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PRODUCT DESCRIPTION

Most outage hours for steam turbines are due to corrosion of low pressure (LP) blades and disks
in the phase transition zone (PTZ). Developing an effective localized corrosion damage
prediction model is essential for successfully avoiding unscheduled outages of steam turbines.
This report provides the initial electrochemical data needed for the model development.

Results and Findings
Key results of the experimental stage of the ongoing work can be summarized as follows:

e The general theoretical basis for the damage function analysis has been developed further to
describe the different corrosion events of active and passive pit growth, development of
cracks, and growth of stress corrosion and corrosion fatigue cracks.

e The quantitative characterization of the principal partial corrosion reactions on two low
pressure steam turbine materials has been completed.

e The kinetic equations for hydrogen evolution and oxygen reduction have been developed.

e The experimental data has indicated an order of resistance to pitting of three common PTZ
materials: 17-4PH, 403SS, and A470/471.

Challenges and Objectives

The overall work represents a major new approach to understanding and controlling corrosion in
the PTZ. For the first time, a mechanistic/deterministic description of all stages in the
propagation of corrosion damage has been developed. The evolution of damage can now be
described by the damage functions. The remaining challenge in developing the model is to
describe the evolutionary history of the local environment, the stress, and the operation.

Applications, Values, and Use

Cycle chemistry and stress effects are most often longer term for damage and failures in the PTZ
of the steam turbine. Failures still occur despite much laboratory and field study. Results of this
work will finally provide the needed understanding of the key PTZ processes and, thus, the
means for better failure analysis. More importantly, the project results will be used in the
predictive model that can be used across the turbine fleet.

EPRI Perspective

It is over 25 years since research was initiated to improve understanding of processes in the so-
called thermodynamic salt zone, deposit buildup and behavior in the PTZ, and how these factors
influence the major corrosion mechanisms. However, it is clear that the results of this research
did not lead to a marked improvement in the overall reliability statistics of steam turbines.



Development of this model represents the first step in bringing together all the latest EPRI
Strategic Science & Technology (SS&T) information on the PTZ, particularly the presence of
liquid films during operation that have potential and conductivity, but contain no oxygen. The
model also has confirmed the effects of unit operation and clearly shows that pitting and
corrosion damage is initiated during unprotected shutdown conditions. Reliable electrochemical
data for oxygen, hydrogen, and water reduction—along with values for the passive corrosion
current density—have now been determined in this parallel EPRI research. The next step will be
to test the model on real corrosion situations. Ultimately, an EPRI code for corrosion fatigue and
stress corrosion cracking of LP turbine components will be developed.

Approach

The project team used a rotating disk electrode to determine the current density versus potential
curves for the PTZ materials. The teams determined the corrosion potential and corrosion
currents characterizing dissolution in a pit from the Tafel portions of the anodic and cathodic
polarization curves. They also used visual and microscopic examination of the material surfaces
to quantify the pitting phenomena.

Keywords

Power plant availability
Steam turbines

Steam chemistry
Corrosion
Electrochemistry
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ABSTRACT

This report provides a technical update to EPRI reports (1004190 and 1009690) published in
2004 and 2005. In those reports, a deterministic model based on Damage Function Analysis for
predicting localized corrosion damage in low pressure steam turbines was developed, and model
computer simulations for probability of failure were performed. However, as emphasized in
those reports, the actual deterministic prediction of the propagation of corrosion damage in real
turbines requires information about kinetic (electrochemical) parameters of the particular turbine
steels of interest under the appropriate environmental conditions. The current report is devoted to
the experimental measurements of those parameters for the steels of interest (403SS, A470/471,
17-4PH, and 20Kh13). The data have been expressed in analytical form, so that they can be
easily incorporated into computer codes.

Kinetic parameters for the principal cathodic reactions occurring in the corrosion processes have
been measured. These reactions are the reduction of dissolved oxygen and hydrogen evolution.
The kinetic parameters have been measured for A470/471 and 403SS in NaCl solutions having
various NaCl concentrations, pHs, temperatures, and dissolved oxygen concentrations. The
dependences of the current density for oxygen reduction on the dissolved oxygen concentration
at temperatures ranging from 20°C to 95°C and on the pH of solution are determined. The Kinetic
equations of oxygen reduction relating the process rate (the current density) to the overpotential
of the reaction are also obtained. The kinetic equations for the hydrogen evolution process,
which proceeds according to two mechanisms—the discharge of hydroxonium ions and the
discharge of water molecules—are obtained. The ranges of pH values where the hydrogen
evolution proceeds by each of these mechanisms are determined.

