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Corrosion behaviorsforl4Cr12Ni3Mo2VN martensitic stainless steels in chloride solutions with
different pH values wereinvestigated using an open circuit potential analysis, potentiodynamic
polarization curve analysis, and Mott-Schottky analysis; furthermore, electrochemical impedance
spectroscopy,scanning electron microscopy with energy dispersive spectroscopyand laser scanning
confocal microscopy analyses were also conducted. The open circuit potential of the
14Cr12Ni3Mo2VN stainless steel in 100 mmol-L™ NaCl solution shifted from positive to negative
with increasing pH,and thesmallest electrochemical activity appeared at pH 9.With a reduction in the
pH value from 9, the pitting potential and impedance value continuously decrease, and the main
density Ng of the passivation film obviously increases. Additionally, the number of point defects inside
the passivation film and the number of corrosion medium transmission channelsincrease. When the
solution pH becomes alkaline, the passivation film of Cr has a strong tendency forhydroxylation and
tends to exist in the form of hydroxide with poor protection, leading to areduction in thecorrosion
resistance of the material. Fe, Cr,VV and Mo in the corrosion pit selectively dissolve, which showsthat
Fe migrates to the solution in the form of ions, while Cr,V and Mo deposit in the pit in the form of
oxides or hydroxides.
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1. INTRODUCTION

The last two blade stages are an important part of a steam turbine for converting steam flow
energy into useful work,producing much more than 10% of the total power output[1].Blade failure
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often causes the plant to be unable to operate normally, and the maintenance time and cost increase,
which seriously affects the economic benefits of the plant[2-4].In serious cases, blade failure can lead
to damage of the whole stage impeller, or even can cause the scrapping of the whole steam turbine.
Therefore,to improve the operational reliability of large power station equipment, it is necessary to
solve the problem of blade failure, that is, improve the operational reliability of the blade[5-7].

To increase the safety of the steam turbine and prevent the corrosion of the last stage turbine
blade, the concentration of impurities in the water is strictly controlled[8]. However,in the Wilson zone
of a low-pressure cylinder (the dry and wet steam transfer area), the steam begins to condense into
liquid water, and impurities in the steam are redistributed. Ammonia, an alkalizing agent with a large
distribution coefficient, mainly exists in the vapor phase[9,10]. Acidic gas and organic acid (such as
acetic and formic acid) in the steam prefer distributing in the initial water setting to reduce the pH
value of the aqueous phase so that the part of the passivation film on the blade surface is destroyed and
exposed to the active substrate; the above results in the formation of a corrosion battery with the
passivation surface and brings the risk of pitting[11,12]. A certain amount of NaOH is added to the
boiler water to increase the pH value of the initial condensation and reduce the amount of ammonia,
which is widely used in power plant operation, but the pH value of the condensed water is also
increased by the addition of NaOH[13,14].

At present, research on the corrosion behavior of turbine blades at the last stage has mainly
focused on speculating corrosion factors (such as CI™ in condensing water and dissolved oxygen) and
the corrosion process of corroded blades[6,9,11,12]. However, the influence of the pH value in the
condensing water on the corrosion behavior of turbine blades has rarely been reported[15,16].
Therefore, it is necessary for the safe operation of steam turbines to study the influence of pH value on
its blade corrosion behavior. Herein, the exact corrosion behaviors of 14Cr12Ni3Mo2VN martensitic
stainless steel were investigated, and the related corrosion mechanism was discussed. The
experimental results can provide a theoretical basis and data support for the operation and development
of a practical steam turbine and the choice of blade material.

2. EXPERIMENTAL

2.1 Working electrode preparation

14Cr12Ni3Mo2VN martensitic stainless steel was used as the base material in this work. The
chemical composition in mass percent is 0.15% C, 11.50% Cr, 1.61% Mo0,0.75% Mn, 0.12% Si, 2.97%
Ni, 0.073% S, 0.013% P,0.28% V, 0.034% N and Fe as the balance.

2.2 Experimental

In the sample preparation stage, after cutting 10 mmx10 mmx10 mm specimens, they were
cold-mounted by an epoxy resin to prevent crevice corrosion, and a 1 cm? exposed area was used as a
working electrode. Prior to the electrochemical setup experiment, the specimens were polished to a
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mirror-like finish with a grinding machine,washed in distilled water, and then eventually dried by hot
air. For electrochemical measurements, a three-electrode setup consisting of a specimen as the working
electrode, an saturated calomel electrode (SCE)as the reference electrode, and a platinum plate as the
counter electrode was used. The experimental electrochemical medium was a NaCl solution (100
mmol-L™?), whose pH value was adjusted to 2, 5, 7, 9 and 12 by using hydrochloric acid and sodium
hydroxide solutions.

