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PRODUCT DESCRIPTION

Boiler waterside corrosion in fossil plants represents a serious cause of availability and
performance loss. EPRI cycle chemistry guidelines provide control curves based on cation
conductivity. This report provides the first results of an electrochemistry study to derive new
control curves for each cycle chemistry treatment that are based on corrosion.

Results and Findings

The measuring tools for corrosion studies at temperatures up to 360°C (680°F) and pressures up
to 26 MPa (3770 psi) were developed and tested. These include a flow-through hydrothermal
cell, an annular duct flow-through electrode assembly, and an Ag/AgCl reference electrode. The
first DC polarization and electrochemical impedance spectroscopy (EIS) measurements were
made in dilute electrolyte solutions. Initial corrosion rates for carbon steel were determined for
all-volatile treatment (AVT).

Challenges and Objective

The overall work represents a major new approach to understanding and controlling fossil plant
boiler corrosion. Almost no electrochemical studies have been conducted in high temperature
aqueous environments at temperatures and pressures representative of boiler operating
conditions. The objective of this initial study was to develop the electrochemical tools to
measure corrosion in the aqueous solutions corresponding to the main fossil chemical treatments,
that is, all-volatile treatment (AVT), phosphate continuum (PC), caustic treatment (CT), and
oxygenated treatment (OT).

Applications, Value, and Use

Once the equipment has been designed and operated, it will be able to produce comparative
boiler corrosion control curves. These curves will then be incorporated into the EPRI guidelines
and used by fossil plants worldwide.

EPRI Perspective

EPRI has recently published three fossil plant treatment guidelines for AVT (1004187), PC/CT
(1004188), and OT (1004925). These are key to the overall availability of fossil plants but
currently use indirect measurements of corrosion in the cycle. The main parameter is cation
conductivity. This current research, together with the research on deposition, will eventually lead
to an approach using direct indicators of corrosion processes in the boiler.



Approach

The project team decided to use a combined approach of in situ and ex situ experimental methods
for determining the corrosion rates. They incorporated two electrochemical methods within the
autoclave assembly—DC polarization and EIS. They also designed the ex situ technique, which
involves mass loss of a similar steel specimen. The team commissioned the apparatus and
conducted a number of initial tests up to 360°C (680°F) in simulated AVT solution with chloride
and sulfate additions.

Keywords

Power plant availability
Boilers

Boiler water chemistry
Corrosion
Electrochemistry

Vi



EPRI Proprietary Licensed Material

ABSTRACT

This report describes the progress in the electrochemical corrosion measurements of carbon steel
under fossil plant boiler water treatment regimes. At this stage in the research, the experimental
tools for high temperature corrosion measurements have been successfully developed. The first
experimental data on corrosion rates for all-volatile treatment (AVT) up to 360°C (680°F) and at
18 MPa (2610 psi) have been measured. Two electrochemical methods have been used in
parallel: DC polarization and electrochemical impedance spectroscopy (EIS). The results from
these two methods are compared with conventional mass loss data.
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1

INTRODUCTION

This research project, which started on April 1% of 2005, involves electrochemical corrosion
studies of carbon steel (SA210A1) under the conditions of several chemical treatment regimes:
(1) All-volatile Treatment (AVT), (2) Phosphate Continuum (PC), (3) Caustic Treatment (CV),
and (4) Oxygenated Treatment (OT). Each of these regimes provides a certain chemical
environment and is used according to the presently existing EPRI cycle chemistry guidelines.
The long-term goal of the study is to determine the maximum permissible levels of various ionic
species in the boiler water and to provide scientifically justified guidelines for corrosion
protection up to 350°C (662°F). This work is being conducted at The Energy Institute
Electrochemical Laboratory of The Pennsylvania State University. A unique feature of the
approach is the use of a number of electrochemical techniques specifically designed for high
temperature corrosion studies under high temperature subcritical and supercritical solutions.

The electrochemical measurements at temperatures above 300°C (572°F) present a specific
challenge due to limitations on material stability in the near-critical hydrothermal environments.
This temperature boundary is the upper stability limit of Teflon®, above which no inert and
isolating polymeric material is available for use in the design of high temperature
electrochemical systems. Almost no studies have been performed to experimentally measure the
corrosion current in high temperature aqueous environments at temperatures above 300°C. Based
on available literature reviews [1-5], the methodology for studying high temperature
electrochemical Kinetics and corrosion processes remains “under construction” and some serious
experimental issues in this area, such as proper control of the mass transport processes, are yet to
be resolved.

The scope of the electrochemical corrosion studies defined for this project involves the following
tasks:

e Task 1. Design of measuring tools, cycle water preparation, and equipment commissioning
leading to initial runs.

e Task 2. Determination of optimum chemistry and bounding limits for AVT.

e Task 3. Determination of optimum chemistry and bounding limits for OT.

e Task 4. Determination of optimum chemistry and bounding limits for PC.

e Task 5. Determination of optimum chemistry and bounding limits for CT and OT.

e Task 6. Report findings in the form of control charts and tables suitable for incorporation in
EPRI Guidelines.

1-1
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The work during the nine-month project of 2005 was particularly focused on Task 1 and the
beginning of Task 2. Systematic coverage of Tasks 2—6 is planned as the next step in the future
studies. The accomplished research to date has involved designing, constructing, and testing the
high temperature electrodes, electrode assemblies, and associated measuring tools for the high
temperature corrosion studies up to 360°C (680°F) and 3770 psi (26 MPa). It was also very
important to prove the possibility of using these tools for obtaining the corrosion rates for carbon
steel in very dilute electrolyte solutions, such as AVT, over the range of targeted
temperature/pressure parameters. The experimental electrochemical measurements were
performed using a flow-through electrochemical apparatus, which allowed all the measurements
to be performed under steady-state conditions in a well-characterized hydrodynamic
environment. Two electrochemical techniques were used in parallel to determine the corrosion
rates—DC polarization and electrochemical impedance spectroscopy (EIS). The electrochemical
data were correlated with the mass loss analysis. In the future, the applicability of using
electrochemical noise analysis (ENA) for corrosion studies in dilute solutions of interest will be
verified.

1-2
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2

BACKGROUND

2.1 Theoretical Principles of Electrochemical Corrosion

Most electrochemical processes are heterogeneous by nature and involve both mass transport and
electron transfer processes [6]. Electrochemical reactions involve charged species, and the rate of
an electron transfer reaction depends on the electric potential difference between the phases (e.g.,
between the electrode surface and the solution). The mass transport processes mainly include
diffusion, conduction, and convection, which should be taken into account if the electron transfer
reaction parameters are to be derived from the experimental measurements.

A specific feature of the electrochemical approach is that the total rate of the electrochemical
process can be determined by measuring the current density, j, in an external electrical circuit
[6]. The reaction rate, v (per unit surface area), is related to the current density as follows:

j=nFv Equation 2-1

where n is the number of electrons involved in the electrochemical reaction. Assuming a
reduction/oxidation (redox) electrode reaction as a first-order interfacial process,

O+ne &R Equation 2-2

the reaction rate will be defined by (i) the heterogeneous rate constants for the reduction, kg, and
oxidation, ko, processes; and (ii) the activities of O, a2, and R, a}, at the electrode surface as

follows:
v =koak —ksal Equation 2-3

Within the framework of the activation complex theory [6, 7] the current density provided by the
redox reaction (Equation 2-2) can be expressed through the Butler-Volmer equation:

Equation 2-4

anF (E - EOO)) o exp(— (1—a)nF (E - Eoo)j)
RT © RT

j=nFk, (a% exp(

where E,, is the standard equilibrium potential of Equation 2-2, « and (1-« ) are the transfer
coefficients of the oxidation and reduction reactions, respectively. Using the Nernst equation

2-1
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a#
E, = E, +E|n—§ Equation 2-5
a
R
for the equilibrium potential, Eo, and the overpotential 7 = E — E,, which is the deviation from

equilibrium potential, the Butler-Volmer equation can be re-written as follows:

=1l (EXp(anj—eXp(MJ) Equation 2-6

RT RT

where |, is the exchange current density. At the equilibrium potential E,, the anodic and
cathodic currents have the opposite signs and the same magnitude of j, , and thus cancel out.
Combining Equations 2-4 and 2-5, it can be shown that j, is mainly defined by the rate constant,
Ko, and also depends on the activities of O and R as follows:

jo =NnFk, (@) (@%)” Equation 2-7

In the general case of an electrochemical corrosion process, metal degrades through an anodic
reaction, and a cathodic reaction should simultaneously occur at the same surface. For example,
in the case of iron corrosion in a de-oxygenated aqueous solution, iron would electrochemically
oxidize via the following anodic process:

ka
Fe—Fe* +2e Equation 2-8
and hydrogen reduction can occur as a cathodic process:
kc
2H" +2e” —>H, Equation 2-9

If nF|7|>>RT , Equation 2-6 can be written for the anodic half-reaction of corrosion (Equation
2-8) as:

a,nF(E-E,,)
RT

ja = jO,a exp Equation 2-10

and for the cathodic half-reaction (Equation 2-9) as:

anF(E-E,,)
RT

Je =—loc €XP— Equation 2-11

2-2
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Using Equations 2-10 and 2-11 for the coupled anodic and cathodic half-reactions (Equations 2-8
and 2-9), an equation can be developed which relates the measured current density, j, to the
measured electric potential, E:

a,nF(E - Ecorr)j_exp(—aan(E ~E

cor) ) Equation 2-12
RT RT

iz i+ = jcorr(exp[

where j. and j, are, respectively, the cathodic and anodic current densities, o and «; are,
respectively, the cathodic and anodic transfer coefficients, jeorr is the corrosion current, and Ecorr
is the corrosion potential. Note that in Equation 2-12, o # a,, and there is no reason why o + o,
= 1. Also, it should be mentioned that Ec.rr is @ measurable value as an open circuit potential,
while jeorr cannot be directly measured. However, a number of techniques [6] are used to
calculate jeorr and these electrochemical methods are addressed in the following section.

