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Foreword 

The symposium on Galvanic Corrosion was presented at Phoenix, AZ, on 3-4 Nov. 1986. 
ASTM Committee G-1 on Corrosion of Metals sponsored the symposium. Harvey P. Hack, 
David Taylor Naval Ship R&D Center, served as chairman of the symposium and editor of the 
resulting publication. 
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Overview 

The increasing demands being placed on structures and equipment have led to the require
ment to use a mix of materials to obtain the desired performance. Galvanic corrosion is the 
unfortunate result in many cases. The first Special Technical Publication (STP) containing 
much galvanic corrosion information was published by ASTM in 1976. Since then, significant 
progress has been made in the field, particularly in computer prediction and testing for galvanic 
corrosion, but also in describing the latest computer and testing techniques and summarizing 
how galvanic corrosion affects various industries. This symposium was held on 3-4 Nov. 1986 in 
Phoenix, AZ. Most of the papers presented there are included in this volume. 

The papers are organized into a format typical of a manual on the subject. Many of the 
papers are tutorial in nature, starting with the basics and proceeding to the level of detail neces
sary for full understanding of the subject. The first paper on the electrochemical theory of 
galvanic corrosion, by Oldfield, is designed to start at an introductory level and build to the 
most recent developments in electrochemical theory. This is a good introduction for any reader, 
regardless of background. More specialized theory relating to corrosion products and hydrogen 
embrittlement follow in the papers by Wilhelm et al. and by Pollock and Hinton. The use of 
semiconductor theory from solid-state physics to describe the interaction of corrosion products 
with the base alloy is a new and exciting development in the field. Hydrogen embrittlement is 
often overlooked as a form of galvanic corrosion, since it occurs on the cathode, but increases in 
importance as the quest for higher strength materials leads to the use of more hydrogen-
sensitive alloys in structures. 

Typically, galvanic prediction has been based on the use of galvanic series, galvanic compat
ibility tables, or on short-term polarization curves. The next set of papers describes newer and 
better techniques for galvanic corrosion prediction based on the use of computers and long-term 
data. Calculational techniques are discussed first by Astley. These techniques solve the equa
tions of electrical continuity throughout the electrolyte by making assumptions about the geom
etry and boundary conditions to reduce the problem to a form that is sufficiently simple to be 
solved directly, or by the use of relatively fast computer routines. This is an extremely valuable 
technique for specific types of galvanic corrosion problems. For more general analyses, discre
tization techniques, including finite element analysis, are extremely valuable for making gal
vanic corrosion predictions. The theory and application of finite element analysis and boundary 
element analysis are discussed in the papers by Fu and by Adey and Niku. Finally the paper by 
Scully and Hack ties together the use of finite element analysis and the use of long-term data to 
show how these techniques work in a real application, that of a heat exchanger configuration. 

Testing and preventative techniques make up the next set of papers. Wright and Doyle dis
cuss a standard test technique called the CLIMAT or wire-on-bolt test for galvanic corrosion in 
the atmosphere. The importance of the interface between designers and corrosion engineers is 
next detailed by Jenkins, who believes that improved communications at the outset of the design 
process will prevent a large number of galvanic corrosion problems. Turner discusses a powerful 
method for prevention of galvanic corrosion called cathodic protection. This technique is widely 
and successfully utilized, and the paper describes the design process for a cathodic protection 
installation. 

The next group of papers discusses how galvanic corrosion manifests itself in a number of 
environments of concern. Soil is discussed by Escalante. Here the major concerns are the lim
ited conductivity and variability of the electroljfte. It is interesting to note the effect of minor 

1 

Copyright® 1988 by ASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.

http://www.astm.org


2 GALVANIC CORROSION 

pollutants can dramatically change galvanic corrosion behavior, as pointed out for seawater in 
the paper by Hack, which appeared in the Journal of Testing and Evaluation (Vol. 8, No. 2, 
March 1980, pp. 74-79). The strong influence of minor constituents in the electrolyte on gal
vanic corrosion has received too little consideration in the literature. More sophisticated inter
pretation of polarization curves is necessary in some environments, as shown for highly 
corrosive fluids in the paper by Sridhar and Kolts. Galvanic corrosion in reducing acids is next 
discussed by Streicher and Yau. The last paper by Corbett et al. is an example of a well-
designed test in a less typical environment. Although galvanic corrosion was found to not be a 
concern, the systematic approach to exploring the possibility is a good example for all to follow. 

The last papers are summaries of the galvanic corrosion problems experienced in a variety of 
industries. They include for each industry problem areas where galvanic corrosion had been 
found to occur, including examples, and typical preventative measures. The paper by Baboian 
et al. describes galvanic corrosion in automobiles, where interaction with trim can lead to prob
lems and cladding can lead to solutions to problems. The next paper by Efird is a comprehen
sive treatment of the subject of galvanic corrosion in the oil and gas production industry. Useful 
data to aid in making predictions are included in this paper. Galvanic corrosion in the tele
phone communications industry is discussed by Schick. Shipbuilding is next addressed by 
Morton, who discusses the areas of ships where problems can occur, and what is typically done 
to prevent them. Galvanic corrosion on components in power plants is discussed in the papers 
by Gehring, and also by Redmerski et al. Finally, galvanic corrosion is a significant problem in 
desalination plants, as noted by Zaharani et al. 

