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The corrosion behavior of 14Cr12Ni3Mo2VN martensitic stainless steel at different chloride ion
concentrations was investigated by using the open circuit potential,electrochemical impedance
spectroscopy,potentiodynamic  polarization,Mott-Schottkycurves,scanning  electron  microscopy,
energy dispersive spectroscopy and laser scanning confocal microscopy. It was found that with
increasing concentrations of CI-, the open circuit potential constantly shifted in the negative direction,
and the pitting potential, impedance value and protection potential of the passivation film all
continuously decreased. Meanwhile, the main density Ng of a passivation film was obviously
enhanced, and the number of point defects inside the passivation film and channels for corrosion
medium transmission also increased.The corrosion resistance of thematerial continuously decreased
with an increase in the concentration of CI, leading to an increase in thecorrosion tendency of the
steel. Fe and Cr in a corrosion pit selectively dissolved.Fe migrated out of the pit in the form of an ion,
whereas Cr deposited in the form of an oxide in the corrosion pit. The corrosion pattern of the material
surface changed from circular pitting to linear corrosion along the material surface with increasing
chloride ion concentration, but the depth of the corrosion pit did not significantly increase.
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1. INTRODUCTION

Compared with 12Cr13, 14Cri12Ni3Mo2VN martensitic stainless steel shows better
toughness,high-temperature thermal strength, performance stability, high-temperature oxidation
resistance and steam corrosion resistance because of the addition of Mo, V, N and other alloy elements
and is widely used in the manufacture of supercritical, final-stage turbine blades.A low-pressure final-
stage blade of a steam turbine in a wet steam zone is not only subjected to high speed rotation and
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static stress brought by airflow but is also exposed to oxygen corrosion, acid corrosion and other
corrosive effects[1,2,3,4], which is completely different from its situation in a dry steam zone.

Finite element tools and fracture mechanics theory were used to study the life of steam turbine
blades that had corrosion or defects, and to estimate the residual life of blades that had been operating
for many years,but research on the specific conditions for turbine blades corrosion is not
indicate[5,6,7,8,9].At present, research on the corrosion behavior of turbine blades at the last stage is
mainly focused on determining corrosion factors (such as Cl” in condensing water and dissolved
oxygen) and the corrosion process through investigating corroded blades. However, research on the
effect of ClI" concentration in water condensation on the corrosion behavior of turbine blades is rarely
reported[10,11]. Therefore, it is necessary for the safe operation of steam turbines to directly study the
influence of CI- concentration on blade corrosion[12,13].Herein, the exact corrosion behavior and
process of 14Cr12Ni3Mo2VN martensitic stainless steel was investigated, and the related corrosion
mechanism was discussed. The experimental results can provide a theoretical basis and data support for
practical steam turbine operation and choice of blade material.

2. EXPERIMENTAL

2.1 Working electrode preparation

14Cr12Ni3Mo2VN martensitic stainless steel specimens were used in this study, and their
chemical composition is shown in Table 1.

Table 1. Chemical composition of 14Cr12Ni3Mo2VN martensitic stainless steel

Alloy | C Si | Mn S P Cr Ni | Mo | V N Fe
wt% | 0.15)0.12 | 0.75]0.073 ] 0.013 | 11.50 | 2.97 | 1.61 | 0.28 | 0.034 | balance

2.2 Experimental

The samples (10 mmx10 mmx10 mm) were cold-mounted with an epoxy resin to prevent
crevice corrosion of the samples, and a 1 cm? exposed area was used as a working electrode. Before the
experiment, the working electrode was polished step by step to a specular finish with a grinding
machine, washed in distilled water and eventually dried by hot air just before being introduced into the
electrochemical set-up.The tests were performed with a conventional three-electrode set-up. A
platinum plate was used as a counter electrode, and an SCE (saturated calomel electrode) was used as a
reference electrode.The experimental electrochemical media were NaCl solutions with different
concentrations of 100, 200, 300 and 400 mmol-L™.

Before the electrochemical testing, the working electrode was immersed in NaCl solution
injected with 99.999% argon for 72h. Before measuring, the open circuit potential (OCP vs. SCE) was
obtained after 30 min of running and stabilization. The potentiodynamic measurement rate was set to 1
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mV-s?, and the scanning range started from -500 mV/(vs. SCE) and progressed to an anodic potential
value. When the anodic polarization current density reached 1 mA.cm?, reverse scanning was
immediately carried out until intersecting with the anodic polarization curve, and then the test was
stopped. Electrochemical impedance spectroscopy (EIS) measurements were carried out in a frequency
range of 10°-102 Hz with an amplitude of 10 mV. ZSimpWin software was used for data fitting
analysis.A Mott-Schottky measurement was taken between -0.5 and 1.2 V (vs. SCE) with an ac signal
amplitude of 10 mV. The test frequency was 1 kHz, and each parallel sample was tested at least 3
times for all of the above measurements.