It is important that the electrode surface is actually divided into local anodic and cathodic cells
[6]. The spatial distribution of the cathodic and anodic regions is due to local irregularities in the
electrode microstructure, grain boundaries, inclusions, etc. If the anodic reaction obeys the Tafel
law on the fraction of surface area 6, and the cathodic reaction obeys the Tafel law on the

fraction of surface area 4, , the corrosion current density can be expressed as follows:
jcorr = jO,aea = jO,cec Equation 2-13

where j,, and j, . are the mean current densities on the anodic and cathodic area fractions,

respectively, at the corrosion potential. The substitution of Equation 2-13 into Equation 2-12 and
the following differentiation leads to the following expression for the polarization resistance:

1 d . nF do
R - dE - Jcorr(aa +ac)

p

. do
—+ —a_ € Equation 2-14
RT | Joa dE Joc dE a

which confirms that the Stern-Geary equation for the polarization resistance is valid only if the
fractional surface areas are independent of the potential around Ecor. On the other hand, the
charge transfer resistance R.; fulfills the Stern-Geary equation in the case when the electrode

surface is divided into numerous local anodic and cathodic cells with potential-dependent
fractional areas:

. nF :
a = Jeorr (aa .|_Ogc)ﬁ Equation 2-15

Therefore, electrochemical impedance spectroscopy (EIS) allows the terms d6, /dE and
dé, /dE to be separated from dj/dE and, therefore, R.; can be determined.

2-3
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The change in @ with E implies variations in species surface coverage (for example,
adsorption/desorption processes) and, therefore, requires a certain time to occur. For simple
systems, these changes follow an exponent-type function with a time constant (7 ) that conveys
information about the Kinetics of the process. In a simple case, with a single parameter
representing the surface coverage (@) of an intermediate species, the Faradaic impedance can be
expressed by the equation:

1 d 1 ¢,doe 1 . C _
— ==t —= + Jo - , Equation 2-16
Z. dE R4 dE R l+iwr

where Z_ is the Faradaic impedance, o = 2zf is the angle (in radian) frequency, f isthe
frequency in Hz, and C is a constant. According to Equation 2-16, at high frequencies, the
Faradaic impedance is defined by the charge transfer resistance (R ).

2.2 Experimental Principles of Electrochemical Corrosion Studies

2.2.1 Electrodes

Two-electrode and three-electrode schemes are most typical in electrochemical measurements of
corrosion parameters. Either scheme is chosen based on a specific goal. If only two electrodes
are used in corrosion studies, both of them are not in equilibrium, and, consequently, there is an
overpotential, 7, on each of the electrodes. The potential difference measured between the two
electrodes is determined by the two overpotentials, hence it is not convenient to determine the
actual potential of the corroding (working) electrode. Therefore, to obtain the potential value
more precisely, a third (counter) electrode must be used. In the three-electrode scheme, current
flows between the working and the counter electrodes, and a high impedance voltmeter is used to
measure the potential difference between the working and reference electrodes. In this case, the
reference electrode shows a negligible overpotential and remains very close to its equilibrium
value. Using the three-electrode method, the working electrode potential and its changes under
electric current flow can be properly measured with respect to a reference potential, which
should not change over the experimental time.

It is not very important what kind of material is used for the counter electrode, but one should
make sure that possible electrochemical degradation of the counter electrode does not
contaminate the test solution. Also, the surface of the counter electrode should be sufficiently
large (e.g. Pt coil, foil, or mesh) to avoid a high current density at the counter electrode.

A reference electrode for high temperature corrosion studies must have a stable and reproducible
potential independent of changes in the test solution at the working electrode. Also, it is highly
desirable that the standard potential of the reference electrode is thermodynamically defined with
respect to the standard hydrogen electrode (SHE) scale. If the reference electrode solution is
bridged into the test solution, the diffusion (junction) potential between the test and reference
solutions should be taken into account. To date, two types of reference electrodes have been used
for high temperature corrosion studies: (i) internal reference electrode operating in the high

2-4
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temperature environment and (ii) external reference electrode working at the room temperature,
but connected to the high temperature environment by a non-isothermal electrolyte bridge. Use
of previously tested electrochemical couples (e.g., Ag/AgCIl, Ag/AgBr, Hg/Hg,Cl,, Hg/HQ,SOy,
Ag/Ag,SO,4, Hg/HgO, and Pb/PbSQO,) as an internal high temperature reference electrode is
problematic at temperatures above 250°C (482°F) because of chemical degradation in harsh
hydrothermal environments. In an external (pressure-balanced) reference electrode, an
electrochemical couple (e.g., Ag/AgCl) is kept at the ambient temperature, and the electrode
compartment is connected to the high temperature zone by a non-isothermal electrolyte bridge.
One of the latest designs of the external reference electrode employs the flow-through principle,
which minimizes interference from contaminates (e.g., corrosion products) and from the Soret
effect. In this case, however, an additional complication can be caused by the streaming potential
generated by the electrolyte solution flow through a thin capillary channel. This potential should
also be taken into account. The flow-through external reference electrode can be used at any
desirable temperature and pressure (until the aqueous solution is sufficiently conductive), which
was experimentally confirmed up to 400°C (752°F) and 35 MPa (5075 psi) [8, 9]. Since the
reference solution flows through the electrode at a constant velocity, the concentration of the
solution across the electrolyte bridge remains constant, and any uncertainty in the thermal
diffusion potential can be eliminated at a given temperature and pressure. Using 0.1 mol kg™
NaCl aqueous solution commonly employed in the non-isothermal electrolyte bridge, the
potential of the flow-through external reference electrode was found to be stable within 1-3 mV.

2.2.2 IR Drop

When current, I, passes through an electrolyte, an ohmic resistance, R, is observed between the
electrodes inserted into the electrolyte. The IR drop is an ohmic voltage that originates from the
electric current flowing in ionic solutions. The IR drop is often an unknown value and should be
either eliminated or minimized. Different approaches can be used to solve the IR drop problem
[6]. One of the approaches is to use the Luggin capillary, which is a thin tube made out of glass
or Teflon for temperatures below 250°C (482°F) and out of ceramics for temperatures above
250°C (482°F). The tip of the Luggin capillary is placed as close as possible to the working
electrode surface, while its other end is connected to an electrochemical couple of the reference
electrode. If the Luggin capillary is filled with a highly conductive electrolyte, the IR drop is
significantly decreased. Also, if a high-impedance voltmeter is used to prevent undesirable
current flow through the Luggin capillary, the absence of current eliminates the IR drop. In
electrochemical Kinetics and corrosion studies, some current is necessary, and the IR drop cannot
be completely avoided. In this case, IR drop should be minimized and can be estimated using, for
example, the current interruption technique.

2.2.3 Hydrodynamic Control

The experimental jcor data at temperatures in the temperature range between 100 and 300°C
(212 and 572°F) sometimes are not credible, because the experimental measurements were
carried out without any control of the transport processes. For instance, experimental data
obtained using an autoclave technique reflect both the mass transport and charge transfer
phenomena. However, the above-mentioned parameters (jo, ) in an electrochemical kinetics
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experiment and (jeorr, @a, &) in a corrosion study are strictly confined to charge transfer, and it is
necessary to delineate these phenomena in any electrochemical kinetics (corrosion) experiment.
To solve this problem, one needs to carry out the electrochemical measurements under well-
defined hydrodynamic conditions. The traditional rotating-disk (ring) electrode system is
normally used for this purpose at ambient temperature, but there is no design implementing the
rotating-disk method under hydrothermal conditions. Thus far, only a few controlled
hydrodynamic systems for electrochemical kinetics (corrosion) studies have been tested at
temperatures below 300°C (572°F) (where Teflon is still mechanically stable): a wall-tube
electrode cell [10] (tested up to 200°C, 392°F) and tubular flow-through electrochemical system
[11, 12] (up to 250°C, 482°). Both approaches can be promising for high temperature subcritical
and supercritical aqueous conditions.

2.2.4 Electrochemical Techniques

Thus far, only a few credible corrosion studies have been carried out at temperatures above
300°C (572°F). References [13] and [14] report studies in which the steady-state cyclic
voltammetry was applied to learn a number of electrochemical reactions in near-critical and
supercritical fluids at temperatures up to 385°C (725°F). The authors of Reference [15] applied
the electrochemical impedance spectroscopy for studying nickel alloy 600 at temperatures up to
350°C (662°F) in lithiated water containing hydrogen. Electrochemical noise sensors have also
been shown to be capable of measuring the electrochemical kinetics and corrosion rates in
flowing subcritical and supercritical fluids at temperatures ranging from 150 to 390°C (392 to
734°F), and pressure of 25 MPa (3625 psi) [16]. Based on these studies, the rate of the general
electrochemical corrosion of a stainless steel was estimated. Although the electrochemical noise
analysis has yet to be rendered quantitative, the results obtained thus far [16] suggest that this
method could be an effective tool for studying the electrochemical kinetics phenomena in high
temperature subcritical and supercritical aqueous solutions.

In this study, the following electrochemical methods are considered the most beneficial for high
temperature corrosion rate measurements: (1) DC polarization, (2) electrochemical impedance
spectroscopy (EIS), and (3) electrochemical noise (EN). The principles of these techniques are
briefly described below.