The variety and depth of these papers should make this book a valuable reference tool for 
anyone in any industry who may have concerns about galvanic corrosion. Supplemental mate
rial may be found in Galvanic and Pitting Corrosion—Field and Laboratory Studies (STP 576} 
and in several standard guides and test methods concerning galvanic corrosion published in 
Volume 03.02 of the Annual Book ofASTM Standards. 

Harvey P. Hack 
David Taylor Naval Research Center, Be-

thesda, MD; symposium chairman and 
editor. 
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John W. Oldfield^ 

Electrochemical Theory of Galvanic 
Corrosion 

REFERENCE: Oldfield, J. W., "Electrochemical Theory of Galvanic Corrosion," Galvanic Cor
rosion, ASTM STP 978, H. P. Hack, Ed., American Society for Testing and Materials, Philadel
phia, 1988, pp. 5-22. 

ABSTRACT: Galvanic corrosion can be defined simply as that corrosion that occurs as a result of 
one metal being in electrical contact with another in a conducting corrosive environment. The 
corrosion is stimulated by the potential difference that exists between the two metals, the more 
noble material acting as a cathode where some oxidizing species is reduced, the more active metal, 
which corrodes, acting as the anode. To fully understand this process it is first necessary to under
stand the basic thermodynamics and kinetics of electrochemical reactions. These are considered 
with particular reference to exchange current densities and the factors that control them, linear 
and Tafel kinetics, concentration and mass transfer effects, and mixed potential theory. The prac
tical side of galvanic corrosion and its relationship to electrochemical parameters is considered 
with particular reference to the most important cathodic processes, that is, oxygen reduction and 
hydrogen evolution, as they occur on engineering materials, for example, steel, stainless steel, 
copper base alloys, and so forth and to the general form of the anodic processes that occur. Finally 
the use of galvanic series as a predictive tool is discussed. In addition methods used to model 
galvanic situations with the aim of predicting corrosion are briefly mentioned and their advan
tages and limitations outlined. 

KEY WORDS: galvanic corrosion, mixed potentials, galvanic series, mathematical modelling, 
oxygen reduction, hydrogen evolution, electrochemical theory 

Galvanic corrosion can simply be defined as the corrosion that occurs as a result of one metal 
being in contact with another in a conducting, corrosive environment. The corrosion is stimu
lated by the potential difference that exists between the two metals, the more noble material 
acting as a cathode where some oxidizing species is reduced, the more active metal, which 
corrodes, acting as the anode. 

The anodic reaction is, by definition, some form of metal dissolution; the cathodic reaction 
is, in the majority of practical situations, either oxygen reduction or hydrogen evolution, or a 
combination of both. There are situations however where other oxidizing species can play a 
part, for example, chlorine in chlorinated systems, the presence of ferric ions in solution, and so 
on. 

In this paper these reactions are considered from an electrochemical viewpoint, and the 
major parameters determining their rates are highlighted. Their interaction on a single metal is 
examined, and how this relates to the bimetallic situation is reviewed. 

The practical aspects of galvanic corrosion and how they relate to electrochemical parameters 
are considered with particular reference to the most important cathodic processes occurring on 
the more important engineering materials. The general form of the anodic reactions are also 
noted. 

Finally, the use of the galvanic series as a predictive tool is discussed and methods used to 
model galvanic situations with the aim of predicting corrosion are briefly mentioned and their 
advantages and limitations outlined. 

'Manager of corrosion, Cortest Laboratories Ltd., Shepherd St., Sheffield S3 7BA, United Kingdom. 
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6 GALVANIC CORROSION 

Electrochemical Theory 

Thermodynamics of Electrode Reactions 

Consider the simple electrode reaction under equilibrium conditions 

0 + ne^ R (1) 

where O is the oxidized species, R the reduced species, and n the number of electrons associated 
with the reaction. 

If all the components of the reaction are in the standard state, that is, the electroljrte solution 
has unit activities of all ions that determine the electrochemical potentials and the gases have a 
pressure of one atmosphere, then the standard electrode potential for the reaction is defined by 
[/] 

E° = -AG°/nF (2) 

where AG° is the Gibbs free energy for the reaction. 
The electrode potential under nonstandard conditions is given by 

RT cm 
E = E° In ——• (3) 

nF cm 

where C(R) and C(0) represent the activities of/? and O, respectively. 
Equation 3 is the Nemst equation, used to describe the potential variation of electrode reac

tions at equilibrium. 

Kinetics of Electrode Reactions 

Again consider Reaction 1, but this time under nonequilibrium conditions. 
When a reaction current i flows at an electrode, there are in fact two opposing currents, one 

anodic i(a) and one cathodic i{c) of which i is the resultant. Thus 

i = i{c) - i(a) (4) 

At equilibrium, when no resultant current flows 

4 = i{c) = Ha) (5) 

where i„ is called the exchange current. 
The relationship between current and potential for Reaction 1 in the absence of mass transfer 

effects is given by 

anFri\ / ( l ~ oi)nFr) 
expl — 1 — expl 

^ RT/ V RT 

(6) 

where a is the transfer coefficient, T; is the overvoltage, and F, R, and T have their usual 
meaning. 