It is shown that the corrosion potential of both steels varies with time as pitting corrosion
develops, indicating that the corrosion rates of the steels also vary with time. The anodic and
cathodic polarization curves on the electrodes totally activated with chloride ions are obtained.
Using these data, the corrosion potential and the current density of steel dissolution in the pits are
estimated. The pH value of the solution and the concentration of dissolved oxygen are the two
parameters that have the strongest effect on the corrosion current in a pit. The corrosion current
density decreases by more than an order of magnitude with an increase in the pH value from 2 to
10 and with a decrease in the concentration of oxygen from 10 mol/cm? (oxygen atmosphere) to
10® mol/cm® (argon atmosphere).

From a comparison of the experimental data, it is concluded that steel 17-4PH exhibits the
highest resistance to pitting corrosion in the NaCl solutions, 403SS and 20Kh13 exhibit
somewhat lower resistance, and A470/471 is much less resistant to this form of localized
corrosion.
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Using computer processing of the experimental data, equations predicting the corrosion potential
and corrosion current density as a function of temperature, pH, and chloride and oxygen
concentrations have been obtained. These equations are now being implemented in previously
developed models and computer codes for prediction of the corrosion damage in LP steam

turbines.
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1

INTRODUCTION AND OBJECTIVES

Localized corrosion damage in low pressure steam turbine components is often considered as the
main cause of turbine unavailability [1, 2]. The principal objective of this project is to develop
methods for predicting the evolution of corrosion damage (pitting, stress corrosion cracking, and
corrosion fatigue) in steam turbine blades and discs. The development of such methods is
essential for the avoidance of unscheduled downtime in steam turbines and, in some cases, also
for devising effective strategies for extending the turbine service life.

In the previous report and articles [3-5] the general models and computer codes for predicting
probability of failure in steam turbines have been described. These models can predict corrosion
damage, (e.g. probability of failure, Ps, as a function of critical crack depth, L, and service life,
ts) if external conditions are known as a function of time in real systems. In this case, detailed
information about the Kinetic parameters for various chemical and electrochemical processes
occurring in the system (for example, exchange current densities and transfer coefficients for the
various charge transfer reactions) is necessary. These models can also be used in the case when
the depth of the deepest crack (pit) is known as a function of time in turbines under practical
conditions from short-time experiments. In this latter case the extrapolation of corrosion damage
with time can be done, in principle, without any information about the kinetic coefficients of the
system. However, even in this case, the information about kinetic coefficients is desirable. Thus,
knowledge of the kinetic parameters can reduce the number of unknown parameters that must be
determined by optimization and can therefore increase the accuracy of the prediction. On the
other hand this information allows prediction of corrosion damage when external (operation)
conditions can change. In all cases, it is necessary to specify the corrosion evolutionary path in
terms of the evolution of those properties of the system (e.g., temperature, pH, and oxygen
concentration) that have an impact on the rate of corrosion.

This report presents the results of experimental investigations of electrochemical behavior of
stainless steels that are widely used in low pressure steam turbines. The kinetic properties of the
cathodic and anodic processes of the components that combine to form the overall corrosion
process were studied at various concentrations, temperatures, and pH values of NaCl solutions
containing various amounts of dissolved oxygen. Anodic and cathodic voltammograms, which
were measured by a special procedure, were used to determine the current density of steel
dissolution in pits and the corrosion potential under various conditions. The long-term corrosion
potential measurements (the “open-circuit potentials™) were performed, and the corrosion
damage of test specimens was analyzed after holding them in the NaCl solutions for prescribed
times. Measured electrochemical parameters, along with the measured dependences of corrosion
potential, Ecorr and corrosion currents as a function of external conditions, can be used in the
models and computer codes for predicting corrosion damage.

1-1
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Table 1-1 lists the compositions of the 403SS and A470 steel used in this study. The most
significant difference between them is that 403SS contains a considerably larger amount of
chromium, which commonly has a pronounced effect on the electrochemical behavior of steels.
Table 1-1 also lists the compositions of two other steels, 20Kh13 and 17-4 PH, which are used
for the production of steam turbine components, since several experiments were performed to
study the electrochemical and corrosion behavior of these steels, in order to compare them with
the behavior of A470 and 403SS.

In this report, only some of the data obtained on the electrochemical and corrosion behavior of
several of the steels are presented. The additional results will be presented in a later report and
after additional analysis to extract system property information more fully in several papers,
which are in preparation.