DC Polarization. If in a corrosion process, the anodic and cathodic half-reactions compensate for
each other, no net electron transfer is observed, and the corrosion current (lorr) cannot be directly
measured. However, the electrode potential, Ecorr, cOrresponding to leor can be measured using
the above-described three-electrode configuration. Moreover, if the electrode potential is
forcefully shifted from the Ecorr, the response of the system will be an electrical current, which
can be experimentally measured [17]. At sufficient deviations of the applied potential from the
Ecorr, €ither anodic or cathodic current dominates and the classic Tafel analysis can be used to fit
the experimental data [17, 18]. The I value for a particular electrochemical system is derived
at the intersection of linearly extrapolated anodic and cathodic current curves, which fit
experimental data at potentials significantly higher and lower than Ecor.
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Electrochemical Impedance Spectroscopy (EIS). The electrochemical impedance is measured by
applying a small perturbation signal (AC potential) to an electrochemical cell and measuring the
response of the system (current through the cell). The “small signal” implies that the perturbation
of the system is so low that the response is linear, i.e., harmonic generation and frequency mix
products can be neglected [19]. The EIS data presented as Nyquist diagrams (imaginary
impedance plotted vs. real impedance) are analyzed by the equivalent electrical circuit (EEC)
model fitting. The EEC consists of resistors, capacitors, and inductors in serial and parallel
combinations, which are chosen based on the best fit of the model and measured impedance. The
model of EEC is constrained by the physical design of the electrochemical cell.

Electrochemical Noise (EN). This method deals with random fluctuations in current and
potential around their open circuit values that are often observed in electrochemical systems
[20-30]. In this approach, two identical electrodes made out of a metal of interest are used, and a
dynamic platinum electrode is used as a reference electrode. Based on the simultaneous
monitoring of the electrode potential and coupling current from two identical electrodes, the
noise resistance (R,) can be determined as a ratio of the standard deviations of the potential noise
(or) and coupled current noise (o7). As was previously suggested [21], R, is related to the
polarization resistance (R,), which is commonly determined by the linear polarization
techniques. A few attempts have been made to use the EN techniques for corrosion studies at
elevated temperatures [16, 32—-34]. In one study [16], a hydrothermal cell was used with a flow-
through EN-sensor to measure the electrochemical noise in very dilute solutions. A steady
correlation was established between the reciprocal R, and the corrosion rates of Type 304 SS
steel obtained from conventional mass loss measurements in the temperature range of 150-
390°C (302-734°F). These data confirm the high potential of using the EN techniques for
corrosion studies in high temperature aqueous solutions, but the techniques should be further
checked on how exactly the polarization resistance is related to the corrosion current.
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EXPERIMENTAL TECHNIQUES

3.1 Electrochemical Cell and Design of Electrodes

The high temperature corrosion studies have been conducted in a high temperature flow-through
electrochemical cell [9, 35, 36] (Figure 3-1). The cell was previously proved to be highly reliable
for potentiometric studies of dilute electrolyte solutions over a wide range of temperatures (up to
400°C, 752°F) [2].

The cell body is made of a highly corrosion-resistant alloy, Hastelloy-B, and is designed for
reliable operation at temperatures up to 400°C (752°F). The electrochemical cell has four ports
for installation of the high temperature electrodes and inlets and outlets of test solution. The
schematic of the port configuration is shown in Figure 3-2.

Flow-through cell
Reference electrode Thermocouple

port

Insulation box Heating cartridges

Outlet port

Working electrode
port Cooling jackets

Figure 3-1
View of the High Temperature Flow-Through Electrochemical Cell with Installed Electrodes
and Heaters
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Figure 3-2

Configuration of the High Temperature Flow-Through Electrochemical Cell.

Ports: 1 — Working/Counter Electrode Assembly and Test Solution Inlet, 2 — External
Ag/AgCI Reference Electrode, 3 — Thermocouple, and 4 — Solution Outlet.

Operation of the cell is facilitated by the following equipment. High pressure chromatography
pumps (HPCP, Acuflow Series Il) with all metal-free parts are used to supply the test solution to
the working electrode port and reference solution to the reference electrode port. A spring
pressure-relief valve controls the outlet pressure. Two pressure gauges are used to monitor
pressure at the inlet and outlet of the cell in the cold zone. Eight cartridge heaters inserted into
the cell body provide the main heating, and additional pre-heaters are installed on the cell
inlet/oulet tubes (arms) to minimize temperature gradients. Omega temperature controllers are
used to control temperature. A controlling thermocouple for the pre-heaters is installed close to
the main heater and touches the metal outside of the cell. A measuring and controlling
thermocouple for the main heater is installed in Port 3 inside the cell and contacts the
experimental solution in the close vicinity of the working electrode. The four inlet/outlet tubes of
the cell have cooling jackets on their rear ends, which protect the Teflon fittings in the sealing
glands. Cold tap water is supplied continuously through the cooling jackets during a high
temperature experiment. The Gamry Electrochemical Measurements system is used to perform
electrochemical measurements. The view of the experimental system setup is shown in Figure 3-
3. The experimental solution was supplied to the flow-through cell from the solution preparation
station, which is described in detail in the following sections.
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Gamry Electrochemical
Measurements System

High-T electrochemical
flow-through cell
Rotation disk

electrode system — High pressure

pumps
Working solution tank
connected to Ar tank
Figure 3-3
View of the Experimental System for High Temperature Electrochemical Corrosion
Measurements

Initial operational tests of the high temperature electrochemical cell showed that in the flow-
through regime, the temperature in the working zone of the cell remained stable with the
maximum variation of £1° up to 350°C (662°F). Pressure was found to be stable within the target
parameter range.

3.2 Flow-Through Working and Counter Electrodes

One of the first important steps in configuring the high temperature electrochemical cell for
corrosion studies was to determine the most efficient electrode geometry, which would provide
measurable corrosion current values. Both theoretical calculations and preliminary experimental
measurements were necessary to accomplish this task. For comparison, the limiting current was
calculated for two geometrical types of electrochemical cell with controlled hydrodynamics: (1)
annulus duct and (2) wall-tube. In the first case, the solution flow occurs between the cylindrical
surfaces of the working and counter electrodes [37]. In the second case, the solution jet is
directed onto the flat surface of the working electrode [10, 37]. Calculations showed that in both
cases the electric current values fall within the range 10°® - 10 A cm, which allows use of the
DC polarization method in the framework of the DC105 Corrosion Measurement System [17].
Based on the analysis, it was decided that the annulus duct geometry is a preferable technique for
the high temperature cell configuration due to a somewhat higher magnitude of the limiting
current compared to the wall-tube geometry and a simpler experimental design of the electrode
assembly.

In the annular duct geometry, the test solution flows through a ring-section channel between the

outer cylindrical surface of the rod-shaped working electrode and the inner cylindrical surface of
the tubular counter electrode (Figure 3-4).
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(hollow cylinder)
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Figure 3-4
Annular Duct Geometry Adopted for the Flow-Through Working/Counter Electrode
Assembly for the High Temperature Corrosion Studies

For the annular duct configuration, the electrical current density in the mass transfer limit can be
described by the following equation [37]:

j=2FC2. K3 4 (D, ) Equation 3-1

0
Fe++

where F is the Faraday constant, C is the concentration of Fe™ ions at the surface of the
working electrode, kp 4 is the mass transfer coefficient, and D, ., is the diffusion coefficient of

Fe™ ion in an aqueous solution. In the case of the annular duct electrode geometry,

Fe++

13
u

kr?w,ad =“ad(9(r1/rz)(d—mj L, Equation 3-2
e

where u,, is the average flow velocity of the aqueous solution in the annulus duct, d, is the
width of the annulus duct (r, —r,), L is the effective length of the working electrode, ¢(r,/r,) is
the function of radii ratio, and «,, is a numeric coefficient (equal to 1.614).

The electric current is determined through the following equation:
| =271 Lj . Equation 3-3
The average velocity of the solution flow in the duct is calculated as follows:

n.c.
= Qprizo Equation 3-4

”(rzz - rlz)pH 20

m
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n

where Q is the volume flow rate of the aqueous solution under normal conditions, p,5, is the
water density at atmospheric pressure and room temperature, and p,,,, IS the water density at

the temperature and pressure of the corrosion experiment. The densities of dilute aqueous
solutions can be approximated by density of pure water without any significant loss in accuracy.

At the temperatures and pressures of interest (350°C, 662°F and 18 MPa, 2610 psi), the water
density is 0.548 g cm™, and the estimated value of the diffusion coefficient is 10 cm? s™* [38]. In
this calculation, the following geometrical parameters were adopted for the working electrode:
the effective length, L =1 cm; the working electrode (carbon steel rod) radius, r,=1.5 mm; the

tubular counter electrode radius, r,=3.5 mm; and solution flow rate, Q =5 cm® min™.

For the Fe** concentration range 10 — 10 mol kg™, Equation 3-1 yields the electric current
densities in a range of 10 to 10 A cm™, which is perfectly acceptable for using the DC
polarization method. In the case of the rotation disk electrode (RDE), the limiting current is
described by the same equation with the mass transfer coefficient,

kO

1/2 -1/6
m,rd |4 ’

=a, (@) Equation 3-5

where «,, = 1.51, @'is the rotation speed in revolutions per second, and v =7/ p is the
kinematic viscosity of aqueous solution.