The exchange current density is given by 

4 = «F*„C(0)fC(R)j-« (7) Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



OLDFIELD ON ELECTROCHEMICAL THEORY 7 

where C(OX and C(RX represent the activities of O and R at the electrode surface at equilibrium 
and where fe„ is the reaction rate constant in metres per second (m/s). 

The current-overvoltage variation described by Eq 6 is illustrated graphically in Fig. 1 by 
plotting the parameter i/i„ against cmFr\lRT. 

Equation 6 is usually simplified at high overvoltages, where the reverse reaction current can 
be neglected, to the well known Tafel equation, namely 

log i = log i„ + 
omFi) 

2.3RT 
(8) 

At low overvoltages a linear expansion of the exponential terms can be carried out to give 

nFi\ 
i = h 

RT 
(9) 

where it has been assumed that 2a = 1. 
The range of validity of these expressions is also illustrated in Fig. 1 where Eqs 8 (Tafel 

equation) and 9 (linear approximation) are plotted and compared with Eq 6 (Butler, Volmer 
equation). The linear approximation underestimates the current by 4 and 15% for anFr)/RT 
values of 0.5 and 1, respectively. The Tafel approximation overestimates the current by 5 and 
16% for anFij/RT values of 1.5 and 1, respectively. 

The influence of mass transfer can be introduced into Eq 6, which then takes the form [2] 

h(a) 

iM 

—anFiA h(c) 

iAc) exp 
(1 — a)nFr\ 

RT 
(10) 

3 I— 

nonF/RT TAFEL 
APPROXIMATION 

FIG. 1—Graphic representation of the Butler-Volmer equation together with Tafel and linear expansion 
approximations. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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8 GALVANIC CORROSION 

where the concentration terms in 4 now refer to the bulk concentrations rather than those at the 
electrode surface and where /,(a) and ii(c) are the anodic and cathodic diffusion limited currents 
given by 

nFD(R) 
iM = —7-^ (CWB - cms) (11) 

and 

h(c) = — ^ (ao)s - ao)s) (12) 

where the subscript B refers to bulk concentrations, D{R) and D(,0) are the diffusion coeffi
cients of/? and O, respectively, and S is the thickness of the diffusion layer. 

At high overvoltages Eq 10 is usually simplified by ignoring the back reaction, thus the ca
thodic reaction for example becomes 

'o exp 
-otnFri 

RT 

4 —anFri 
1 + exp 

iM) RT 

(13) 

The influence of mass transfer is shown graphically in Fig. 2 where Eq 13 is compared with the 
Tafel Eq 8. 

'o/i, = 1 

nonF/RT 
TAFEL 
APPROXIMATION 

FIG. 2—Influence of mass transfer on the Butler-Volmer equation. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



OLDFIELD ON ELECTROCHEMICAL THEORY 9 

Equations 6 and 10, and simplified versions of them, serve as general expressions for the rate 
of an electrode reaction in terms of the reaction rate constant, concentration of reacting species, 
and the electrode overvoltage. 

Mixed Potential Theory on a Single Metal 

In corrosion of course, even in the simplest situation, we are dealing with at least two different 
reactions, one anodic and one cathodic normally occurring at the same rate. 

In many cases Eq 6 can be used to represent both reactions and thereby allow a relatively 
simple analysis of the situation, which results in a mixed potential. As an example consider the 
situation described in Fig. 3, namely, the dissolution of a metal in a reducing acid. If the Tafel 
approximation can be made to the cathodic arm of the hydrogen evolution process and the 
anodic arm of the metal dissolution process then the following equations apply 

/•(c, H+/H2) = Jcorrexp 
ft 

(14) 

where 

F° — F 
'coiT = 'o e x p • 

ft 
Icon = £ - ^corr. a n d 

_ RT 

anF 

similarly for the metal dissolution process 

i{aMIM^*) = icorr exp (15) 

+.2 

H -.2 

-.4 -

.6 » 

io(H2/H+) ^/>^ 

1 ^ ^ H2 - > 2H++2e 

\ ^ ^ 
^ " • E H X / H ^ ' ^ ^ 

^ ^ w 2H++2e - > H2 

^s^,^^ 

-

^ " * " " ~ ECORR"* 

" io(Zn/Zn2+) 

1 ^ 
1 _y/^ 

1 ^"1^ 1 

'CORK 

N^ 1 
^ "~ "* ^ ^ ^ 

^ Z n -> Zn2++2e 

Zn2++2e - > Zn 

1 J 

-8 -6 -4 
log i (Amp/cm 2) 

FIG. 3—Kinetic behavior of a metal in a reducing acid, for example, zinc in hydrochloric acid. 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



10 GALVANIC CORROSION 

The current resulting from any excursion from E^o^ is simply given by 

I = t„ exp exp P. 
(16) 

Under small excursions from E^„ the exponential terms can be expanded to give 

' 'corr'/c{ 
1 1 

(17) 

which is of course the basis of linear polarization methods for determining the corrosion rate. 
This illustrates in simple terms the electrochemical aspects of mixed potential theory used to 

handle reaction rates and corrosion potentials on a single metal when only two reactions are 
involved. 

More complicated situations involving additional reactions can be handled in a similar way. 
For example, Fig. 4 illustrates the situation of a metal corroding in a reducing acid when ferric 
ions are present in the system. 