Table 1-1
Chemical Compositions of Tested Steels
403SS A470/471 17-4PH 20Kh13

C 0.12 0.25-0.30 0.04 0.205
Ni 0.22 0.9-1.2 3.00-5.00 0.20
Cr 12.34 1.7-2.0 15.00-17.00 12.45
Mo 0.15 0.6-0.8 0.500 0.1
\% - 0-0.06 - -
Mn 0.42 0.5-0.8 1.00 0.32
Si 0.18 0-0.30 1.00 0.41
Co 0.05 - - -
Cu 0.05 - 3.00-5.00 -
Sn 0.004 - - -
Al 0.01 - - -

N 0.03 - - -

S 0.04 0-0.015 0.03 0.009
P 0.020 0-0.01 0.04 0.014
Nb - - 0.400 -
Ti - - 0.150 -
Fe balance balance balance balance

1-2
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2

EXPERIMENTAL TECHNIQUE AND RESULTS

The current density vs. the potential curves (voltammograms) for the steels were measured using
the potentiodynamic method with a potential scan rate of 1 mV/s. A rotating disk electrode was
used. To determine the kinetic parameters of metal anodic dissolution in a pit, the direct
potentiodynamic curve was measured from the open-circuit potential to the pitting potential, or
somewhat higher; the electrode was held at this potential up to the total activation of the entire
electrode surface. Then, the reverse potentiodynamic curve was measured to the potential at
which the current sign changed, and then, the potentiodynamic curve was measured further into
the cathodic range. The portion of reverse anodic potentiodynamic curve in the range of rather
low current densities (in order to avoid ohmic potential drop error in the measurement) was
plotted with semilogarithmic coordinates. The cathodic portion of potentiodynamic curve was
also plotted with semilogarithmic coordinates. In the cases where activation of the entire surface
of the test specimen with chloride ion was hampered (for example, at relatively low
concentrations of NaCl), specially selected modes of pulse surface activation were used. The
determination of corrosion potential and corrosion current characterizing dissolution in a pit from
the Tafel portions of the anodic and cathodic polarization curves will be described in the
corresponding section.

The direct measurements of the steel corrosion potential in the NaCl solutions of various
concentrations and pH values were performed by holding the test specimens in the corrosive
medium for a long time (up to 3000 hours). Visual and microscopic examinations of steel
specimen surfaces were performed upon termination of each experiment.

The electrochemical cells used enabled the researchers to perform measurements at prescribed
temperatures while saturating the solution with air, argon, or oxygen. The potentials were
measured against a saturated silver-chloride reference electrode. In the text and figures, the
potentials are given with respect to a standard hydrogen electrode.

2.1 Longterm Measurements of Corrosion Potential

2.1.1 Steel 403SS

Figures 2-1 and 2-2 give the results of longterm measurements of the corrosion potential, Ecorr, Of
403SS in the NaCl solutions of several concentrations ranging from 0.001 to 1.0 M and in 0.1 M
NaCl solution at pH 2, 6, and 10. The values of E., in the more concentrated solutions (from 0.1
to 1.0 M) decrease with the time of specimen exposure in the solutions and reach approximately
—0.2 t0 -0.24 V at the end of the test period of 3000 h. A shift of potential in the negative
direction with time is associated with the development of pitting, as a result of the predominant

2-1
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Experimental Technique and Results

action of aggressive chloride ions inducing passivity breakdown on the steel surface. In more
dilute solutions (0.01 and 0.001 M), Ecor shifts to more positive values, due to the predominant
passivation process as a result of interaction of the metal with oxygen and/or water. At the end of
the measurement period, Ecorr 0f 403SS is approximately 0.1 V in the 0.01 M NacCl solution and
is approximately 0.15 V in the 0.001 M NacCl solution. However, this does not mean that the
steel is immune to pitting corrosion in these solutions. Pitting, which results from the breakdown
of passivity, can occur after a longer period of time, because the breakdown process is
characterized by an induction time that is a function of potential, [CI'], pH, temperature, and so
on. Thus, it is well known that the induction period for stable pitting increases and the pitting
rate decreases with a decrease in the concentration of aggressive solution. The results of
examination of steel specimen surfaces after longterm (two or more months) exposure in 0.01 M
solution confirmed the presence of pitting corrosion.

The corrosion potential, Ecor, 0f 403SS in 0.1 M NaCl solutions at various pH values fell in the
vicinity of —0.2 V; Ecor shifts only slightly in the direction of more negative values with a
decrease in pH (Figure 2-2).
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Figure 2-1

Time-variation of corrosion potential of steel 403SS in NaCl solutions of various
concentrations; pH 6; temperature of 20°C (68°F).
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Figure 2-2

Time-variation of corrosion potential of steel 403SS in 0.1 M NaCl solutions with various
pH values; temperature of 20°C (68°F).