In this study, the above-described annular duct electrode configuration was implemented for high
temperature DC polarization measurements in the design shown in Figure 3-5. This schematic
demonstrates the working/counter electrode assembly, in which the carbon steel rod (sample, 3
mm OD, length 25 mm) at the center represents the working electrode, and the thin cylinder
made out of gold foil (5 mm ID) serves as a counter electrode. The working and counter
electrodes have respectively welded-on stainless steel and gold terminal wires connected to the
electrochemical measurements system. The upper part of the carbon steel rod (working
electrode) and its terminal wire are isolated with an alumina cement, so that the working
electrode is exposed to the experimental solution only in the target-temperature zone. The inner
ceramic tube is used as a holder for the working electrode and at the same time it works as an
insulator for the terminal wire in the hot zone. The outer ceramic tube is used to hold the counter
electrode and, at the same time, to provide the necessary flow channel for the experimental
solution in the hot zone. At the rear (cold) end of the assembly, the outer ceramic tube is
connected with a Teflon tube. Both electrode terminals and the solution inlet capillary are coated
with Teflon and fitted in a high pressure Conax gland. The working/counter electrode assembly
described above is shown in Figure 3-6.

In the working annular duct zone, the test solution passes between the surfaces of the working

and counter electrodes, which form a channel 2 mm wide. This is the only zone where the carbon
steel sample contacts the test solution.
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The final parameters of the working/counter electrode assembly with the annular duct geometry
were L =1.27 cm, r; =0.15 cm, and r, = 0.67 cm. These parameters were used to calculate the
mass transfer coefficients (Equations 2-15 and 3-1) for different solution flow rates and the
corresponding RDE rotation speeds at 25°C (77°F). The kinematic viscosity of water at 25°C
(77°F) is 8.93 107 m? s™%. These data are presented in Table 3-1.

Prior to high temperature measurements, the constructed working/counter electrode assembly
was subject to a number of preliminary electrochemical tests. The appropriateness of this
geometry for corrosion measurements was verified step by step by the DC polarization
measurements, as further shown in Section 4.1.

Table 3-1
Correspondence Between the Flow Rates Through Working/Counter Electrode Assembly
with Annular Duct Geometry and the Equivalent Rotation Speeds of the Rotating Disk

Electrode
Q/em’min® | y /ms? K /m sy | Equivalent RPM
1 5910 5.74 8
5 3.010° 9.81 24
8 4.710° 11.47 32
20 1.2 10° 15.57 60
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Working electrode

Counter electrode
# Solution inlet
Teflon coating ——

Conax gland
Teflon sealant assembly

Shrinkable
Teflon

Epoxy cement

Outer ceramic tube Solution flow

High temperature alumina cement
Inner ceramic tube

X Carbon steel rod
Gold wire

(working electrode)

Gold foil cylinder
(counter electrode)

F Solution
e flow

Figure 3-5

Design of the Working/Counter Electrode Assembly for High Temperature Electrochemical
Corrosion Measurements

Figure 3-6
The Working/Counter Electrode Assembly
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3.3 Flow-Through Ag/AgCl Reference Electrode

An external flow-through Ag/AgCl reference electrode was prepared for electrochemical
corrosion studies. The schematic of the electrode design is given in Figure 3-7. According to
previous studies [39], this electrode allows the potential to be measured accurate to £3 mV at
temperatures up to 400°C (752°F). The reference 0.1 mol kg™ NaCl(aq) solution flows through
the electrode at a constant velocity in a constant geometry. Thus, the solution concentration
across the thermal liquid junction remains constant. The flow-through Ag/AgCl reference
electrode was installed in Port 2 of the high temperature electrochemical cell as shown in Figure
3-2. The newly prepared Ag/AgCI flow-through reference electrode was first tested at the
ambient conditions, and its potential was compared to the potential of a commercial Ag/AgCI
electrode in the rotation-disk electrode system (RDE-2). The results proved to be in a good
agreement.

solution inlet Ag wire

(stainless steel tube)

CONAX gland
assembly

Teflon
fitting

D

shrinkable Teflon

shrinkable Teflon A K&
A AgCl

KClI

N

alumina ceramic tube
(flow channel)

I )

solution flow

Figure 3-7
Schematic of the Flow-Through Ag/AgCl Reference Electrode
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3.4 Flow-Through Electrochemical Noise Sensor

Initially, the electrochemical noise analysis (ENA) was planned as one of the primary methods to
study electrochemical corrosion of carbon steel. However, in the course of the preliminary DC
polarization measurements using the rotation-disk electrode (RDE-2) in dilute AVT(O)
solutions, it was found that the corrosion currents for the system of interest are relatively low
(see Section 4.1). There are literature data indicating that ENA might be difficult to implement at
low corrosion currents, because the magnitudes of the current and the noise are comparable.
Taking into account that very dilute electrolyte solutions should be used for the AVT treatment
and the corrosion rates expected would be low, a decision was made to first focus the efforts on
the DC polarization and EIS methods and to postpone ENA until a later stage of the study.

In a future project, the design of the electrochemical noise (EN) sensor will be based on previous
corrosion studies using ENA [16]. The EN sensor assembly in that study included stainless steel
wires for both working and counter electrodes. However, the target material used in this project
(SA210A1) is not manufactured in the wire form, and the standard sample shape machined from
the available tubing is a cylindrical rod (3 mm OD). Taking into account this geometrical
limitation, the design of the EN sensor will be modified.

3.5 Steel Specimens

The mild carbon steel SA210AL1 is used as a target material in this corrosion study. Samples of
the boiler tubes (L=5 ft, OD=1 in., ID=0.6 in.) were obtained from the Boiler Tube Company of
America (506 Charlotte Highway, Lyman, SC 29365) along with the chemical specification on
the material (Appendix A). Carbon steel rods (L=50 mm, OD=3 mm) were machined out of the
tube wall at the Machine Shop of the College of Earth and Mineral Sciences at Penn State
University. These rods were carefully polished using sandpaper and extensively cleaned prior to
use in the corrosion experiments. The above-mentioned specimens were used as (1) working
electrodes in the high temperature working/counter electrode assembly, (2) rotating disk
electrode tips in preliminary ambient temperature tests in RDE-2 system, and (3) samples for the
mass loss tests.

3.6 Preparation of Solutions

All solutions in these corrosion studies were prepared using ultrapure de-ionized water with
resistivity of 18.2 MQ.cm (Mili-Q water). The solution tank is initially filled and permanently
kept under argon atmosphere, and the pH of the working solution is monitored via sampling
through a side outlet. A schematic of the used solution supply connected to the high temperature
electrochemical cell is shown in Figure 3-8.

A dilute deoxygenated NaCl + NH,OH aqueous solution (corresponding to AVT(O) chemical
treatment: CI" 100 ppb, pH 9) was chosen as the first experimental solution and used throughout
Task 1 for testing the measurement tools. The solution composition was based on the targeted
AVT specifications and was prepared as follows. First, the test tank was filled by ultrapure de-
ionized water with resistivity of 18.2 MQ.cm (Mili-Q water) under the Ar atmosphere to prevent
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its contact with air. The 20-liter test tank was calibrated to measure volume with accuracy

+ 0.1 1. Then, 5.7 ml of 10 mol kg* NaCl and 3.7 ml of 10" N NH,OH (Alfa Aesar
standardized solution) were injected to the 20 | Mili-Q water using a syringe. The resulting
solution (AVTSol-1) contained 100 ppb of CI" (2.85 10°® mol kg™ NaCl) and had pH = 9. No
sulfate was introduced at this time. The prepared solution was bubbled by Ar (PP argon) and
kept in the test tank under Ar cap to prevent its contamination by atmospheric gases. The pH was
measured by a Cole Palmer high precision glass electrode at room temperature.

Ammonia
dosing

Ar |

— Test solution Pressure
gauge

Ar tank ;

= Cell T
- O
Q >/\ /\< Pressure-relief
AL

[

valve

Pump-|
Q;I
pH test
sampling Pump-II

Figure 3-8
Schematic of the Solution Preparation and Supply System
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4.1 DC Polarization and EIS Measurements

The DC polarization and electrochemical impedance spectroscopy (EIS) are considered the
primary methods for the present corrosion study. To verify the workability of the developed tools
and to check the appropriateness of the experimental conditions, the measurements were carried
out in the following order:

Step 1. The tests were performed using the commercial rotation disk electrode system (RDE-2,
BASI) at ambient conditions. In this case, the working electrode is represented by the carbon
steel material of interest, and the working solution was an AVT chemistry solution (e.g.,
AVTSol-1, see Section 3.6). The purpose of these tests was to prove that the electrochemical
methods are suitable for the very dilute solutions of interest and the corrosion rates are
measurable.

Step 2. The tests were performed using the designed working/counter electrode assembly in a
glass flask at ambient conditions. The same working electrode material and working solution are
used as in Step 1. The main purpose of these tests was to check the annular duct design (Figure
3-6) and compare the data obtained from different electrode configurations (RDE-2 vs. annular
duct). Also the performance of the flow-through reference electrode was checked.

Step 3. The tests were performed using the designed working/counter electrode assembly in the
flow-through hydrothermal electrochemical cell at ambient conditions. The main purpose of this
step was to check the workability of the electrochemical circuit of the flow-through cell.

Step 4. The tests were performed using the flow-through hydrothermal electrochemical cell at
elevated temperatures and pressures, up to 360°C (680°F) and 26 MPa (3770 psi). The purpose
of this step was to track any changes in the system operation due to increasing temperature and
pressure and finally to collect experimental data for specified regimes at the target parameters.

This stepwise approach allowed possible experimental problems to be quickly identified and
make adjustments to the designed tools and technique. Advancement to the next step occured
only when the previous step was successfully completed. In the context of this research, Steps
1-3 were considered auxiliary but necessary for obtaining high quality data in Step 4.
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For all types of electrochemical tests, the Gamry electrochemical measurements station was
used. During Steps 1 and 2, the compatibility of the working range of the Gamry station in
DC105 Corrosion Measurement mode with the actual corrosion current magnitudes was
confirmed.