General Theory of Galvanic Corrosion 

Mixed Potential Theory on Two Metals 

When two metals are connected together as in a galvanic couple, the principles involved are 
again based on simple mixed potential theory [3]. The situation illustrated in Fig. 3 now only 
represents half the picture, the second metal or alloy in the couple has, associated with it, 
anodic and cathodic reactions, and these must be considered. This gives a minimum of four 
reactions as illustrated in Fig. 5. 

The position of these curves for a given situation depends on area ratios, area distribution, 
solution conductivity, mass transport, and so on. To obtain quantitative predictions of galvanic 
currents requires all these factors to be considered. However in some instances qualitative infor-

io(Fe3+/Fe2+) 

E(Fe3VFe2-̂  

E E(H+/H2) 

E(M/M+) 

—y 

TOTAL ANODIC 
CURRENT 

TOTAL CATHODIC 
V _ CURRENT 

V 

FIG. 4—Kinetic behavior of a metal in a reducing acid containing ferric salts. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



OLDFIELD ON ELECTROCHEMICAL THEORY 11 

E(H+/H2) 

T 
E 

i 
'^•COUPLE 

E(M/M+) 

E(N/N+) 

CORR(COUPLE) 

TOTAL ANODIC 
CURRENT 

TOTAL CATHODIC 
CURRENT 

CORR(N) 

log i 

FIG. 5—Galvanic couple between two corroding metals. 

mation serves a useful purpose, and simple curves of the type shown in Figs. 6a, b, and c are 
often used based on the mixed potential approach described above [4]. 

The Wagner Parameter 

It is worthwhile mentioning at this point the Wagner parameter, or polarization parameter as 
it is sometimes known. This was defined by Wagner {5] as 

di 
) — 
dE 

= oRp (18) 

and has units of length, where p is the solution resistivity, and dE/di is the slope of the steady 
state polarization curve, namely, the polarization resistance Rp, and a is the solution conduc
tivity. 

This parameter has great significance in galvanic corrosion studies. In any scaling operation, 
for example, either practical or modelling, the ratio of the Wagner parameter to the character
istic length of the system, that is, the Wagner number, must be kept constant. 

The value of the Wagner number determines the behavior of the galvanic cell, a small value, 
for example, results in what Waber [6] termed "macroscopic" behavior. By this he means that 
current density varies significantly over the electrode surface. Alternatively, large values of the 
Wagner parameter result in "microscopic" behavior where current density is fairly uniform over 
each electrode. 

Laplace's and Poisson 's Equations 

The corrosion rate at any point on a metal surface submerged in an electrolyte can be pre
dicted exactly if the electrochemical potential in the electrolyte adjacent to that point is known. 

The equation governing the potential distribution in a galvanic system can be derived from 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



12 GALVANIC CORROSION 
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OLDFI ELD ON ELECTROCH EM ICAL TH EORY 13 

first principles [ 7] . The continuity equation (charge conservation) requires that the current per 
unit volume / relates to the charge density q by 

- V . i = ^ (19) 
dt 

where V = (d/dx) + (d/dy) + (d/dz). For a steady state system dq/dt = 0. 
Taking account of the relationship for electric field intensity 

and Ohms law 

the continuity equation transforms to 

For uniform, isotropic conductivity 

E = -y<l> (20) 

aE (21) 

VaV<^ = 0 (22) 

V2(̂  = 0 (23) 

which is the Laplace equation. 
At points in the electrolyte where polarization currents ip enter or exit, this continuity equa

tion becomes the Poisson equation 

VaV<^ + Jp = 0 (24) 

Solution of this equation with the appropriate anodic and cathodic polarization expressions and 
the relevant boundary conditions will give the potential distribution throughout the electrolyte 
and thus the corrosion rates on the constituent metals in the system. 

Factors Affecting Galvanic Corrosion 

Many factors including the electrochemical ones already discussed go to determining whether 
or not galvanic corrosion will occur in a particular instance and if so at what rate. It is important 
when considering the theory of galvanic corrosion to be aware of these factors, illustrated in 
Fig. 7, and a brief summary of their significance is given below. 

Electrode Potentials 

The standard electrode potential of a metal in a solution of its ions gives a rough guide to the 
position of that metal in a galvanic series. In practice however we are usually concerned with 
alloys rather than pure metals, and in environments that do not contain the metal ions. To date, 
the best method of obtaining a "galvanic series" of potentials is to actually measure these poten
tials in the environment under consideration. 