After testing, the samples were rinsed with ethanol and deionized water and dried with cold air.
The corrosion micromorphology of the working electrode surface was observed by a Zeiss EVO-18
scanning electron microscope, and the composition was measured by
energy dispersive spectroscopy(EDS). The depth of the corrosion pit was measured by an OLYMPUS
OLS5000 laser scanning confocal microscope.

3. RESULTS AND DISCUSSION

3.1 Open circuit potentials
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Figure 1. Open circuit potentials for 14Cr12Ni3Mo2VN martensitic stainless steel in deaeratedNaCl
solutions with different concentrations.

The open circuit potentials of 14Cr12Ni3Mo2VN martensitic stainless steel in a NaCl solution
of 100~400 mmol-L™* are depicted in Fig. 1. The open circuit potential of 14Cr12Ni3Mo2VN stainless
steel shifted negatively with increasing NaCl concentration, and the most negative potential of the
sample was obtained by adding 400 mmol-LNaCl solution[14,15].
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The more negative the open circuit potential is, the greater the corrosion tendency [16]. Thus,
the electrochemical activity of 14Cr12Ni3Mo2VN stainless steel increases with increasing NacCl
concentration[17].

3.2 Potentiodynamic polarization
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Figure 2. The potentiodynamic polarization curves of 14Cr12Ni3Mo2VN martensitic stainless steel
samples in different concentrations of NaCl solution:(a)potentiodynamic polarization and
(b)pitting potential and protection potential.

The potentiodynamic polarization curves of 14Cr12Ni3Mo2VN martensitic stainless steel
samples in different concentrations of NaCl solution are shown in Fig. 2a.The potential value
corresponding to the current density rapidly increasing to 100 pA-cm™ on the polarization curve was
the pitting potential. The potential at the intersection of the polarization curve and the anode
polarization curve was the protection potential[18].All curves of the cathode polarization slope in Fig.
2a are very close, indicating that there is no obvious effect of the addition of NaCl on the cathode
polarization rate of 14Cr12Ni3Mo2VN stainless steel. The addition of NaCl mainly affects the anode
process[19].

With increasing NaCl concentration, the pitting and protection potentials of the
14Cr12Ni3Mo2VN sample showeddecreasing trends (Fig. 2b). The self-repairing ability of the
passivation film became weakened, and the pitting sensitivity increased, which resulted in the
corrosion resistance of the passivation film also decreasing [20,21].However, it is noted that the
corrosion potential in Fig. 2a is more negative than the open circuit potential in Fig. 1, which is caused
by the cathode polarization of the sample in the electrochemical polarization test.

A hysteresis ring and peak current density appear in the dynamic potential polarization curves
during the backsweep at different concentrations. For the backsweep of potential, the current density
does not immediately decrease, as there was a section where it increased before starting to
decrease.This is because the passivated film on the surface of the 14Cr12Ni3Mo2VN stainless steel
electrode was broken down during forward scanning, leading to pitting corrosion occurring on the
surface of the electrode[22].A blocking area was formed due to the accumulation of corrosion products
in the anode corrosion pit, resulting in an increase in the concentration of metal cations in the
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occlusion area. To maintain electrical neutrality in the corrosion pit, CI- moves from the outside of the
corrosion pit and continuously migrates and accumulates inside of the corrosion pit. As a result, the
concentration of ClI" in the hole constantly increases.Due to the high conductivity of concentrated salt
solution in the corrosion area, the internal resistance of an occluded battery is very low, and corrosion
is ongoing [23,24].At the same time, the solubility of oxygen is very low, and diffusion is difficult,
leading to the development of pitting corrosion and hinderingthe repair of the metal passivation
film.Even the backsweep in the negative potential direction could not immediately prevent the further
expansion of pitting corrosion, resulting in a continuous increase of current density[25].However, each
backsweep curve intersects the forward sweep curve at a certain potential, and then the current density
remains lower than that of the forward sweep, indicating that a protective passivation film can be
formed on the surface of each sample at this time.Unfortunately, with increasing concentrations of
chloride ions, the protection potential gradually decreases, as shown in Fig. 2b, indicating the
increasing difficulty of repairingthe corroded passivation film [26].

3.3 Electrochemical impedance spectroscopy
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Figure 3. Electrochemical impedance spectroscopy of 14Cr12Ni3Mo2VN martensitic stainless steel
samples in different concentrations of NaCl solution:(a)Nyquist and(b)Bode.
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Figure 4. Equivalent circuit model for electrochemical impedance spectroscopy.
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The electrochemical impedance spectroscopy test results of 14Cr12Ni3Mo2VN stainless steel
in different NaCl concentrations can be seen in Fig. 3.The impedance of each system decreases with
increasing NaCl concentration, which indicates that the protection of the passivation film on the
surface of 14Cr12Ni3Mo2VN stainless steel becomes worse, the corrosion rate increases and the
corrosion resistance decreases with increasing NaCl concentration[27].