2.1.2 Steel A470/471

Figures 2-3 and 2-4 give the results of longterm measurements of corrosion potential, Ecor, Of
A470/471 steel in the NaCl solutions of several concentrations ranging from 0.001 to 1.0 M and
in 0.1 M NaCl solution at pH 2, 6, and 10. The values of E..r shifted rather quickly in the
direction of more negative values and, in all cases, reached a potential of about —0.4 V. As was
shown by visual and microscopic analysis of the surface of test steel specimens after holding
them in the NaCl solutions for various periods of time, a shift of potential in the negative
direction is associated with the development of pitting. Probably, E. reaches a virtually
constant value, when a sufficiently large fraction of specimen surface is activated by the
aggressive chloride ion, and this value of E.,, corresponds to the activated surface, whereas the
initial Ecorr corresponds to the state resulting from the interaction of the metal surface with water,
which, as a rule, is a passivator.
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Figure 2-3

Time-variation of corrosion potential of steel A470/471 in the NaCl solutions of various
concentrations; pH 6; temperature of 20°C (68°F).
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Figure 2-4

Time-variation of corrosion potential of A470/471 steel in 0.1 M NaCl solutions with various
pH values; temperature of 20°C (68°F).

2.2 Cathodic Processes on Steels 403SS and A470

Two cathodic reactions that are most probable in the corrosion process of 403SS and A470/471
steel in the NaCl solutions were studied: the hydrogen evolution and the dissolved oxygen
reduction. These reactions were studied in the temperature range from 20°C to 95°C (68°F to
203°F), with pH from 4 to 10 (some dependences were measured in the pH range from 2 to 10),
and dissolved oxygen contents from 100% (saturation) to 1%. The studies were performed by
using potentiodynamic techniques, in which the potential is swept linearly with time and the
current is recorded. The results enable characterization of these two principal cathodic reactions
of the corrosion process: the reduction of dissolved oxygen and hydrogen evolution. The kinetic
equations of oxygen reduction relating the process rate (the current density) to the overpotential
of reaction were obtained. The kinetic equations for the hydrogen evolution process according to
two mechanisms—the discharge of hydroxonium ions and the discharge of water molecules—
were obtained. It was shown that for pH < 4, hydrogen evolution proceeds via the reduction of
H*, whereas in more basic solutions the principal reaction is the reduction of H,O. Thus, the
ranges of pH values at which hydrogen evolution proceeds by each of these mechanisms were
determined.
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By way of illustration, Figure 2-5 shows the dependence of the logarithm of the cathodic
evolution current on the logarithm of hydrogen ion concentration in the solution at a potential of
—0.67 V for A470/471 turbine rotor/disc steel. It is seen that, in the pH range from 8 to 6, the rate
of cathodic evolution only slightly increases with a decrease in the solution pH. Obviously, in
this pH range, the reaction proceeds predominantly via the reduction of water molecules:

2H,0 + 2e — H, + 20H". Over the pH range from 5 to 2, however, the character of the
dependence changes: the hydrogen evolution rate steeply increases with solution acidification.
As follows from Figure 2-5, in this pH range the reaction order of hydrogen cathodic evolution
with respect to hydrogen ions is 0.757, indicating that the hydrogen evolution proceeds by the
mechanism 2H" + 2e — H,.
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Figure 2-5

The effect of the bulk concentration of H" (pH) on the rate of hydrogen cathodic evolution
on A470/471 steel in 0.01 M NaCl solution at 20°C (68°F) and at a potential of —0.67 V.

Figure 2-6 yields the cathodic polarization curve (the dependence of cathodic current density i on
the overpotential 1), which was obtained experimentally for hydrogen evolution on A470/471 in
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0.01 M NacCl solution with pH = 4 at 20°C (68°F). To approximate the experimental curve, an
equation describing the mixed kinetics of electrode processes was used:

. i)’ ( aFnj :
I=-lg| 1-—— | exp| —— Equation 2-1
Iy RT

where i, is the exchange current density, iq is the limiting diffusion current density, o is the
transfer coefficient, F is the Faraday number, R is the gas constant, and T is the temperature. The
magnitudes of the parameters providing good agreement between the experimental results
(circles) and calculated data (dotted line) were determined: i, = 4.85 x 10° A/cm?, p = 0.757,

a =0.315, and iq= 1.4 x 10* A/lcm?. Application of this equation, which accounts for the
diffusion stage, incorporates both activation and diffusion in controlling the reaction rate, and
appears especially appropriate when no pronounced Tafel curve region is observed in the
experimental plots.
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Figure 2-6