Reaction Kinetics 

Electrode potential data will indicate whether or not galvanic corrosion can occur. The reac
tion kinetic data indicate how quickly corrosion can take place. The metal dissolution kinetics 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
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14 GALVANIC CORROSION 

ELECTRODE POTENTIALS 

- standard potential of metal in solution 
- galvanic potential between metals 

REACTION KINETICS 

- metal dissolution 
- O2 reduction overvoltage —— 
- H2 evolution overvoltage 

TYPE OF JOIN 

- welded 
- fasteners 
- separated with external connection 

/ 

1 Metal A | Metal D | 

TOTAL GEOMETRY 

- area ratio 
- distances involved 
- surface shape 
- surface condition 

• ^ - number of galvanic cells 

BULK SOLUTION PROPERTIES 

- O2 content 
— - pH 

- conductivity 
- corrosivity 
- pollutant level 

ALLOY COMPOSITION 

- major consti tuents 
- minor const i tuents 
- impur i t ies 

BULK SOLUTION ENVIRONMENT 

- temperature 
- f low rate 
- volume 
- Iieight above surface 

PROTECTIVE FILMiCllARACTElilSTICS 

- potent ia l dependence 
- pH dependence 
- solution dependence 
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FIG. 7—Factors affecting galvanic corrosion. 

give information on the rate of the anodic reaction in the corrosion cell; the oxygen reduction or 
hydrogen evolution overvoltages on the metals or alloys involved, or both, give information on 
the rate of the cathodic reactions and whether they will occur on one or both materials. 

Alloy Composition 

The composition of an alloy affects galvanic corrosion by directly affecting the alloy's cor
rosion resistance. In addition the constituents affect the corrosion potential and the kinetics of 
the cathodic processes involved; minor constituents and impurities can play an important role 
in this respect. 

Protective Film Characteristics 

The characteristics of the protective film, which exists on most metals and alloys, are impor
tant in determining whether or not galvanic corrosion will occur and what form it will take, for 
example, general or localized, in a particular environment. In particular the potential depen
dence, pH dependence, and resistance to various solution constituents are important. 

Mass Transport 

Depending on the particular system being considered, one, two, or all of the three forms of 
mass transport, migration, diffusion, and convection can play an important role in galvanic 
corrosion. 
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Bulk Solution Environment 

Included in this group of factors are the solution temperature, volume, height above the 
couple, and the flow rate across the surface. All these can affect whether or not galvanic cor
rosion will occur to any great extent. 

Bulk Solution Properties 

This group of factors is one of the most important; the oxygen level and pH, for example, 
determine whether a cathodic reaction is possible for a specific system. The corrosivity of the 
solution determines whether corrosion can occur, and the conductivity determines the geomet
ric extent to which it can occur. The pollutant level can affect all these other factors. 

Total Geometry 

One of the most important parameters in galvanic corrosion is the "area ratio," a high cath
ode to anode ratio usually resulting in rapid corrosion or a high anode to cathode ratio giving 
slow or no corrosion. Distribution of the area is obviously important as is surface shape and 
condition. The number of galvanic cells in a given system is also important. 

Type of Join 

The way in which the two alloys comprising a galvanic couple are joined together is impor
tant. Welding, where a gradual transition from one material to another may occur, could well 
give different corrosion properties to a system where the two materials are insulated by a gasket 
but electrically connected somewhere else in the system. Yet another type of join is via fasteners. 

It is clear from the above list that galvanic corrosion is an extremely complex form of cor
rosion involving the interplay of many factors. These factors can conveniently split into groups 
under the following headings: 

(1) electrode potentials and reaction kinetics, 
(2) alloy composition and protective film characteristics, 
(3) bulk solution properties and environment, and 
(4) galvanic couple geometry and join. 

Whether one is concerned with interpreting natural exposure data or making predictions 
relating to galvanic corrosion it is necessary to know, where possible, the inter-relationship 
between the many factors associated with each group. Such inter-relationships can be deter
mined empirically or by mathematical modelling. As will be noted later, the majority of 
attempts at predicting galvanic corrosion rates are hybrid systems comprising mathematical 
modelling using empirical data as part of the input. 

Anodic and Cathodic Reaction in Galvanic Corrosion 

Anodic Reaction 

The anodic reaction in a galvanic couple is some form of metal dissolution, either localized or 
general. One indication of the tendency of a metal to corrode in a galvanic couple is its standard 
reduction potential. Table 1 lists a number of standard reduction potentials of metals [8]. 
From a practical point of view these are of little use since most engineering materials are alloys. 
A more accurate prediction of galvanic relationships can be obtained by measuring the cor
rosion potential of a material in the environment of interest. Table 2 gives a typical galvanic 
series for some materials in ambient temperature seawater [4]. 
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16 GALVANIC CORROSION 

Tables 1 and 2 relate to equilibrium conditions as opposed to corroding conditions. They give 
information on potential differences that are available to drive a galvanic couple, but they say 
nothing about the rate at which the corrosion will occur. This is embedded in the kinetics of the 
reactions involved. The kinetics of specific anodic reactions are difficult to consider in a paper 
such as this since each metal and alloy has its own dissolution characteristics. 

However the active corrosion of most metals can be represented by some form of Tafel or 
linear kinetics, and such assumptions are usually made when modelling galvanic systems. The 
localized corrosion of some materials, which occurs in various practical cases, is more difficult 
to quantify electrochemically, and the modelling of such situations has not to my knowledge 
been attempted. 

Because the corrosion tendency of most metals in a given environment as a function of poten
tial is known, for example, the active potential region of a stainless steel in sulfuric acid, it is the 
cathodic reaction in a galvanic couple that is less well defined. The major cathodic reactions, 
which determine the maximum extent of galvanic corrosion, are discussed in the next section. 

Cathodic Reactions 

In the vast majority of practical situations the cathodic reaction occurring in galvanic cor
rosion is oxygen reduction or hydrogen evolution or both. The electrochemical aspects of these 
two reactions are described in some detail in this section. 