The electrochemical impedance spectroscopy at different NaCl concentrations was analyzed by
the equivalent circuit shown in Fig. 4 (see Table 2) [28],where Rs is the solution resistance, CPE(Qx) is
the passivation film capacitance, Rr is the passivation film resistance, CPE(Qa) and R: are the
capacitance and charge transfer resistance of the surface double layer, respectively, andCPE(Q) is
generally used for the in-uniform distribution of the stainless steel surface current and high surface
roughness.The CPE impedance value can be calculated by the following formula:

Zo=(jo) Yo 1)

where Yo is the admittance modulus of CPE, omega is the angular frequency, and n is the
diffusion exponent of the CPE. Its value range is set to 0<n<1. When n=0.5, the CPE is considered a
Warburg impedance.When n=1, the CPE is considered to be the ideal capacitance and when 0.5 < n <
1, the CPE is in a middle state between the above-mentioned states.As shown inTable 2, in the 400
mmol-LNaCl solution, the Rmmin of the 14Cr12Ni3Mo2VN martensitic stainlesssteel is 1.14x10°
Q-cm?With decreasing NaCl concentration, the Rr gradually increases, which indicates that the
passivation film impedance increases,improving the protection[29,30]. The corrosion resistance of the
material fitted by the equivalent circuit is in good agreement with the open circuit potential and
potentiodynamic polarization test results.

Table 2. Parameters of the equivalent circuit

Concentrations Rs/(Q-cm?) Qui Ri/(Q:cm?) Of Rf/(Q-cm?)
of NaCl Yo/(Q1-cm2.SM) N Yol/(Q1-cm2.5%) na
/mmol-L*
100 75.21 2.73x10° 0.90 1.46x10* 1.61x10° 0.52 5.38x10°
200 42.29 3.97x10° 0.92 2.67x10* 2.84x10% 0.64 3.03x10°
300 29.06 3.74x10° 0.92 1.18x10% 4.59x10 0.63 2.30x10°
400 22.19 3.16x10° 0.93 3.56x10* 3.92x10°% 0.72 1.14x10°

3.4 Mott-Schottky

When CI" exists in the solution, it will compete with OH" in adsorbing on the surface of
stainless steel. Further increasing the concentration of NaCl will result in more CI- adsorption on the
electrode surface, thus accelerating the corrosion.The passivation film formed on the surface of a metal
or alloy usually has semiconductor properties[31,32]. When the passivation film contacts the solution,
a space charge layer will be formed on the side of the passivation film, and a Helmholtz layer will be
formed on the side of the solution[33].At this time, the solution and the semiconductor film carry
opposite charges, and the excess charge of the semiconductor film will be distributed in a space charge
layer[34,35].When the space charge layer is in a depleted state, the capacitance of the space charge
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layer and the measured electrode potential can be described and analyzed by the Mott-Schottky
equation[36].
The space charge capacitance has the following relationship with the measured potential:

1 2

@-m(E fb——) )
1

a——m(E Efb——) 3)

W= |20 - Efb——>](4)

where C is the space charge layer capacitance of the passivation film, F; E is the scanning
potential, V; Em is the flat band potential, V; €o is the vacuum dielectric constant, 8.85x10*4 F-cm™; ¢
is the relative dielectric constant at 15.6; N, and N, represents the donor and acceptor densities for n-type
and p-type semiconductors, respectively, cm=; A is sample area, which is set atl in this paper, cm?; K is
the Boltzmann constant, 1.38x10%J.K!; e is the electron charge, 1.6x10°C; T shows the
thermodynamic temperature, K; and W is the thickness of the passivation film, 102 m

Equation (2) represents n-type semiconductor characteristics of the passivation film, while
Equation (3) shows that of the p-type. Equation (4) represents its thickness.Fig. 5 shows the Mott-
Schottky curve for stainless steel in different concentrations of chloride ion solutions. It can be seen
that the Mott-Schottky curve has roughly the same variation trend with 2 intervals[37].The potential
range of the first interval is -0.5-0.4 V. The slope of the fitted straight line is positive,representing an
n-type semiconductor. The potential range of the second interval is 0.4~1.2 V, where the slope is
negative, representinga p-type semiconductor.The main density of Na is one of the important
parameters for describing the passivation properties of stainless steel. Table 3 shows the Nqg value
calculated by fitting the -0.5-0.4 V region of the Mott-Schottky curve (Equation (2)).With increasing
NaCl concentration, the main density Na of the passivation film donor significantly increases[38]. The
point defects in the passivation film increase, and the channels for corrosion medium transfer increase.
Furthermore, the resistance of the charge transfer decreases, which makes the charge transfer and
electrode reaction easier.According to Equation (4), when Nag increases, the thickness of the
passivation film W decreases and the stability of the passivation film becomes worse, showing that its
corrosion resistance decreases[39]. This indicates that with increasing NaCl concentration in solution,
the point defects of the passivation film on the surface increase, forming more channels conducive to
CI" transfer and promoting its adsorption on the surface of the stainless steel matrix, thusfurther
increasing the active point on the surface to promote pitting[40].According to the above results, the
increase of CI- concentration promotes the increase inthe point defect density of the stainless steel
passivation film and reduces its thickness and stability, leading to an accelerating corrosion
occurrence[41]. The above result is consistent with the electrochemical impedance spectroscopy.
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Figure 5. The Mott-Schottky curve of 14Cr12Ni3Mo2VN martensitic stainless steel samples in
different concentrations of NaCl solution.