Plots of the current density of hydrogen evolution vs. overpotential based on the
experimental results (circles) and calculated data (the dotted line) using Equation 2-1,
taking into account the variation in the solution sH* concentration near the cathode.
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Figure 2-7 shows a plot of limiting cathodic current density vs. the oxygen concentration in the
solution for A470/471 steel. The linear character of the plot shows that oxygen diffusion controls
the process rate under these conditions. Similar (linear) plots are observed at other pH values and
temperatures of the solution.
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Figure 2-7

Dependence of current density for oxygen reduction on A470/471 steel at a potential of
—-0.663 V , temperature of 20°C (68°F), and pH 8 on the degree of oxygen saturation of the
0.01 l\él NaCl solution (100% saturation corresponds to an oxygen solubility of 1.36 x 10°
M/cm®).

Figure 2-8 displays the polarization curves for oxygen reduction on 403SS at various electrode
rotating rates. In these curves, the limiting current range is observed; it is seen that the limiting
current substantially depends on the electrode rotational rate, as expected.
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Figure 2-8

Polarization curves for oxygen electroreduction on a rotating disk electrode of 403SS at
rotational rates of (1) 670 rpm, (2) 1060 rpm, (3) 1460 rpm, and (4) 1900 rpm. The inset
gives the dependence of the limiting current for oxygen electroreduction on the square
root of the electrode rotational rate (the experimental data [circles] and calculated data
[dotted line]); a linear relationship is predicted by the Levich equation.

On iron and steels of various compositions, in some cases the limiting current is observed in the
potential range where the electroreduction of oxygen takes place. The current is limited by
diffusion and, in the experiments with the rotating disk electrode, obeys the Levich equation
[10]. In other cases, the dependence of the oxygen reduction current on the rate of oxygen
delivery to the electrode surface is not pronounced, and its character depends on the time of
electrode exposure to the electrolyte solution or on the pretreatment of the electrode surface
[8-10]. This is caused by the dependence of the oxygen reduction rate on the properties of the
surface oxide layer, which are determined by various factors.
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When the limiting current is controlled by diffusion, in accordance with the Levich equation
[10], ig is linearly proportional to the square root of the electrode rotational rate, w:

iy = 0.62 nFc, D3y w2 Equation 2-2

where n is the number of electrons involved in the reaction; c, is the bulk concentration of
reagent; D is the diffusion coefficient; v is the solution viscosity; and w is the electrode rotational
rate. In the calculations reported here for the rate of oxygen electroreduction, the following
magnitudes of these parameter values were used: n = 4; ¢c,= 2 107 M/cm®; D =2 10° cm?/ c;
and v = 10% cm?/ ¢ . The inset of Figure 2-8 yields the dependence of the limiting current of
oxygen electroreduction (from the data in Figure 2-8 at a potential of -0.75 V) on the square root
of the electrode rotational rate. The dotted straight line is calculated using the Levich equation.
The agreement between the experimental and calculated dependences of the limiting current on
the electrode rotational rate indicates that the process is controlled by oxygen transfer from the
bulk solution to the electrode surface. The process involves four electrons; oxygen is reduced
completely to water, without the accumulation of hydrogen peroxide in the near-electrode space
during the course of reaction.

2.3 Determination of Corrosion Potential and Corrosion Current

To determine the corrosion rate, it is insufficient to measure only the corrosion potential, because
the rate of the anodic oxidation of the steel substrate and its dependence on potential and other
independent parameters must be also known. Moreover, the direct method of measuring Ecorr,
which was used in the previous section, is very time consuming.

To predict the damage accumulated by uniform corrosion, the principle of charge conservation is
commonly used [12]. At the corrosion potential (it is assumed to be identical over the entire
specimen surface and constant in time), the current densities of cathodic and anodic reactions are
equal. Commonly, the Tafel portions of anodic (metal dissolution) and cathodic (reduction of
dissolved oxygen in neutral aqueous salt solutions) polarization curves are measured
experimentally and extended until they intersect each other. The corrosion potential and the
corresponding corrosion current are determined by the intersection point, and the corrosion
current is converted into the linear or weight corrosion rate. According to the same principle, in
the case of pitting corrosion, Ecor can be determined by the coordinate of the intersection of the
extended cathodic Tafel portion and extended anodic polarization curve corresponding to the
passive metal state, because pits form on the passive surface. Therefore, it is assumed that pitting
does not change the specimen potential, because the fraction of surface occupied with pits is
small. In some cases, this is indeed so [13]; in this work it was found that E., varies with time in
the chloride solutions employed.