Oxygen Reduction Reaction—Because of the many complexities associated with the overall 
oxygen reduction reaction the modelling of galvanic corrosion systems where it is the cathodic 
process usually adopt an empirical approach by obtaining the reaction polarization curve under 
the required conditions. This experimental data are then fed into the appropriate mathematical 
model or used directly to interpret practical data. Notwithstanding this, it is considered appro
priate to have a sound knowledge of the electrochemical theory of the reaction, since in many 
situations this determines the extent of galvanic attack. The reaction is discussed in detail 
below. 

The reduction of oxygen occurs as follows 

acid solutions O2 + 4 H + + 4 e - • 2H2O (25) 

alkaline solutions O2 + 2H2O -t- 4e -• 40H" (26) 

At 25°C and under a pressure of 1 atm of oxygen E° in acid solutions (pH 0) is +1.229 V versus 
normal hydrogen electrode (NHE) and in alkaline solutions (pH 14) is + .401 V versus NHE. 

A characteristic feature of the oxygen electrode is that the equilibrium potential calculated by 
a thermodynamic procedure is never established in practice [9] . When an inert electrode, such 
as platinum or carbon, is immersed in an electrolyte in contact with oxygen gas, a potential of 
between 0.8 and 1.1 V is established, that is, 0.1 to 0.4 V less positive than the thermodynamic 
value. This difficulty in attaining the equilibrium potential of the oxygen electrode is based on 
its sensitivity to the surface condition of the electrode. This effects the extent to which the 
various reaction mechanisms, discussed below, are catalyzed with respect to one another. 

Hydrogen peroxide can form as an intermediate in the overall four electron reactions (25) and 
(26) 

acid solutions O2 + 2H+-f 2e - H2O2 (27) 

alkaline solutions O2 + H2O -I- 2e -• HO2"" + OH" (28) 
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TABLE 1—Standard potentials of some metals [8 ] . 

Range 

Noble to 

Active 

Metal-Metal Ion 
Equilibrium 

(Unit Activity) 

Au-Au+^ 
Pt-Pt+2 
P(l-Pd+^ 
Ag-Ag+ 
Hg-Hg2+' 
Cu-Cu+2 
H2-H+ 
Pb-Pb+^ 
Sn-Sn+2 
Ni-Ni+^ 
Co-Co+^ 
Cd-Cd+^ 
Fe-Fe+^ 
Cr-Cr+^ 
Zn-Zn+2 
A1-AI+^ 
Mg-Mg+^ 
Na-Na+ 
K-K+ 

Electrode Reduction Potential 
Versus Normal Hydrogen 

Electrode at 25°C, V 

+ 1.498 
+ 1.2 
+0.987 
+0.799 
+0.788 
+0.337 

0.000 
-0 .126 
-0 .136 
-0 .250 
-0 .277 
-0 .403 
-0 .440 
-0 .744 
-0.763 
-1 .662 
-2.363 
-2 .714 
-2.925 

TABLE 2—Galvanic series of some commercial metals 
and alloys in seawater. 

Range Metals 

Noble to 

Active 

graphite 
platinum 
Ni-Cr-Mo alloy C 
titanium 
Alloy 20 stainless steels 
Type 316, 317 stainless steels 
nickel-copper alloys 400, k-500 
silver 
nickel 
Ni aluminum bronze 
70-30 copper nickel 
Lead 
Type 430 stainless steel 
90-10 copper-nickel 
Type 410 stainless steel 
manganese bronze 
admiralty brass, aluminum brass 
copper 
naval brass 
aluminum bronze 
austenitic nickel cast iron 
low alloy steel 
mild steel 
cadmium 
aluminum alloys 
zinc 
magnesium 
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18 GALVANIC CORROSION 

Further electrochemical reduction of hydrogen peroxide proceeds according to the equations 

acid solution H2O2 + 2H+ + 2e - 2H2O (29) 

alkaline solution HO2' + HjO + 2e -> SOH" (30) 

The normal equilibrium potential of Reactions 27 and 29 calculated from thermodynamic 
data are +0.723 and +1.744 V versus NHE, respectively. Thus the formation of hydrogen 
peroxide is unstable thermodynamically and can only appear and accumulate as an interme
diate caused by kinetic factors. As a result hydrogen peroxide appears under certain conditions 
whereas in others it can not be detected. 

Any hydrogen peroxide formed can disappear not only as the result of further electrochemical 
reduction but also as a result of its decomposition catalyzed by the electrode material itself 

acid solutions 2H2O2 - O2 + 2H2O (31) 

alkaline solutions 2H02'̂  -* O2 + 20H" (32) 

This catalytic decomposition is often the reason for the low electrochemical efficiency of the 
oxygen reduction reaction, that is, the current expected from a four electron change is very 
rarely observed. 

Reactions 25 and 26 can proceed via a mechanism that does not involve hydrogen peroxide 
but involves the dissociation of oxygen molecules into atoms that are adsorbed onto the surface 

O2 -* 20, , , 

acid solution Oad, + 2H++ 2e - HjO (33) 

alkaline solution Oads + H2O + 2e -> 2 0 H ' (34) 

The determination of the actual reaction pathway is difficult unless hydrogen peroxide is 
observed. The individual Reactions 27, 28, 29, 32, 33, and 34 are themselves complex and can 
involve a number of intermediate stages in each of which one species, either proton or electron, 
is added. 