Sub-Step 1: DC polarization measurements using RDE-2 system at ambient temperature.

These measurements were performed at ambient temperature for reference. The carbon steel
specimen was prepared as follows. First, a small cylindrical rod of carbon steel SA210A1

(L 0.12in., OD 0.12 in.) was washed and immersed in 0.1 N HCI for half an hour at room
temperature. Then the specimen was washed again with distilled water and inserted into the
blank RDE tip to be used as a custom working electrode. The surface of the prepared rotating
disk electrode was polished by alumina suspension using a standard procedure.

A series of RDE-2 experiments with the SA210A1 carbon steel in AVTSol-1 solution verified
the acceptability of the DC polarization and EIS methods for the corrosion studies in very dilute
solutions. The Tafel curves obtained have a theoretical shape and are suitable for data fitting and
corrosion current calculation. Also the applicability of the two-electrode and three-electrode
schemes for the DC polarization measurements was tested. In the two-electrode scheme, the
counter and reference electrodes are presented by the same electrode. Some experimental results
from Step 1 are presented in Appendix B.

Sub-Step 2: DC polarization measurements using the annular duct working/counter electrode
assembly at ambient temperature.

As the next step, the DC polarization measurements were also performed using the flow-through
working/counter electrode assembly with annular duct geometry (Figure 3-6). The first
measurements were made in a glass flask at the ambient temperature and at different flow rates
of AVTSol-1 solution through the system. Two different reference Ag/AgCl electrodes were
used for these measurements. The first reference electrode was a commercial standard reference
electrode (supplied with the RDE-2 system); the second reference electrode was made in the
laboratory and was similar to that to be used in the flow-through setup in the following high
temperature studies. The shape of the Tafel curves obtained was well-defined (similar to data in
Appendix B) and appropriate for theoretical fitting and determination of targeted corrosion
properties. These results confirmed that the newly designed working/counter electrode assembly
is suitable for the corrosion current measurements of the SA210A1 carbon steel in very dilute
aqueous solutions specified for AVT treatment.

Sub-Step 3: DC polarization and EIS measurements in the flow-through electrochemical cell at
ambient temperature.

In this step, the above-described annular duct working/counter electrode assembly and the flow-
through Ag/AgCl reference electrode were installed inside the flow-through high temperature
electrochemical cell for further testing. Both two-electrode and three-electrode schemes were
used in DC polarization measurements. Even though the third (counter) electrode is normally
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required to avoid polarization of the reference electrode in current measurements, the two-
electrode scheme (with steel working electrode and gold foil counter/reference electrode) used in
parallel can also be very useful. In this case, the distance between the electrodes is minimal,
which significantly reduces data scattering and improves the accuracy of data treatment. The
possibility of using the two-electrode scheme in DC polarization measurements is supported by
the fact that in oxygen-deprived solutions (like AVTSol-1), hydrogen is produced at the cathode
(Equation 2-9), and at a constant pH the potential of the gold counter electrode remains relatively
constant. Such a low polarizable counter electrode can be simultaneously used as a reference
electrode in two-electrode DC polarization measurements. The corrosion currents measured with
three-electrode and two-electrode methods were found to be in close agreement. However, only
the three-electrode scheme is suitable for corrosion potential measurements. The potentiometric
measurements performed using the carbon steel working electrode and Ag/AgCl reference
electrode yielded stable and reproducible values. The two-electrode scheme was also used for
EIS measurements in the flow-through electrochemical cell, because in the case of an AC signal,
the polarization of the electrodes is minimal, and the corrosion current can be correctly
estimated.

Sub-Step 4: DC polarization and EIS measurements in the flow-through apparatus up to 360°C
(680°F).

The corrosion measurements in the temperature range 20-360°C (68—680°F) in the flow-through
electrochemical cell were performed using the two-electrode scheme, in which the carbon steel
rod was the working electrode, and the gold cylinder played the role of both counter and
reference electrode at the same time. It was found that the use of the external Ag/AgCl reference
electrode for DC polarization measurements is not quite appropriate in the case of very dilute
solutions. The reference NaCl electrolyte flow becomes significantly diluted upon entering the
cell and unable to provide an electrolyte bridge with the working electrode. The contact is
insufficient, which causes significant data scattering. There are several possible solutions to this
problem. The first option is the two-electrode scheme, which is appropriate for oxygen-free
solutions and which has been successfully tested for DC polarization and EIS measurements at
ambient temperatures (Steps 1-3). The second option is the replacement of the external Ag/AgCl
reference electrode with an internal flow-through yttria-stabilized zirconia (YSZ) high
temperature reference electrode or an internal flow-through Pt(H,) reference electrode. Both of
the replacement options have their own limitations. The solution pH should be precisely
controlled to provide a stable potential, and the second option also implies introduction of
hydrogen to the system, which is not desirable in high ORP regimes. The reference electrode
replacement will be necessary for future corrosion studies under AVT and OT conditions, and
the prospective designs are under development. Nevertheless, application of the external flow-
through Ag/AgCl reference electrode to corrosion potential (potentiometric) measurements was
successful.

Treatment of the EIS data obtained by the two-electrode method yields two important resistance
values: (1) resistance (conductivity) of the electrolyte solution between two electrodes (i.e.,
between the steel and gold electrodes in the annulus duct), and (2) charge transfer resistance,
which (in case of corrosion) should be mainly attributed to the electrochemical process on the
steel electrode. From the electrolyte solution conductivity, the electrolyte concentration in situ
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can be estimated, and this opportunity should be addressed in a separate study. The conductivity
measurement was very important for these studies. In this system, in addition to a very dilute
AVT solution flowing through the working/counter electrode assembly (Port 1 in Figure 3-2),
there was the flow of 0.1 mol kg™ NaCl solution, which occurred in the perpendicular direction
through the Ag/AgCl electrode (Port 2 in Figure 3-2). Since the working and reference solutions
had a significant composition gradient, some contamination of the working solution due to a
thermal convection process or solution pulsation caused by pumping was a potential threat.
Therefore, at all experimental temperatures, the working solution quality was controlled with
high precision using the EIS technique, which indicated the resistance of the solution in the
vicinity of the working electrode. The working solution flow rate (AVTSol-1) through the
working electrode was set constant at 1, 5, or 8 cm®min™. When the Ag/AgCl reference
electrode was used, the flow rate of the NaCl reference solution was kept low enough to avoid
contamination of the working solution.

The EIS, DC polarization, and corrosion potential measurements were carried out at several
temperatures within the range 20-360°C (68—680°F). A typical cycle of data acquisition at each
temperature consisted of the following steps: (1) EIS measurements (two-electrode), (2)
corrosion potential measurements (with Au reference electrode), (3) DC polarization
measurements (two-electrode), (4) corrosion potential measurements (with Ag/AgCl reference
electrode), (5) DC polarization measurements (three-electrode), and (6) EIS measurements
(three-electrode). This cycle was repeated until the steady-state values were obtained from the
two-electrode EIS tests.

Two representative (steady-state) DC polarization curves obtained at different temperatures are
shown in Figure 4-1. The relative position (upward shift) of the high temperature curve indicates
an increase of the corrosion current with increasing temperature. A representative Nyquist plot
obtained from the EIS measurements at 320°C (608°F) is presented in Figure 4-2. These data
were subject to further treatment in the impedance model to retrieve the corrosion current.

4.2 Determination of the Corrosion Current

The DC polarization data collected from different testing steps for the SA210AL1 carbon steel
material and the AVTSol-1 solution were fitted to the Butler-VVolmer type equation (12).

The parameters determined from the experiments using the RDE-2 system (Step 1) and annular
duct working/counter electrode assembly at ambient conditions (Step 2) are listed in Table 4-1.

4-4
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Figure 4-1

DC Polarization Data (Runs ah61t and ah104t), for SA210A1 Carbon Steel in AVTSol-1
Solution at 20 and 330°C (68 and 626°F)
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Figure 4-2
EIS Data (Run ah27i) for SA210A1 Carbon Steel in the Aqueous Solution AVTSol-1 at 320°C
(608°F)

As seen from Table 3-1, the disk rotation provides more intense exposure of the working
electrode material to the solution than a channel flow and therefore results in higher corrosion
rates at the ambient conditions. The flow rate variation in the flow-through electrode assembly
did not cause any systematic changes in corrosion parameters. In the range of relatively slow

flow rates, the effect of the flow rate on the corrosion parameters was found to be negligible at
23°C (73°F).
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Table 4-1

Corrosion Current, Corrosion Potential, and Charge Transfer Coefficients for SA210A1
Carbon Steel in AVTSol-1 Solution (NaCl + NH,OH: 100 ppb of CI" and pH=9) Determined by
DC Polarization Measurements at 23°C (73°F)

Run # | eorr A Eeor Y a, a, Comments
avtrde3 4.57-10-6 -0.59 0.068 0.042 RDE-2, 500 RPM
il7 5.29-10-7 -0.48 0.095 0.144 w/c*, RDE ref. electrode,

flow = 5 cm® min™

il9 5.63-10-7 -0.49 0.108 0.178 w/c, RDE ref. electrode, flow
=2.5cm®*min®

i111 7.41-10-7 -0.50 0.096 0.167 w/c, RDE ref. electrode, flow
=0.5cm® min*

i114 4.41.10-7 -0.55 0.168 0.283 wic, exp. ref. electrode,
flow= 1.0 cm® min™

Note: * w/c denotes working/counter electrode assembly with annular duct geometry.