In order to determine the dissolution rate (the dissolution current density) of the metal in a pit at
the corrosion potential, it is necessary to obtain the anodic polarization curve corresponding to
the metal dissolution in a pit, and to then extrapolate the curve to the corrosion potential. These
curves were obtained according to the procedure described earlier (by the reverse
potentiodynamic anodic curve after total activation of the entire surface of the test specimen).
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The cathodic polarization curves were obtained by extending the reverse anodic potentiodynamic
curve to the range of cathodic potentials. In the anodic and cathodic polarization curves, the
Tafel portions were found; then, by their intersection, Ecor Was determined, which corresponds to
the stage of developed pitting corrosion—that is, the stage when the potential is determined by
the potential of steel surface activated by chloride ions, but not by the potential of passive
surface. These experiments were performed at several concentrations of NaCl in the solution,

and at several pH values and temperatures of 0.1 M NaCl solution. By way of illustration, Figure
2-9 shows the anodic and cathodic polarization curves plotted on the semilogarithmic
coordinates, which were obtained for steel 403SS in 1 M NaCl solution with pH = 6 at 20°C. The
intersection point of the anodic and cathodic Tafel portions yields Ecor = —0.24 V. (This value is
close to the corrosion potential, which is reached in the long-term measurements of E.,r and
corresponds to highly developed pitting; see Figure 2-1.) The current density of metal dissolution
in the pits at this potential is 3.5 x 10°° A/cm?.
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Figure 2-9

Anodic (triangles) and cathodic (squares) polarization curves of 403SS in 1 M NaCl
solution with pH = 6 at 20°C (68°F). The Tafel portions of these curves are shown with
straight lines. The corrosion current and corrosion potential are determined by the
coordinates of the intersection of the straight lines.

The current density of metal dissolution in a pit at the initial stage of the corrosion process can be
determined as the current density in the anodic polarization curve corresponding to the
dissolution in a pit at the corrosion potential, which is observed within several minutes after
dipping the test specimen into the solution (about 0 V). Under these conditions, the current
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density of steel dissolution is approximately 2 x 10* A/cm?. Thus, the rate of steel pitting
dissolution decreases with time as Ecor shifts in the direction of more negative values.

The corrosion potentials and corrosion currents in the pits were determined by the above method
in NaCl solutions with concentrations of 0.1 to 1.0 M (at lower concentrations, the experiments
failed to achieve the total activation of the entire electrode surface in order to obtain the anodic
polarization curve corresponding to steel dissolution in a pit), in 0.1 M NaCl solution with

pH =2, 6, and 10, and in 0.1 M solution with pH = 6 at temperatures of 20°C, 50°C, and 85°C
(68°F, 122°F, and 185°F). Figures 2-10 to 2-17 give the results for 403SS.
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Figure 2-10
Corrosion potential of steel 403SS vs. the concentration of NaCl in solutions with pH =6 at
20°C (68°F).
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Figure 2-11
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Corrosion potential of 403SS vs. pH value in 0.1 M NacCl solution at 20°C (68°F).
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Corrosion potential of steel 403SS vs. temperature in 0.1 M NaCl solution with pH = 6.
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Figure 2-13
Corrosion potential of steel 403SS vs. oxygen concentration in 0.1 M NaCl solution with pH
=6 at 20°C (68°F).

2-15



EPRI Proprietary Licensed Material

Experimental Technique and Results

-5.45 s '
-5.50
-5.55

5.60 - "

109 icorr (Afcm?)

-5.65 =
-5.70 rs

5754

" 1 L) I L 1 N 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0
Craciy M

Figure 2-14
Corrosion current in the pits on 403SS vs. concentration of NaCl with pH = 6 at 20°C
(68°F).
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Figure 2-15
Corrosion current in the pits on 403SS vs. pH of 0.1 M NacCl solution at 20°C (68°F).
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Figure 2-16
Corrosion current in the pits on 403SS vs. temperature in 0.1 M NaCl solution with pH = 6.
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Figure 2-17
Plot of corrosion current in the pits on 403SS vs. oxygen concentration in 0.1 M NacCl
solution with pH = 6 at 20°C (68°F).