In practice the situation is aggravated by the fact that the reduction of oxygen occurs at 
potentials at which oxide layers are present on many metals. The variation of the nature and 
properties of these layers with potential and with the specific set of conditions, including the 
previous history of the surface, has different effects on the possible individual stages and reac
tions. 

Much has been written on the oxygen reduction reaction. On the majority of materials the 
rate determining step is the addition of the first electron to form the peroxyl radical union 

O2 + e - O2- (35) 

This gives a theoretical Tafel slope of 120 mV assuming a transfer coefficient value of V2. For 
example the Tafel slope for the reaction on mercury, platinum, silver, and gold is reported as 
110 mV [10]. 

Bianchi et al. [//] have studied the process on platinum, pallidium, iridium, gold, silver, 
copper, nickel, cobalt, chromium, stainless steel, graphite, magnetite, aluminum, zirconium, 
titanium, and tantalum in acid, slightly acid, neutral, and alkaline solutions. He concludes that 
the reaction occurs at different rates depending on the nature of the cathode material. Rates are 
high in alkaline solutions but vary markedly in acid solution. 
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Of the noble metals platinum is the most efficient but can easily be poisoned by oxidizing 
substances or ions that can easily be adsorbed for example, CI", Bl". Chromium and chromium 
containing alloys show low reaction rates in both acid and neutral solutions. 

In many practical situations of galvanic corrosion, the potential of the system is such that the 
oxygen reduction reaction occurs under some form of mass transport control. This can be 
simple diffusion through the solution or it can be diffusion through some surface layer as occurs 
in natural seawater. Under these conditions, it is the environment and not the reaction kinetics 
that determine the reaction rates. 

Hydrogen Evolution Reaction—The hydrogen evolution reaction is represented by 

2H++ 2e - H2 (36) 

The standard potential of this reaction at 25°C under 1 atm pressure of hydrogen is 0 V on the 
NHE scale. 

The principal mechanism of the evolution and ionization of hydrogen is based on three reac
tions. The first is Volmers reaction 

H + + e ^ H„a., + H2O (37) 

The adsorbed hydrogen atom can participate in two other reactions whereby a hydrogen mole
cule is formed, one of these, Tafels reaction, is the recombination of two hydrogen atoms 

2H<,,„ ; i H2 (38) 

The other, Heyrovsky's reaction is the electrochemical desorption of H(ads) as follows 

H,ads) + H + + e ^ H2 (39) 

The relative rates of these processes depend on the Gibbs free energy of adsorption of the hydro
gen atom, which is a function of the electrode material and its structure. 

In acid solutions the discharge reaction is the slow step, and on iron this is followed by the 
Tafel reaction at low overpotentials and electrochemical desorption at higher overpotentials 
[12]. 

The exchange current density gives a general idea of the reaction rate in the standard state at 
equilibrium and allows the classification of the substrate in terms of being a good or bad electro-
catalyst for the reaction. Some values of the exchange current density, together with values of 
the Tafel slope on different metals, are shown in Table 3 [13]. 

The hydrogen evolution reaction has been studied much more extensively than the oxygen 
reduction reaction. There are data available on alloys, Table 4 shows for example the range of 
values of exchange current and Tafel slope obtained by Wilde [14] on some stainless steels in 
acid solutions. Similar data in alkaline solutions are also shown in Table 4 [15]. 

The cathodic reduction of hydrogen on metals and alloys can give rise to hydrogen entering 
the material and causing hydrogen embrittlement. The extent to which this occurs is effected by 
other species present. For example, on steel, the amount of hydrogen that enters the steel com
pared with that which is evolved is effected by various elements. The effectiveness of a number 
of elements in "promoting" hydrogen entering steel is as follows [16] 

S > P > Se > Te > As 

The subject of hydrogen entry into metals and alloys is a complex one and not the subject of 
this paper. Nevertheless, because it plays a part in galvanic corrosion the reader should be 
aware of the possibility of this occurring in practice. 
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TABLE 3—Exchange currents and Tafel slopes for hydrogen evolution 
on various metals. 

Metal 

Platinum 
Cobalt 
Iron 
Nickel 
Copper 
Silver 
Tin 
Zinc 
Cadmium 
Mercury 
Lead 

logi„, A/m^ 

3.2 
- 0 . 4 
- 1 . 6 
- 2 . 4 
- 3 . 0 
- 4 . 2 
- 6 . 7 
- 6 . 5 
- 7 . 7 
- 8 . 7 

-10 .2 

Tafel Slope, V 

0.130 
0.140 
0.125 
0.100 
0.115 
0.116 
0.116 
0.118 
0.120 
0.113 
0.110 

Solution 

1 ATHCI 
I N H C I 
l ^ H C I 
O.liVNaOH 
liVH2S04 
lA^HCI 
l^VHCI 
1 N H2SO4 
1.3iVH2S04 
1 N H2SO4 
1 N H2SO4 

TABLE 4—Exchange currents and Tafel slopes for hydrogen evolution on various alloys. 

