, S.; Chandra, K.; Mishra, P. Effect of Silicon on the Corrosion Behavior of Powder-Processed Phosphoric Irons. J.

Miner. Mater. Charact. Eng. 2010, 09, 855–864. [CrossRef]
14. Xing, W.D.; Lee, M.S.; Choi, S.H. Separation of Ag(I) by Ion Exchange and Cementation from a Raffinate Containing Ag(I), Ni(II)

and Zn(II) and Traces of Cu(II) and Sn(II). Processes 2018, 6, 112. [CrossRef]
15. Yan, X.; Kang, S.; Xu, M.; Li, P. Corrosion Product Film of a Medium-Mn Steel Exposed to Simulated Marine Splash Zone

Environment. Materials 2021, 14, 5652. [CrossRef] [PubMed]
16. Singh, A.K.; Shukla, S.K.; Quraishi, M.A. Corrosion behavior of mild steel in sulphuric acid solution in presence of ceftazidime.

Int. J. Electrochem. Sci. 2011, 6, 5802–5814.
17. Wang, H.B.; Shi, H.; Hong, T.; Kang, C.; Jepson, W.P. Characterization of inhibitor and corrosion product film using electrochemical

impedance spectroscopy (EIS). In Proceedings of the Corrosion2001-NACE International Annual Conference and Exposition,
Houston, TX, USA, 11–16 March 2001. Paper No. 01023.

18. Palomar-Pardavé, M.; Romo, M.A.R.; Herrera-Hernández, H.; Abreu-Quijano, M.; Likhanova, N.; Uruchurtu, J.; Juarez, J.
Influence of the alkyl chain length of 2 amino 5 alkyl 1,3,4 thiadiazole compounds on the corrosion inhibition of steel immersed
in sulfuric acid solutions. Corros. Sci. 2012, 54, 231–243. [CrossRef]

19. Flis, J.; Pickering, H.; Osseo-Asare, K. Interpretation of impedance data for reinforcing steel in alkaline solution containing
chlorides and acetates. Electrochim. Acta 1998, 43, 1921–1929. [CrossRef]

20. Amin, M.A.; El-Rehim, S.S.A.; El-Sherbini, E.E.F.; Bayoumi, R.S. The inhibition of low carbon steel corrosion in hydrochloric acid
solutions by succinic acid Part I. Weight loss, polarization, EIS, PZC, EDX and SEM studies. Electrochim. Acta 2007, 52, 3588–3600.
[CrossRef]

21. Guo, L.; Tan, J.; Kaya, S.; Leng, S.; Li, Q.; Zhang, F. Multidimensional insights into the corrosion inhibition of 3,3-dithiodipropionic
acid on Q235 steel in H2SO4 medium: A combined experimental and in silico investigation. J. Colloid Interface Sci. 2020, 570,
116–124. [CrossRef]

22. Tan, B.; Zhang, S.; Cao, X.; Fu, A.; Guo, L.; Marzouki, R.; Li, W. Insight into the anti-corrosion performance of two food flavors as
eco-friendly and ultra-high performance inhibitors for copper in sulfuric acid medium. J. Colloid Interface Sci. 2021, 609, 838–851.
[CrossRef]

http://doi.org/10.1038/s41529-021-00195-0
http://doi.org/10.1016/j.ijhydene.2019.01.065
http://doi.org/10.1149/05031.0405ecst
http://doi.org/10.1016/j.matchemphys.2003.08.001
http://doi.org/10.4028/www.scientific.net/AMR.989-994.420
http://doi.org/10.1149/2.1041613jes
http://doi.org/10.1155/2018/7638274
http://doi.org/10.3390/ma14020425
http://doi.org/10.4236/jmmce.2010.910062
http://doi.org/10.3390/pr6080112
http://doi.org/10.3390/ma14195652
http://www.ncbi.nlm.nih.gov/pubmed/34640050
http://doi.org/10.1016/j.corsci.2011.09.020
http://doi.org/10.1016/S0013-4686(97)10004-4
http://doi.org/10.1016/j.electacta.2006.10.019
http://doi.org/10.1016/j.jcis.2020.03.001
http://doi.org/10.1016/j.jcis.2021.11.085


Materials 2022, 15, 1746 13 of 13

23. Jüttner, K. Electrochemical impedance spectroscopy (EIS) of corrosion processes on inhomogeneous surfaces. Electrochim. Acta
1990, 35, 1501–1508. [CrossRef]

24. Shin, S.-B.; Song, S.-J.; Shin, Y.-W.; Kim, J.-G.; Park, B.-J.; Suh, Y.-C. Effect of Molybdenum on the Corrosion of Low Alloy Steels in
Synthetic Seawater. Mater. Trans. 2016, 57, 2116–2121. [CrossRef]

25. Lebrini, M.; Lagrenée, M.; Vezin, H.; Traisnel, M.; Bentiss, F. Experimental and theoretical study for corrosion inhibition of mild
steel in normal hydrochloric acid solution by some new macrocyclic polyether compounds. Corros. Sci. 2007, 49, 2254–2269.
[CrossRef]

26. McCarty, K.F.; Boehme, D.R. A raman study of the systems Fe3-xCrxO4 and Fe2-xCrxO3. J. Solid State Chem. 1989, 79, 19–27.
[CrossRef]

27. Huang, L.-F.; Hutchison, M.J.; Santucci, J.R.J.; Scully, J.R.; Rondinelli, J.M. Improved Electrochemical Phase Diagrams from Theory
and Experiment: The Ni–Water System and Its Complex Compounds. J. Phys. Chem. C 2017, 121, 9782–9789. [CrossRef]

28. Awan, I.Z.; Khan, A.Q. Corrosion-occurrence & prevention. J. Chem. Soc. Park. 2018, 40, 602–655.

http://doi.org/10.1016/0013-4686(90)80004-8
http://doi.org/10.2320/matertrans.M2016222
http://doi.org/10.1016/j.corsci.2006.10.029
http://doi.org/10.1016/0022-4596(89)90245-4
http://doi.org/10.1021/acs.jpcc.7b02771

	Introduction 
	Materials and Methods 
	Materials Information 
	Open Circuit Potential and Linear Polarization Resistance Measurements 
	Electrochemical Impedance Measurements 
	Analysis of the Corrosion Scale 

	Results and Discussion 
	Electrochemical Corrosion Behaviors 
	Characteristics of the Corrosion Scales 
	Corrosion Mechanism of High Mn-Low Cr Steel 

	Conclusions 
	References