APARSTAT4000 electrochemical workstation was used to perform the electrochemical
measurements.Before the electrochemical tests, the working electrode was immersed in a test solution
injected with 99.999% argon for 72 h. First, the open circuit potential (OCP vs. SCE) changes with
time were recorded for 30 min until they were stable. Then, electrochemical impedance spectroscopy
(EIS) experiments were conducted at the OCP with a voltage perturbation amplitude of 10 mV in a
frequency range of 10 kHz to 0.01 Hz. The potentiodynamic measurement rate was set to 1 mV-s* and
the scanning range was from -800 mV (vs. SCE)to the 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 stopped.ZSimpWin software was used for an
EIS 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 at 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 Thermo Fisher
APREOQO scanning electron microscope (SEM) and an OLYMPUS OLS5000 laser scanning confocal
microscope(LSCM); additionally, the composition was measured by
energy dispersive spectroscopy(EDS).

3. RESULTS AND DISCUSSION

3.1 Open circuit potentials

The open circuit potentials of the 14Cr12Ni3Mo2VN martensitic stainless steel samples in
NaCl solutions with different pH values are shown in Fig. 1. The open circuit potential of
14Cr12Ni3Mo2VN stainless steel shifted from-0.374 V (pH 2) to -0.104 V with increasing pH values,
and the most positive potential was obtained with pH 9. As we know, the more negative the open
circuit potential is, the greater the occurrence of corrosion[17,18]. It can be seen that the
electrochemical activity of the 14Cr12Ni3Mo2VN stainless steel decreases at the beginning and then
increases with increasing pH,which may be due to a competitive adsorption of OH on the electrode
surface in the solution and changes in the passive film composition[19].
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Figure 1. Open circuit potentials for the 14Cr12Ni3Mo2VN martensitic stainless steel in solutions
with different pH values.

3.2 Potentiodynamic polarization

The potentiodynamic polarization curves of 14Cr12Ni3Mo2VN samples in solutions with
different pH valuesare shown in Fig. 2. The corrosion potential(Ecorr)and corrosion current (lcorr) are
shown in Table 1.The potential value corresponding to the current density rapidly increasing to 100
nA-cm on the polarization curve was due to the pitting potential (Epit,see Table 1). All slopes for the
cathodic polarization curves in Fig. 2 are very close, indicating that there is no obvious effect of pH
value on the cathodic polarization rate of the 14Cr12Ni3Mo2VN stainless steel and that the value of
pH mainly affects the anodic process[20]. When the pH was 5, 7 and 9, the pitting potential of the
14Cr12Ni3Mo2VN samples was 0.235 V, 0.248 V and 0.307 V, respectively, which may be induced
by acompetitive adsorption between CI- and OH" on the electrode surface and the change from CI" to
OHbeing dominant as the pH value increased, leading to a more protective passivation film on the
surface of the working electrode[21,22]. Regardless of a decrease or increase in the solution pH
value(from pH 9), the pitting and protection potential of the 14Cr12Ni3Mo2VN samples show a
decreasing trend (Fig. 2). The self-repairing ability of the passivation film becomes weak, and the
pitting sensitivity increases, resulting in the corrosion resistance of the passivation film also
decreasing[23,24].

When the pH value increases to 12, the pitting potential as defined above increases rapidly,
which is inconsistent with the corrosion resistance in the open circuit potential test. This may be
because the pH value is too high,thus,the oxygen evolution process is superior to the pitting reaction
that occurs on the electrode surface. The oxygen evolution reaction takes place before the pitting
process and has a certain lag effect associated with it, which leads to the phenomenon of a high pitting
potential in the polarization curve of kinetic potential. In addition, Fe compounds in the passivation
film at high pH (pH 12) are more stable than Cr and Mo compounds, and the passivation film is mainly
composed of these less protective Fe compounds, leading to a decrease in the corrosion resistance of
the working electrode[21].However, the hysteresis ring and peak current density of the dynamic
potential polarization curve during the reverse scan indicate that pitting erosion occurred at the stage of
a positive potential sweep. The corrosion potential in Fig. 2 is more negative than the open circuit



Int. J. Electrochem. Sci., Vol. 15, 2020 2170

potential in Fig. 1, which is caused by the cathode polarization of the sample in the electrochemical
polarization test.