The parameters determined from the experiments in the flow-through electrochemical cell at
ambient and elevated temperatures (Steps 3 and 4) are listed in Table 4-2.

Table 4-2

Corrosion Current, Corrosion Potential, and Charge Transfer Coefficients for SA210A1
Carbon Steel in AVTSol-1 Solution (NaCl + NH,OH: 100 ppb of CI"and pH=9) Determined by
DC Polarization Measurements at 20—-360°C (68—680°F)

Run # T/°C TI°F P/ MPa | eore /A Eoorr IV o, a, Flogv rqtgl/
cm min
ah104t 20 68 16.9 3.1.10” -0.49 0.06 | 0.36 5
ah103t 22 72 17.2 4.0.107 -0.57 0.05 | 0.34 5
ah87t 200 392 21.6 1.7-10° -0.36 0.17 | 0.23 8
ah83t 204 399 21.7 2.1.10° -0.45 0.16 | 0.21 8
ah78t 290 554 20.7 2.1.10° -0.46 021 | 0.32 1
ah80t 297 567 21.7 2.7-10° -0.52 0.21 | 0.20 8
ah64t 340 644 18.2 2.1.10° -0.22 0.20 | 0.64 1
ah91t 340 644 21.9 2.4-10° -0.24 0.19 | 0.37 8
ah94t 360 680 26.1 2.8:10° -0.23 0.10 | 0.37 8
ah100t 360 680 25.1 6.0-10° -0.21 0.13 | 0.20 8
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The EIS data were fitted by the Electrochemical Circuit Cell Model with six parameters: cell
capacity, Warburg-Fricke impedance, double electric layer (DEL) capacity (C, ), solution

resistance (R, ), and charge transfer resistance (R.; ). The value of the corrosion current can
be estimated from R_; according to the Stern-Geary type equation:

CT RT .
| corr = PR Equation 4-1
cT

and the parameters determined from this fitting are presented in Table 4-3.

Table 4-3
Corrosion Charge Transfer Resistance, Double Electric Layer Capacity, and Corrosion
Current for SA210A1 Carbon Steel in AVTSol-1 Solution (NaCl + NH,OH: 100 ppb of CI" and

pH=9) Determined by EIS Measurements at 20-360°C (68—680°F)

Run# | T/°C | T°F | P/Mpa R R C | €T Flow rate
SOL / Ohm CT / Ohm DEL / F CORR [ A

ah6i 20 68 4.8 15000 2000 4.6.10° 6.2-10° )
ahl22i | 21 70 17.2 11000 2040 1.0-10°® 6.2-10° 5
ahl12i 100 | 212 10.3 3000 840 1.5.10° 1.9-10° 5
ahl12i | 204 | 399 21.6 3700 490 3.010° 4.2:10° 8
ahll1li | 205 | 401 215 3000 340 3.0-10° 6.0-10° 5
ah103i | 321 | 610 21.7 2980 200 2.0-10” 1.3-10 8
ahl15i | 330 | 626 21.9 3790 730 1.0-10°® 3.5-10° 8
ah100i | 336 | 637 21.7 2370 250 2.0-10” 1.1-.10* )
ahl101i | 344 | 651 21.7 3140 210 6.0-10° 1.3-10* 8
ah102i | 356 | 673 21.7 3300 580 1.0.10°® 4.7.10° 8
ahll17i | 360 | 680 26.0 3670 320 5.0-10° 1.1-.10 8
ahl119i | 360 | 680 26.2 4270 270 1.0-10° 1.0-10™ 8

The overall temperature dependence of the corrosion currents obtained by DC polarization and
EIS methods is illustrated in Figure 4-3. The DC polarization data points represent the averaged
corrosion currents from several measurements run at close temperatures. The general tendency
indicates that the rate of corrosion of SA210A1 carbon steel in AVTSol-1 solution should
increase by more than an order of magnitude as the temperature increases from 20 to 360°C (68
to 680°F). The difference in the magnitude of the corrosion currents obtained by these two
methods is explained by a different character of polarization (see Equations 2-14 to 2-16). As a
result, the corrosion currents measured by EIS are higher than those measured by DC
polarization. The DC polarization measurements are influenced by the changes in electrode
surface areas occupied by anodic and cathodic cells due to the changes of the electric field.

4-8
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Corrosion Current Measured by DC Polarization (Squares) and EIS (Dots) for SA210A1
Carbon Steel in AVTSol-1 Solution as a Function of Temperature

4.3 Corrosion Product Analysis

Results

The mass loss tests are considered a complementary but important part of this corrosion research.

Due to the well established approach to calculate the corrosion rate from the mass loss

experimental data [43], this method is usually used throughout the study to confirm the in situ
electrochemical methods and obtain the most complete information on the corrosion Kinetics.
Since the experimental time for a mass loss test is considerably longer than that required for an

electrochemical experiment, the mass loss tests were planned only for the main representative
conditions.

The average corrosion rate of a material specimen can be found as follows:

Corrosion rate =

AM
Axtx pg

Equation 4-2
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where AM is the mass change during mass loss test, A is the initial surface area of the specimen, t
is the time of exposure, and o is the material density. While operating in the same units, the

corrosion rate can be alternatively found from an electrochemical experiment as follows:

Me

. |
Corrosion rate = -2 " Equation 4-3
AzFp,

where Iy IS the corrosion current, z is the oxidation number, F is the Faraday constant, and
M M is the atomic mass of metal. The corrosion rate measured by an electrochemical method

corresponds to the instantaneous condition of the system, while the corrosion rate determined via
mass loss test yields the total average rate over the experimental time. To obtain an adequate
comparison of the experimental data, the times of the electrochemical and mass loss tests should
coincide at some point. Also the mass loss tests should be performed for several representative
times, so that the kinetic curve could be extrapolated. Corrosion rates are not necessarily constant
with time.

The carbon steel specimen used for the mass loss analysis in this study was identical to the
working electrode in the annular duct working/counter electrode assembly. The specimen shape
was a cylindrical rod with the dimensions of 3.07 mm OD and 11.51 mm length (dimensions of
each specimen were accurately measured prior to the test). The surface area of the specimen was
calculated based on cylindrical geometry and was equal to 125.66 mm>.

The mass loss tests were performed according to the following procedure:

1. The carbon steel specimen was polished with an abrasive paper, rinsed in distilled water, and
air dried before the test.

2. The dimensions of the specimen were precisely measured.
The specimen was weighed to the fifth significant figure.

The specimen was placed inside an alumina ceramic tube, which served as a flow channel for
the working solution. The tube was fixed to the high pressure Conax gland via Teflon fittings
in the cold zone.

5. The tube with the specimen was installed in the high temperature flow-through cell (the same
cell used for electrochemical measurements), and the system was brought to target
temperature/pressure conditions.

6. The working solution was continuously pumped through the system at the flow rate similar to
that in electrochemical experiments, and the exposure was timed.

7. After the experiment, the specimen was removed from the flow channel and examined.

8. The loose corrosion products were mechanically removed from the specimen surface and
kept for analysis.

4-10
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9. The specimen was subjected to repeated chemical cleaning. Following the ASTM
recommendations [43], the cleaning solution contained 500 ml HCI (density 1.19 g cm™),
3.5 g of crystalline hexamethylene tetramine, and pure water to make 1000 ml. The specimen
was rinsed in solution with rigorous stirring for 10 min at room temperature.

10. The specimen was weighed to the fifth significant figure.

In the above procedure, Steps 9 and 10 were repeated several times until the weight of the
specimen was constant or the slope of the weight change vs. number of treatments decreased
sharply, indicating that no more corrosion products could be removed. The mass loss recorded in
Step 10 was used for the corrosion rate calculation.

The mass loss test for the SA210A1 carbon steel in the AVTSol-1 solution was performed
according to the procedure outlined above. The experimental parameters were 300°C (662°F)
and 20 MPa. After the experiment, the surface of the steel specimen was covered by a black
powdery layer (presumably magnetite), most of which could be easily wiped off. After removal
of the loose corrosion product, the specimen still had a black tint due to the dense coating layer
on its surface. This dense corrosion layer dissolved after several washings in the above-described
cleaning reagent.

The specimen properties used in the mass loss experiment are listed in Table 4-4.

Table 4-4
Parameters of the Mass Loss Experiments for SA210A1 Carbon Steel in AVTSol Solution
and Calculated (Equation 4-2) Corrosion Rates

Specimen SA210A1
Pre-oxidation No

Mass (g) before experiment 0.61656
Surface area (mm?) 125.66
Mass (g) after experiment 0.61318
Mass loss (g) 0.00338
Exp. time 120 hours
T(average),’C (°F) 300 (572)
P, MPa 20
Corrosion rate (mm year™) 0.25

The total mass change of the specimen after the removal of corrosion products (0.00338 g)
corresponded to a corrosion rate of 0.25 mm/year. The comparison of the corrosion rates
obtained by different methods for the AVT(O) treatment is given in Section 4.4.

In the future studies, it is planned to study the morphology and composition of the corrosion

products on the surface of the carbon steel specimens using SEM-EDS analysis. Fresh
(uncorroded) specimens will be analyzed in parallel for comparison.

4-11
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4.4 Determination of Optimum Chemistry and Bounding Limits for AVT

4.4.1 Background

Feedwater chemistry is a primary factor affecting boiler reliability. AVT is one of the treatment
regimes used to protect the boiler materials and to reduce the corrosion levels in fossil plants.
The main feature of the AVT treatment is an elevated pH, which is achieved by adding ammonia
to the system. Two different types of AVT treatment are used in practice, depending on plant
specifics: (1) reducing all-volatile treatment AVT(R) and (2) oxidizing all-volatile treatment
AVT(O). Oxygenated treatment (OT) can also be used for all-ferrous feedwater systems.