Table 3. Donor current density

Concentrations of NaCl /mmol-L" Na/(10%* cm™®)
1
100 0.909
200 2.787
300 2.620
400 2.801

3.5 Morphology and composition analysis

The etched pit morphology results are shown in Fig. 6.In a solution with a low NaCl
concentration, the pitting pattern of the 14Cr12Ni3Mo2VN stainless steel surface presents a relatively
regular circular pitting pattern.As the concentration of NaCl increased, the morphology of the
corrosion pit gradually became more complex. The pitting on the sample surface was measured by
using a laser scanning confocal microscope (LSCM, Fig. 7). There was no significant increase in the
depth direction of the observed corrosion pit, while more corrosion developed along the sample
surface.Pyun and Park also found that with increasing NaCl concentration in a Cl containing solution,
the pitting morphology of alloy 600 showed a trend of increasing roughness and more complex
morphology [42].

Typical corrosion pits of each surface sample were selected and marked as three different areas
(A), (B) and (C)(see Fig. 6). An energy dispersive spectroscopy (EDS) analysis was conducted on the
selected areas. The atomic ratio between Cr and Fe along with the oxygen content of the three areas are
shown in Table 4.

According to the EDS analysis results, the corrosion products are mainly composed of Fe and
Cr. Corrosion products in the pits are mainly composed of Cr[43]. The content of Cr corrosion
products inside the pits is higher than that on the outside, but the content trend of Fe is totally opposite
that of Cr. The above observationindicates that when pitting corrosion occurs on the surface and
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spreads inward, the Fe and Cr undergo selective dissolution. Fe quickly migrates out from the
corrosion pit[44,45], while Cr slowly migrates and deposits to a certain extent, resulting in a high Cr
content in the pit interior and aggregated Fe outside of the pit area[46].In addition, the O content of the
sample in the corrosion pit is much higher than that in other areas, indicating that Cr oxides exist in the
corrosion products. That is, during the corrosion of stainless steel, Fe is dissolved into the medium in
the form of ions, while Cr is deposited in the form of oxides[47,48].

Figure 6. The pit morphology of 14Cr12Ni3Mo2VN martensitic stainless steel samples in different
concentrations of NaCl solution:(a)100 mmol-L*,(b)200 mmol-L*,(c)300 mmol-L*?, and
(d)400 mmol-L™.

Table 4. EDS analysis of the selected region in Fig.5

Concentratl_(l)ns/ 100 200 300 400
mmol-L
Region A B C A B C A B C A B C

Cr/Fe(atom/atom) 112 1 0.16 | 0.13 | 1.05 | 0.2 | 0.25|0.21|0.19|0.13 | 0.28 | 0.18 | 0.14

O(wt%) 276|121 035 19.19 | 423 | 116|341 |768 093|941 | 767|790
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Figure 7. Maximum depth of corrosion pits in14Cr12Ni3Mo2VN martensitic stainless steel samples in
different concentrations of NaCl solution.
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4. CONCLUSIONS

With increasing concentrations of CI, the open circuit potential of 14Cr12Ni3Mo2VN
martensitic stainless steel constantly shifted in the negative direction, and the pitting potential,
impedance value and protection potential of the passivation film all continuously decreased.
Meanwhile, the main density Na of the passivation film obviously enhanced, and point defects inside
the passivation film and channels of corrosion medium transmission also increased. The corrosion
resistance of the material continuously decreased with an increase in the CI concentration, leading to a
rising corrosion tendency of the steel.

When pitting corrosion occurs on the surface and begins spreadinginto the pits, Fe and Cr
undergo selective dissolution.Fe will migrate out in the form of an ion, and Cr will deposit in the form
of an oxide in the corrosion pit.The corrosion pattern of the material surface changed from circular
pitting to linear corrosion along the material surface with increasing chloride ion concentration, but the
depth of the corrosion pit did not significantly increase.
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