A peak current density and hysteresis ring appear in the reverse scans of the dynamic potential
polarization curves at different pH values,except at pH 2. For the reverse scan potentials, 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 work electrode was broken down in
forward scanning, which leads to pitting corrosion occurring on the surface of the sample[25]. A
blocking effect forms due to the accumulation of corrosion products in the corrosion holes of the
anode; the above results in improving the concentration of metal cations in the occlusion area. To
maintain electrical neutrality in the corrosion pit, CI- moves from the outside to the inside of the
corrosion pit. As a result, the concentration of CI™ in the hole constantly increases. Due to the high
conductivity of a concentrated salt solution, the internal resistance of the occluded battery is very low,
and the corrosion is ongoing[26,27]. At the same time, diffusion is difficult, and the solubility of
oxygen is very low, leading to the development of pitting corrosion and hindering metal repurification.
Even the reverse scan in the negative potential direction could not immediately prevent the further
expansion of pitting corrosion, resulting in a continuous increase of current density[28].

The peak current density appears in the dynamic potential polarization curves of the reverse
scanin a pH 2 solution, but no obvious hysteresis ring appears, which may be because the H*
concentration in solution is high and there is a large number of formed corrosion pits (Fig. 6a) and
shallow on the electrode surface to make it difficult to form blocking corrosion holes. When the
reverse scan potential reaches the negative side, the further expansion of pitting corrosion can be
stopped immediately. However, each reverse scancurve intersects the forward scan curve at a certain
potential, and then the current density remains lower than that of the forward scan, indicating that a
protective passivation film can be formed on the surface of each sample at this time.However, the
protection potential shifts from positive to negative with increasing pH, and the most positive
protection potential of the sample is obtained with pH 9, indicating the increasing difficulty of
repairing the corroded passivation film[29].

Usually, in neutral or alkaline solutions, the higher the pH, the more stable the Fe oxide and the
thicker the passivation film. In acidic solution, the oxidation rate of Cr is lower than that of Fe.With a
decrease in the pH value, the Fe content in the passivation film decreases,but the Cr content
increases.With the change of pH value, the passivation film will be selectively dissolved, and its
composition and properties will be changed accordingly.In weak acid and weak alkaline environments,
Cr exists in the form of dense oxides of Cr.03z, and the formed passivation film formed has the greatest
resistance to the diffusion of corrosive ions. Therefore, the passivation film has the best corrosion
resistance in the above pH range.
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Figure 2. Potentiodynamic polarization curves of the 14Cr12Ni3Mo2VN samples in solutions with
different pH values.

Table 1. Electrochemical Parameters of the 14Cr12Ni3Mo2VN samples with different pH values

pH value EcorV leor/ (LA-CM2) Epi/V
2 -0.491 2.269 0.028
5 -0.464 0.158 0.235
7 -0.351 0.258 0.248
9 -0.341 0.167 0.307
12 -0.648 2.234 0.498

3.3 Electrochemical impedance spectroscopy
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Figure 3. Electrochemical impedance spectroscopy of the 14Cr12Ni3Mo2VN martensitic stainless
steel samples in solutions with different pH values: (a)Nyquist and(b)Bode plots.

The electrochemical impedance spectroscopy test results of the 14Cr12Ni3Mo2VN samples in
solutions with different pH values are shown in Fig. 3. The impedance of each system changes with
various pH values, indicating that the passivation film protection on the surface of the sample becomes
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better or worse and that the corrosion rate and resistance shifts from positive to negative with
increasing pH values[30].
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Figure 4. Equivalent circuit model fitted from the electrochemical impedance spectroscopy results.

The electrochemical impedance spectroscopy for solutions at different pH values were
analyzed by the equivalent circuit shown in Fig. 4 (see Table 2) [31]. Among them, R;s is the solution
resistance, CPE(Qy) is the passivation film capacitance, and R is the passivation film resistance.
CPE(Qa) and R are the capacitance and charge transfer resistance of the surface double layer,
respectively. CPE(Q) is generally used for the uniform distribution of current on the stainless steel
surface and the high surface roughness. The impedance value can be calculated by the following
formula:

Zq=(jo) Yo 1)

where Yo is the admittance modulus of the CPE, o is the angular frequency,n is the diffusion
exponent of the CPE,whose range in value is set to 0<n<1. When n=0.5, the CPE is considered the
Warburg impedance. When n=1, it is considered to be the ideal capacitance; when 0.5 <n <1, CPE is
in a middle state between the above-mentioned states. As shown in Table 2, the Rmmax Of the
14Cr12Ni3Mo2VN sample is 9.67x10° Q-cm?, which is the tendency in a 100 mmol-LNaCl solution
at pH 9. When the pH value increases or decreases from 9, the R¢ gradually decreases, which indicates
that the passivation film impedance decreases and reduces the corrosion protection[32,33].The
corrosion resistance fitted by the equivalent circuit has good consistency with the open circuit potential
and potentiodynamic polarization test results.