The AVT(R) regime implies the use of a reducing agent, such as hydrazine, and is considered the
only suitable treatment for mixed-metallurgy feedwater (e.g., iron/copper). In all-ferrous
systems, AVT(R) is very efficient in removal of corrosion products, such as iron oxides
(magnetite, hematite) via reduction. Addition of the reducing agent is combined with the
minimization of the air in-leakage to keep the oxygen levels in the system below 10 ppb. In this
case, the oxidation-reduction potential (ORP) is significantly less than 0 mV.

The AVT(O) regime does not contain any reducing agent, but the oxygen levels are still kept low
(<10 ppb). It was found that, in some cases, eliminating the reducing agent reduces the corrosion
product generation. In this treatment, the ORP is not strictly controlled and expected to be
around 0 mV.

The OT regime implies the use of high purity oxygenated water. The success of this treatment in
ferrous systems is due to the passivation of the metal surface with a ferric oxide hydrate
(FeOOH) film. FeOOH has much lower solubility than Fe3O4. The ORP is not strictly controlled
but is expected to be around +100-150 mV.

The AVT(O) and OT regimes are applicable only in all-ferrous systems. Based on the main
requirements for the above-described feedwater treatments, the experimental parameters were
determined for Task 2 (Table 4-5). The matrix of targeted chloride/sulfate concentrations for the
experimental solution is given in Table 4-6.

4-12
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-Iggkr);?‘nttfsers Ranges Chosen for the Electrochemical Corrosion Measurements under AVT
Regime
Parameter AVT(O) AVT(R) oT
pH at 25°C (77°F) 9.2-9.6 9.2-9.6 9.2-9.6
NH,OH Yes Yes Yes
Reducing agent No Hydrazine No
ORP ~0 mVv -350 mV ~+100-150 mV
cr 0—-200 ppb 0—200 ppb 0—-200 ppb
S0,? 0-400 ppb 0—400 ppb 0—400 ppb
Cl/S0,? 0.1-10 (mole ratio) 0.1-10 (mole ratio) 0.1-10 (mole ratio)
T 350°C (662°F) 350°C (662°F) 350°C (662°F)
P 18 MPa 18 MPa 18 MPa
Pre-oxidation at lower | Yes/No Yes/No Yes/No

T

The solution preparation approach and experimental tools, including protection from the
influence of atmospheric CO, and oxygen, was described in Section 3.6. Preparation and dosing
of the NaCl and Na,SQO, solutions for chloride and sulfate control followed the standard
analytical methods. The pressure/temperature parameters of the AVT treatment specified in
Table 4-5 are chosen close to the liquid-vapor equilibrium line for water, and applied pressure
ensures the liquid phase for electrochemical studies.

Table 4-6

Matrix of the CI/SO,” Mole Ratios of Interest in the AVT Corrosion Study
mol.kg’1 cr 0.0E+00 4.2E-07 2.8E-06 5.6E-06
S0,” ppb 0 15 100 200
0.0E+00 0 00 00 0
5.6E-07 54 0 0.75 5.02 10.04
1.0E-06 100 0 0.41 2.71 5.42
2.1E-06 200 0 0.20 1.36 2.71
4.2E-06 400 0 0.10 0.68 1.36
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4.4.2 Corrosion Rates for SA210A1 Carbon Steel under AVT(O) Treatment

The work on this task has been started. The first experimental results obtained at temperatures up
to 360°C (680°F) served both Task 1 and Task 2 of this project. The solution composition
representative of the AVT(O) treatment was chosen for verification of the experimental
techniques and testing the designed measurement tools. The quality of these results was taken as
a criterion for accomplishment of Task 1.

The first regime tested was AVT(O). The method of solution preparation is described in Section
3.6, and the experimental parameters used are listed in Table 4-7.

The electrochemical data of DC polarization and EIS obtained for the AVT(O) regime are
presented in Sections 4.1 and 4.2. The experimentally determined corrosion currents (Tables 4-1
to 4-3) can be re-calculated to corrosion rates (in mm year™) as follows:

I M Fe
Reome =10NSY ~CoRa Zw_

Equation 4-4
AuzFps

where A, is the surface area of the working electrode (cm?), ps s the density of steel material
(gecm™®), M ¢ is the atomic mass of Fe (55.85 g mol™), and NSY is the number of seconds per
year (s year). In this study, A, =1.2 cm? p,=7.84 g cm?, and thus the experimental corrosion
currents can be converted into corrosion rate as Roorz = 9726.3 1 x5 - Also the corrosion

standard rate can be found from the corrosion current density (A cm™)
aSReopr =11641.9 (1 oome 1 A,) -

Table 4-7
Experimental Parameters and Solution Specification for the First Corrosion Test on
SA210A1 Carbon Steel under AVT(O) Conditions

Solution ID: AVTSol-1

pH at 25°C (77°F) 9.0

NH,OH Yes

Reducing agent No

ORP Unspecified (~0 mV)
cr 100 ppb

S0,? 0 ppb

CI/SO4? (mole) o

T 20-360°C (68—680°F)
P 18 MPa

Pre-oxidation at lower T No

4-14
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The corrosion rates obtained by DC polarization and EIS methods for the SA210A1 carbon steel
in the AVTSol-1 solution are given in Tables 4-8 and 4-9, respectively. As was discussed
previously, the difference in the corrosion rates indicated by these two methods is attributed to
the different character of electrode polarization during the measurements. The corrosion rate
measured by mass loss analysis at 300°C (572°F), 0.25 mm year™, falls in between the values
yielded by DC polarization and EIS. Close coincidence of these rates was not expected and
would not be correct, because the mass loss test indicates an integral (cumulative) corrosion for
the time of specimen exposure. At the same time, the corrosion rates determined from
experimentally measured corrosion currents are instantaneous and may be time dependent.
Correlation of the corrosion rates produced by different methods is an important task, which will
be pursued in 2006 via collection and analysis of additional experimental data.

E?)tr):ijifn Rates for the SA210A1 Carbon Steel in the AVTSol-1 Solution Obtained by DC
Polarization

Run# | T/°C | T/°F | P/ MPa leors /A Corrosion Rate/mm year™

ah103t | 22 72 17.2 4.0.10” 0.004

ahl04t |20 |68 |16.9 |3.1.107 0.003

ah87t | 200 | 392 | 21.6 1.7-10° 0.017

ah83t | 204 |399 |21.7 |2.1.10° 0.020

ah78t | 290 | 554 | 20.7 2.1.10° 0.020

ah80t | 297 |567 |21.7 |27-10° 0.026

ah64t | 340 | 644 | 18.2 2.1.10° 0.020

ah9lt | 340 |644 | 219 |2.410° 0.023

ah94t | 360 | 680 | 26.1 2.8:10° 0.027

ahl100t | 360 | 680 | 25.1 6.0-10° 0.058
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Table 4-9
Corrosion Rates for the SA210A1 Carbon Steel in the AVTSol-1 Solution Obtained by EIS
Measurements
Run# | T/°C | T°F | P/ MPa |CC;RR A Corrosion Rate/mm year™
ah6i |20 |68 4.8 6.2:10° 0.06
ah122i | 21 | 70 17.2 6.2:10°° 0.06
ah12i | 100 | 212 | 10.3 1.9-10° 0.37
ah112i | 204 | 399 | 216 | 4.2.10° 0.41
ah11li | 205 | 401 | 215 | 6.0.10° 0.58
ah103i | 321 | 610 | 21.7 1.3.10* 1.26
ah115i | 330 | 626 | 219 | 35.10° 0.34
ah100i | 336 | 637 | 21.7 1.1.10* 1.07
ah101i | 344 | 651 | 21.7 1.3.10* 1.26
ah102i | 356 | 673 | 21.7 4.7-10° 0.46
ah117i | 360 | 680 | 26.0 1.1.10* 1.07
ah119i | 360 | 680 | 26.2 1.0.10* 0.97

Table 4-10 provides a general comparison of the corrosion rates determined in this study with
some literature data. The published papers cited in this table deal with various materials (steels
and alloys) and various electrolyte solutions, most of which are much more concentrated than the
solutions used in this study. Nevertheless, such comparison helps to evaluate the overall
corrosion situation in the system under study and to illustrate the general tendency of the
corrosion rate drift with temperature.
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Table 4-10
Comparison of Corrosion Rates (mm year™) of Different Steels in Different Aqueous
Solutions at Some Representative Temperatures
T,°C(°F) | SA210A1 | SA210A1 SS 304 Alloy 625 | Mild Steel | CS 1018 Industrial
1) (2) 3) (4) ) (6) CS (7)
23 (73) 0.004 0.06 0.05/0.017 | 0.0076 0.038/0.014
100 (212) 0.37
150 (302) 0.12
200 (392) 0.017 0.40 35
300 (572) 0.026 35 44
360 (680) 0.034 1.02

(1) — Data of this report: AVTSol-1 solution (Table 4-7), DC polarization method; the values are
interpolated for the tabulated temperatures.

(2) — Data of this report: AVTSol-1 solution (Table 4-7), EIS method; the values are interpolated for the

tabulated temperatures.