These dependences can be expressed by the following equations for the corrosion potential and
the corrosion current density in the pits:

Eor =0.029—0.17xC . —0.0062x T +1.86x10° x C, —10.4x exp(~2.03pH)
Equation 2-3

and
log(i.,) =—4.63+0.31x Cy,,exp(-0.79pH) — 5.92exp(-0.08T) + 0.0013exp(6.86 x10° x C,, )

Equation 2-4

Here, as well as in other sections of report, the potential is measured in volts against SHE; the
current density is given in units of A/cm?; the temperature is in °C; the concentration of NaCl
solution is in mol/l (M); and the concentration of dissolved oxygen is in mol/cm®.

To obtain a general equation for the corrosion potential and logarithm of the corrosion current

density, the sum of the partial dependences of these dependent variables on temperature, pH, and
NaCl and O, concentrations was approximated by linear or exponential functions, and a certain
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constant was added, so that the dependence best matched the experimental data. The linear plots
in Figures 2-10 to 2-17 are described by Equations 2-3 and 2-4.

The corrosion potential and corrosion current in the case of A470/471 steel were determined in
the same manner as in the case of 403SS. By way of example, Figures 2-18 and 2-19 give the
anodic and cathodic polarization curves in semilogarithmic coordinates, which were measured in
0.1 M NaCl solution with pH = 10 and in 1.0 M NaCl solution with pH = 6 at 20°C (68°F). On
these figures, the determination of Ecor and icorr IS Shown.
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Figure 2-18

Anodic (triangles) and cathodic (squares) polarization curves for A470/471 steel in 1 M
NaCl solution with pH = 6 at 20°C (68°F). The Tafel regions are shown as straight lines. The
corrosion current and corrosion potential are determined by the coordinates of the
intersection of the straight lines.
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Figure 2-19

Anodic (circles) and cathodic (squares) polarization curves for A470/471 steel in 1 M NacCl
solution with pH =10 at 20°C (68°F). The Tafel regions are shown as straight lines. The
corrosion current and corrosion potential are determined by the coordinates of the
intersection of the straight lines.

The corrosion potential and corrosion current density in the pits were determined in the NaCl
solutions with concentrations of 0.1 to 1.0 M, in 0.1 M NacCl solution with pH = 2, 6, and 10, and
in 0.1 M solution of pH = 6 at temperatures of 20°C, 50°C, and 85°C (68°F, 122°F, and 185°F).
Figures 2-20 to 2-27 give the results.
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Figure 2-20
Corrosion potential of A470/471 steel vs. NaCl concentration with pH = 6 at 20°C (68°F).
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Figure 2-21
Corrosion potential of A470/471 steel vs.

pH

pHin 0.1 M NaCl solution at 20°C (68°F).
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Figure 2-22
Corrosion potential of A470/471 steel vs. temperature in 0.1 M NaCl solution with pH = 6.
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Figure 2-23
Corrosion potential of A470/471 steel vs. dissolved oxygen concentration in 0.1 M NacCl

solution with pH = 6 at 20°C (68°F).
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Figure 2-24
Corrosion current density for A470/471 steel vs. the concentration of NaCl in solutions
with pH = 6 at 20°C (68°F).
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Figure 2-25
Corrosion current density for A470/471 steel vs. pH in 0.1 M NacCl solution at 20°C (68°F).
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Figure 2-26

Corrosion current density for A470/471 steel vs. temperature in 0.1 M NaCl solution with

pH = 6.
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Figure 2-27

Corrosion current density for A470/471 steel vs. dissolved oxygen concentration in 0.1 M
NaCl solution with pH = 6 at 20°C (68°F).

These dependences can be expressed by the following equations for the corrosion potential and
the corrosion current density in the pits:

E o = ~0.52+0.50exp(~0.036 x T) — 0.2exp(-9.43x10° C, ) + 0.2exp(~8.55C ;) — 0.010pH

Equation 2-5
and

log(i,,, ) = —3.42—0.49exp(-3.88C, ) + 5.16exp(—0.83pH) — 20.3exp(-0.22 x T)
—1.66exp(-1.06x10°C, )

Equation 2-6
The linear plots shown in Figures 2-20 to 2-27 are described by Equations 2-5 and 2-6.
Comparing the data presented in Figures 2-1 and 2-2 with the data presented in Figures 2-10 and
2-20, it can be seen that some results obtained by different methods are not in agreement. This is

primarily true for the Ecor Values. In order to obtain quantitative data, in the above equations the
results were derived from the anodic and cathodic voltammograms (examples are given in
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Figures 2-9, 2-18 and 2-19). The results of longterm measurements of E¢r were used to
demonstrate a very important effect: a pronounced change of E..r With time as pitting corrosion
develops. New problems arising during the experimental investigation, obviously, require further
study in order to obtain more precise parameter values that in turn may be used to make more
robust predictions of corrosion damage in these steels.