Table 2. Parameters of the equivalent circuit

pH value R¢/(Q-cm?) Qui Ri/(Q-cm?) o]} Ryl
Yol(Q1-cm2.SM) N Yol(Q1-cm2.5%) na (Q-cm?)
2 68.15 2.46x103 0.55 22.4 2.80x10* 0.87 3.75x104
5 73.82 1.97x10* 0.81 0.77x10* 8.54x10° 0.98 2.41x10°
7 70.02 6.40x10° 0.89 3.09x10° 4.45x10° 0.85 2.62x10°
9 70.35 8.41x10° 0.83 1.74x10* 3.46x10° 0.97 9.67x10°
12 58.97 4.93x10° 0.98 8.39x10° 1.13x10* 0.85 4.14x10*
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3.4 Mott-Schottky analysis

When CI" exists in the solution, it will compete with OH" in adsorbing on the surface of the
stainless steel sample. Further increasing the pH value will result in more OH™ adsorption on the
electrode surface,changing the corrosion behavior of the stainless steel sample[21]. Usually, the
passivation film formed on the surface of a metal or alloy has semiconductor properties[34,35]. 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[36]. At this time, the
solution and the semiconductor film carry an opposite charge, and the excess charge of the
semiconductor film will be distributed in the space charge layer[37,38].When the space charge layer is
in a depleted state, the capacitance of the space charge layer and the measured electrode potential can
be described and analyzed by the Mott-Schottky equation[39].

The space charge capacitance has the following relationship with the measured potential:

1 2 kT
cz - gggeNgA2 (E —Ep — ?) (2)
1 2 kT
cz -7 gggeN, A2 (E N Efb N :) (3)
1
2 kT 2
w=[ERE-Ey-<) [P @

where C is the space charge layer capacitance of the passivation film, F; E is the scanning
potential, V; Es is the flat band potential, V; o is the vacuum dielectric constant, 8.85x10* F-cm™; ¢
is the relative dielectric constant at 15.6; Np and Narepresent the donor and acceptor densities for n-
type and p-type semiconductors, respectively, cm3; A represents the sample area, which is set to 1 in
this paper, cm?; K is the Boltzmann constant, 1.38x1023]-K™%; e is the electron charge, 1.6x107°C; T
shows the thermodynamic temperature, K; and W is the thickness of the passivation film, 101° m.
Equation (2) represents n-type semiconductor characteristics of the passivation film, while Equation
(3) shows those of a p-type. Equation (4) represents the thickness of the passivation layer.

Fig. 5 shows the Mott-Schottky curve of the stainless steel samples in solutions with different
pH values. It can be seen that the Mott-Schottky curve has roughly the same variation trend with 2
intervals[40]. The slope of the fitted straight line is positive, showing an n-type semiconductor. The
second interval,in which the slope is negative, presents characteristics of a p-type semiconductor. The
main density of Ng is one of the important parameters to describe the passivation properties of the
stainless steel samples. Table 3 shows the Ng value calculated by fitting the Mott-Schottky curve
(Equation (2)). With increasing pH,the main density Ng of the passivation film donor decreases at
first and then increases significantly[41,42].

Whether reducing or increasing the pH value from pH 9, the point defects in the passivation
film increase, and the corrosion medium transfer channels increase. Furthermore, the charge transfer
resistance decreases, which makes the charge transfer and electrode reaction easier. According to
Equation (4), when Ng increases, the thickness of the passivation film W decreases and the stability of
the passivation film becomes worse, showing that its corrosion resistance decreases; the above
indicates that with a decrease in pH value from pH 9, the point defects of the passivation film on the
surface increase, resulting from forming more channels conducive to ClI transfer and promoting its
adsorption on the surface of the stainless steel matrix, which further increases the active points on the
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surface that promote pitting. When the pH value becomes more alkaline, the main density Nq of the
passive film donor increases, which is due to more OH™competing for adsorption on the surface of the
sample electrode. Although the adsorption of CI™ on the electrode surface is inhibited, the passivation
film of Cr has a strong tendency of hydroxylation and tends to exist in the form of a hydroxide with
poor protection, leading to a reduced corrosion resistance of the material[21].