(3) — 0.01 mol kg™ HCI + 0.1 mol kg™ NaCl(aq) solution saturated with H, at 25°C (77°F) [16];

(4) — 0.05 — 0.2 mol kg™ HCI(aq) or H,SO.(aq) solutions [3];

(5) — 3.5% NacCl(aq) solution; mass loss (upper) / corrosion current (lower) measurements [40];

(6) — Oxygenated or nitrogenated pond water solutions [41];

(7) — 10 mol kg™ NH,OH(aq) solution; mass loss (upper) / electrochemical (lower) measurements [42].
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CONCLUSIONS

1. The experimental tools for electrochemical corrosion measurements up to 360°C (680°F),
including a hydrothermal cell, an annular duct flow-through working/counter electrode
assembly, and flow-through external Ag/AgCl reference electrode were designed and tested.

2. The DC polarization two-electrode and three-electrode techniques showed the highest
promise for the corrosion rate measurements in the dilute electrolyte solutions of interest.

3. The electrochemical impedance spectroscopy (EIS) method provided the upper limit values
for the instantaneous corrosion currents and can also be used as an efficient tool to control
the juvenility of the working solution in the flow-through cell using high temperature
conductivity measurement.

4. The applicability of the external flow-through Ag/AgCl reference electrode to the DC
polarization measurements in very dilute aqueous solutions was considered questionable
because of high data scattering. While this electrode proved to be good for corrosion
potential measurements, other types of reference electrodes, such as internal flow-through
YSZ or Pt(H,), are being contemplated as alternative options.

5. The corrosion rates of the SA210A1 carbon steel were determined for the case of chloride
dominated AVT(O) solution (CI" 100 ppb, SO, 0 ppb) in the temperature range from 20°C
(68°F) to 360°C (680°F). The first DC polarization and EIS tests showed that the
electrochemical corrosion rate increased by more than one order of magnitude with
temperature increasing from 20°C (68°F) to 360°C (680°F). These data cover only one
composition of the AVT(O) chemical regime (Task 2) and will be further extended to all
compositional matrices.

6. The corrosion rate determined from the mass loss test was found to fall in between the
corrosion rate values obtained from the DC polarization and EIS methods.
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FUTURE RESEARCH

Task 1 of this project, involving the development of the methodology and experimental tools, is
close to completion. The corrosion measurements of the SA210A1 carbon steel will be continued
using the developed methodology under chemical treatments of interest. The two-electrode and
three-electrode DC polarization measurements will be considered the main electrochemical
technique for determination of the corrosion rate of the steel specimens. The EIS method will be
used in parallel to find the maximum corrosion rate (as was described in Section 4.2). The EIS
will be routinely used to measure the ionic conductivity of the working solution during the
experiment and, thus, to control the juvenility of the solution flow. The mass loss experiments
will be performed in a separate experimental system concurrently with the electrochemical
measurements. This method will be regarded as auxiliary and will be used to measure the
cumulative corrosion over a certain period of time and to provide a reference for the
electrochemically measured corrosion parameters. For each chemical treatment regime (AVT,
OT, PC, or CT), the mass loss test will be performed only for the solution composition causing
the highest corrosion rates.

The electrochemical experiments will be performed in the temperature range 25 to 350°C (77 to
662°F). The experimental runs will be scheduled according to the task matrices given in Tables
6-1 (AVT and OT), 6-2 (PC), and 6-3 (CT). In each run (for each solution composition), the
temperature will be changed stepwise, and the measurements at each temperature point will
continue for at least 4 days or until the measured corrosion current reaches a plateau. In the
regular experiments, the measurements will be started from the highest temperatures, and in pre-
oxidation experiments, the measurements will be started from the lower temperatures. The pre-
oxidation check in each of these regimes implies that the specimen (carbon steel) will be initially
heated in the system to a temperature that is significantly lower than the highest target
temperature, presumably 200°C (392°F) and pre-conditioned (pre-oxidized). After the pre-
oxidation period, the system will be brought to the temperature of 350°C (662°F), and the
electrochemical measurements will be carried out as usual. To ensure a good sensitivity of these
checks, the experiments with pre-oxidized specimens will be primarily performed for the
solution compositions causing the highest corrosion rates. Analogous pre-oxidation treatments
will be carried out in mass loss tests as well.
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Table 6-1

Experimental Runs (Numbers) Scheduled for Electrochemical Corrosion Studies for AVT

and OT Regimes

T = 25-350°C (77-662°F) AVT(O) AVT(R) oT’

P = 18 MPa (2610 psi) (ORP~0 mV) (ORP~-300 mV) (ORP~+150 mV)
ClI' only (200 ppb) 1 7 -

CI rich (CI/SO4? ~10) 2 8 -
Balanced (CI/SO,? ~1) 3 9 13

S0, rich (CI/S0,% ~0.1) 4 10 -

S0, only (400 ppb) 5 11 -
Pre-oxidation check 6 12 14

"Given chloride-sulfate molar ratios are approximate and will be calculated for particular runs based

on actual reagent doses (in ppb).

“OT regime runs are scheduled together with the AVT regime runs for convenience due to the similar
solution chemistry used in both of these treatments.

Table 6-2

Experimental Runs (Numbers) Scheduled for Electrochemical Corrosion Studies for PC

Regime

T = 25-350°C (77-662°F)
P = 18 MPa (2610 psi)

PC(L)
([PO43_]tot<3 ppm)

PC(H
([PO4s7}io>3 ppm)

CI 150 ppb; S0, 600 ppb 15 -
CI 300 ppb; S0,2 1200 ppb - 17
Pre-oxidation check 16 18

Table 6-3

Experimental Runs (Numbers) Scheduled for Electrochemical Corrosion Studies for CT

Regime

T = 25-350°C (77-662°F)

P =18 MPa (2610 psi) CT
CI" 300 ppb; SO, 600 ppb

NaOH 0.5 ppm 19
NaOH 1 ppm 20
NaOH 2 ppm 21
Pre-oxidation check 22
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Future Research

According to the specified physicochemical conditions that need to be covered by these studies,
at least 22 experiments will be conducted (excluding repeated runs). The proposed time table for
the future studies is shown in Table 6-4. The appropriate time necessary for completion of each
of the Tasks 2—4 was estimated, taking into account the actual experimental time for each
electrochemical and mass loss measurement (at least 4 days) multiplied by the number of
temperature points, experiment preparation, maintenance of the experimental systems,
processing of results and methodical adjustments, and preparation of reports. This time table
does not include repeated experiments for the same conditions and does not consider any
unforeseen breakdowns in system operation.

Further development of methodology for high temperature corrosion studies will be continued
alongside with the measurements at least for the first quarter of 2006. In particular, a new design
of a high temperature electrochemical noise sensor will be developed, and the possibility of
using ENA in the very dilute electrolyte solutions will be tested experimentally. Alternative high
temperature reference electrodes will be tested for the DC polarization measurements in very
dilute solutions. The prospective options are internal flow-through YSZ or/and Pt(H,) reference
electrodes. Ways will be explored to most efficiently correlate electrochemical data with ex situ
methods (such as mass loss analysis and SEM) and will assess the kinetic aspects of both types
of experiments under the conditions of interest.

Table 6-4
Suggested Time Table for the Future Electrochemical Corrosion Studies

Tasks 2006 2007

Methodology development

AVT

PC

CT

oT

Data treatment

Monthly, Annual, and Final
Reports

6-3
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COMPARISON OF THE THREE-ELECTRODE AND

TWO-ELECTRODE SCHEMES OF EIS AND DC
POLARIZATION MEASUREMENTS USING THE RDE-2

SYSTEM

The Tafel curves for two-electrode and three-electrode schemes are shown in Figure B-1 and
Nyquist plots for both cases in Figure B-2. The three-electrode Tafel curve and EIS data were
taken first. The two-electrode DC polarization curve and EIS were taken after 1.5 hours in the
same solution AVTSol-1. In both cases, the RPM was equal to 260. The results of the data

treatment are presented in Tables B-1 and B-2.

B-1
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Comparison of the Three-Electrode and Two-Electrode Schemes of EIS and DC Polarization Measurements Using
the RDE-2 System
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Figure B-1

Comparison of DC Polarization for the Different Electrodes Schemes: AVTSol-1, RDE-2 at

23°C (73°F) (Runs ard11t and ard12t). The Solid Lines Correspond to the Data Fitting by
Equation 2-12.
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Comparison of the Three-Electrode and Two-Electrode Schemes of EIS and DC Polarization Measurements Using
the RDE-2 System
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Figure B-2

Comparison of EIS for the Different Electrodes Schemes: AVTSol-1, RDE-2 at 23°C (73°F)
(Runs ard2i and ard3i). The Solid Lines Correspond to the Data Fitting by the
Electrochemical Circuit Cell Model.
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Comparison of the Three-Electrode and Two-Electrode Schemes of EIS and DC Polarization Measurements Using
the RDE-2 System

Table B-1
Corrosion Current, Corrosion Potential, and Charge Transfer Coefficients for Carbon Steel
SA210A1 in Aqueous Solution AVTSol-1 (NaCl + NH,OH: 100 ppb of CI"and pH=9) at 23°C

(73°F) for the Different Electrode Schemes

Run # leore A Eoorr N a a, Explanations

ard11t 1.7-10° -0.31 0.044 0.053 3 electrodes, 260 RPM

ard12t 6.2.107 -0.50 0.066 0.30 2 electrodes, 260 RPM
Table B-2

Corrosion Charge Transfer Resistance, Double Electric Layer Capacity, and Estimated
Corrosion Current for Carbon Steel SA210A1 in Aqueous Solution AVTSol-1 (NaCl +

NH,OH: 100 ppb of CI" and pH=9) at 23°C (73°F)

Run #

RsoL / Ohm

Rer / Ohm

CDEL/ =

I CT
CORR | A

Explanations

ard3i

31000

4700

2.5.10°

2.7.10°

2 electrodes, 260 RPM
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