2.4 Comparison of the Resistance of Several Steels to Pitting Corrosion

A set of experiments was performed to study the electrochemical and corrosion behavior of
steels 20Kh13 and 17-4PH, in order to compare the tendencies of steels with different
compositions toward pitting corrosion.

To compare the corrosion resistance of 403SS, A470/471, 20Kh13, and 17-4PH, Table 2-1 lists
the corrosion current densities in the pits in 0.1 M NaCl solution with pH = 6 at 20°C (68°F)
during the development of the pitting corrosion damage, when Ec, is determined by the
presence of pits rather than by the passive state.

Table 2-1
The Corrosion Current in a Pit in 0.1 M NaCl Solution for Various Steels
Steel A-470 403SS 17-4PH 20Kh13
Icorr -5 -6 -6 6
(A/cmz) 7x10 1.8x10 3.5x10 1.2x10

From Table 2-1, it follows that for 403SS, 17-4PH, and 20Kh13, the corrosion current densities
are virtually identical (within experimental error). However, the dissolution rate of A470/471 is
considerably higher. Additional experiments provided further information on this issue. For
instance, in spite of close values of the corrosion current densities for 403SS and 17-4PH,
examination of the specimen surfaces showed that the corrosion of 17-4PH steel starts somewhat
later and develops somewhat slower. This observation points to a higher corrosion resistance of
17-4PH steel. The results presented on Figures 2-28 and 2-29 are also indirect evidence for the
higher resistance. It can be seen that 17-4PH steel has a more noble (more positive) corrosion
potential than does 403SS, in both the aerated solution and in the solution saturated with oxygen.
In accordance with the conclusions made from Table 2-1, it is seen from Figures 2-28 and 2-29
that the corrosion potentials of A470/471 steel are considerably more negative, and
correspondingly its corrosion activity is higher.
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Figure 2-28

Time dependences of the corrosion potentials of A470/471 (Curve 1), 403SS (Curve 2), and
17-4PH (Curve 3) in aerated, 0.5 M NaCl solution.
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Figure 2-29
Time dependences of the corrosion potentials of A470/471 (Curve 1), 403SS (Curve 2), and
17-4PH (Curve 3) in 0.5 M NaCl solution saturated with oxygen at 20°C (68°F).
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3

SUMMARY AND CONCLUSIONS

The findings of this work may be summarized as follows:

1.

The quantitative characterization of the principal cathodic partial reactions in the corrosion
processes that occur on low pressure steam turbine steels (A470/471 and 403SS) in NaCl
solutions of various NaCl concentrations, pH values, temperatures, and dissolved oxygen
concentrations is reported.

Quantitative dependences of current density for oxygen reduction on dissolved oxygen
concentration at temperatures ranging from 20°C to 95°C (68°F to 203°F) and on pH of the
solution have been determined. The kinetic equations for oxygen reduction relating the
process rate (the current density) to the overpotential of the reaction have also been obtained.

The kinetic equations for hydrogen evolution, which proceeds according to two
mechanisms—the discharge of hydroxonium ions and the discharge of water molecules—
have been developed. The ranges of pH, over which hydrogen evolution proceeds by each of
these mechanisms, have been determined.

It is shown that the corrosion potential of both steels varies with time as pitting corrosion
develops; this may indicate that the corrosion rate of the steels also varies with time.

The anodic and cathodic polarization curves on the electrodes totally activated with chloride
ion were obtained. Using these data, the corrosion potential and the current density of steel
dissolution in the pits has been estimated.

The pH values of solution and the concentration of dissolved oxygen have the strongest
effect on the corrosion current in a pit. The corrosion current decreases by more than an order
of magnitude with an increase in the pH value from 2 to 10 and with a decrease in the
concentration of oxygen from 10°® mol/cm?® (oxygen atmosphere) to 10® mol/cm® (argon
atmosphere).

On processing of the experimental data, equations predicting the corrosion potential and
corrosion current under various conditions were obtained. These equations can be used in the
previously developed models and computer codes for predicting corrosion damage in low
pressure steam turbines.

From the comparison of the experimental data, it may be concluded that the order of
resistance to pitting corrosion in NaCl solutions is 17-4PH, steels 403SS and 20Kh13, and
steel A470/471, which shows the lowest resistance to pitting corrosion.
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