According to the above results, the competitive adsorption between the CI- and OH™ ions on the
surface of the 14Cr12Ni3Mo2VN samples can increase the point defect density and reduce the
thickness and stability of the passivation film, which accelerates the occurrence of corrosion[43]and is
consistent with the electrochemical impedance spectroscopy results.
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Figure 5. Mott-Schottky curves of the 14Cr12Ni3Mo2VN samples in solutions with different pH
values (a) pH 2,(b) pH 5, pH 7, pH 9,and pH 12.

Table 3. Donor current density

pH value Ng/(10%! cm®)
2 7.13
5 1.88
7 1.72
9 1.06
12 2.24

3.5 Morphology and composition analyses

The etched pit morphology results are shown in Fig. 6 and Fig. 7. In the solution with a pH 2,
the 14Cr12Ni3Mo2VN stainless steel produces more corrosion pits with a diameter of approximately
30 um (Fig. 6a and Fig.7a), which may be due to a high concentration of H" in the solution and more
active spots on the surface of the working electrode;the above makes the sample more conducive to the
formation of pits.In the solution with a pH 5 or 7, the number of pits on the surface of the working
electrode decrease significantly, and the diameter of the pits increase to 100 um (Fig. 6b, 6¢, 7b, 7c).
This may be due to the increasing pH value of the solution; thus, the corrosion resistance of the surface
passivation film becomes better, and the number of pits is inhibited.There is no significant increase in
the number of pits at pH 9, and the diameter of the pits decreases to approximately 50 um (Fig. 6d,
7d).However, when the pH increases to 12, the size of the corrosion pit increases rapidly to more than
130 um(pH 12,Fig. 6e, 7e), and the morphology is more complex [44], which is mainly due to the poor
corrosion resistance of the passivation film in a strong alkaline solution.
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Typical corrosion pits on the sample surfaces were selected and marked as being either the pit
interior or the substrate. An energy dispersive spectroscopy (EDS) analysis was conducted on the
selected areas (Fig. 8), and the results are shown in Table 4.According to the EDS analysis results, the
corrosion products are mainly composed of Fe,Cr,Vand Mo[45]. Corrosion products in the pits are
mainly composed of Cr,V and Mo.

(b) !

129um 129um A

(@ T

129um & 129pm - a


javascript:;

Int. J. Electrochem. Sci., Vol. 15, 2020 2176

Figure 7. Pit morphologies (LSCM)of the 14Cr12Ni3Mo2VN martensitic stainless steel samples in
solutions with different pH values: (a) pH 2,(b) pH 5,(c) pH 7,(d) pH 9,and (e) pH 12.

The content of Cr,V and Mo of the corrosion products inside the pits is higher than that of the
corrosion products on the outside, but the Fe content is completely opposite compared with those of
Cr,V and Mo, indicating that when pitting corrosion occurs on the surface and spreads inward, Fe, Cr,
V and Mo undergo selective dissolution. Fe quickly migrates out of the corrosion pit, while Cr,V and
Mo slowly migrate and deposit inside the pit to a certain extent; the above results in a high Cr,V and
Mo content in the pit interior and an aggregation of Fe outside of the pit area [46-49]. In addition, the
O content in the corrosion pit is much higher than that in other areas, indicating that Cr,V and Mo
oxides or hydroxides 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,VV and Mo are deposited in the form of
oxides or hydroxides[50,51].
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Figure 8. EDS spectra of the pits in the 14Cr12Ni3Mo2VN martensitic stainless steel samples.

Table 4. EDS analysis of the pit interior and substrate

Element Fe Cr 0 Ni Mo Mn V Cl
Pit interior(at%) 39.72 | 26,99 | 1569 | 2.02 | 12.82 | 0.69 1.82 0.29
Substrate(at%) 76.17 | 9.97 7.10 4.70 1.23 0.62 0.18 0.02

4. CONCLUSIONS

The open circuit potential of the 14Cr12Ni3Mo2VN stainless steel shifted from positive to
negative with an increasing pH value of the solution, and the most positive potential was obtained at
pH 9.

With decreasing pH values from pH 9, the point defects of the passivation film on the surface
increase, forming more channels conducive to Cl transfer and promoting its adsorption on the surface
of the stainless steel matrix; the above further increases the number of active points on the surface to
promote pitting.

When the solution pH becomes more alkaline, the passivation film of Cr has a strong tendency
toward hydroxylation and tends to exist in the form of a hydroxide with poor protection, leading to a
reduced corrosion resistance of the material even though the adsorption of ClI" on the electrode surface
is inhibited.

When pitting corrosion occurs on the surface and spreads into the pits, Fe,Cr,V and Mo
undergo selective dissolution;Fe migrates out of the pit in the form of ions, while Cr,V and Mo are
deposited in the form of oxides or hydroxides in the pit.
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