Alloy log 4> A/m^ Tafel Slope, V Solution 

Type 304 
Type 303 
Type 316 
Type 304 
Type 304 
Type 304 

stainless steel 
stainless steel 
stainless steel 
stainless steel 
stainless steel 
stainless steel 

1.1 to 1.7 
1.4 to 1.6 
1.2 to 1.7 
- 1 . 4 
- 1 . 1 
- 1 . 4 

0.91 to 0.125 
0.115 to 0.142 
0.110 to 0.127 

0.134 
0.133 
0.105 

IJVH2SO4 
1N H2SO4 
1N H2SO4 
O.lA/^NaOH 
1 N NaOH 

lOAfNaOH 

Modelling Galvanic Corrosion 

Galvanic Series 

Galvanic series, as illustrated in Table 2, have been used for many years as a guide to whether 
or not galvanic corrosion will occur. Quite often qualitative statements about the possible 
degree of attack are associated with the series [4]. 

Such tables and guides are clearly useful, however they do not give any quantitative assess
ment of the extent of corrosion or over what area it can be expected. This can only be done either 
by elaborate and time consuming testing in the environment of interest or by some form of 
mathematical modelling. The latter approach is discussed below. 

Mathematical Modelling of Galvanic Corrosion 

We have discussed earlier the ways of expressing the electrochemical reactions involved in 
galvanic corrosion in mathematical terms and have pointed out that Laplace's and Poisson's 
equation must be solved with the relevant boundary conditions to give the current and potential 
distribution of the system. 

As noted by Astley [17] and others the solution to these equations is not trivial, even for 
relatively simple geometries, and analytical solutions are usually not possible; various numeri
cal approaches have therefore been adopted. 

For the simplest geometries (for example, semi-infinite linear coplanar, cylindrical, and cir
cular) and for the simplest boundary conditions (for example, identical linear polarization 
kinetics for anode and cathode) a number of series solutions have been derived [6,18-26]. 
More complex geometries or boundary conditions, or both (for example, Butler-Volmer polar-
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ization kinetics) have been studied using finite difference [27,28] or finite element procedures 
[29-33] or a discrete "source sink" method [32]. These approaches can involve complex pro
gramming and can require access to mainframe computers. 

An alternative approach is to make the assumption of unidirectional current flow in the elec
trolyte; this enables analytical solutions to be obtained in many cases [17]. 

The value of the Wagner number helps to define the conditions under which the unidirec
tional current flow assumption is a good approximation to the solution of Laplace's equation. In 
general the larger the Wagner parameter compared to the characteristic length of a system, for 
example, tube radius, the better the assumption of unidirectional current flow. 

Summarizing, the following approaches have been taken to solving Laplace's equation 

(1) analytical techniques—series solutions for simple geometries and boundary conditions 
and exact solutions under unidirectional current flow assumption (large Wagner parameter), 

(2) finite difference techniques, and 
(3) finite element techniques. 

The advantages of the analytical techniques are that they provide an exact solution based on 
the assumptions made. Whereas the series solutions based on simple geometries and bounda
ries are instructive, they are not of real practical use. The unidirectional current flow solutions 
give practical data for situations where the unidirectional current flow assumption is justified, 
that is, a large Wagner parameter. 

The finite difference technique can be used for situations somewhat more complicated than 
those assumed to give analytical solutions, nevertheless the geometries involved are still rela
tively simple. 

The finite element approach on the other hand can handle boundary conditions involving 
complex geometry and polarization relationships. 

The accuracy of the results obtained using the finite difference and finite element techniques 
is determined to a great extent by the computer capacity that is available. This determines the 
number of "differences" and "elements," respectively, which can be handled. 

Summary and Conclusions 

This paper reviews the thermodynamics and kinetics of electrochemical reactions and mixed 
potential theory. The application of this to galvanic corrosion theory is outlined, and the major 
factors that must be considered in any study of galvanic corrosion are noted. 

Anodic and cathodic reactions are discussed from a practical point of view, and the two most 
important cathodic processes in galvanic corrosion, namely, oxygen reduction and hydrogen 
evolution, are reviewed in some detail. 

Finally methods of predicting galvanic corrosion are considered, including use of the galvanic 
series and the various types of mathematical modelling. 

References 

[/] Brenet, J. P. and Traore, K., Transfer Coefficients in Electrochemical Kinetics, Academic Press, 
London, 1971, p. 36. 

[2^ Pickett, D. } . , Electrochemical Reactor Design, Elsevier, Amsterdam, The Netherlands, 1977, p. 53. 
[3] Mansfeld, F., Corrosion, Vol. 27, 1971, p. 436. 
[4] Lee, T. S., Chemical Engineering, 1 April 1985, p. 89. 
[5] Wagner, C, Journal of the Electrochemical Society, Vol. 98, 1951, p. 116. 
[6] Waber, J. T., Journal of the Electrochemical Society. Vol. 101, 1954, p. 271. 
[7] Munn, R. S., Materials Performance, Vol. 21, August 1982, p. 29. 
[8] Bethune, A. J. de and Loud, N. A. S., Standard Aqueous Electrode Potentials and Temperature 

Coefficients at 25°C, Clifford A. Hampel, Skokie, IL, 1964. 
19] Frumkin, A. N., Russian Chemical Reviews. Vol. 34, No. 10, 1965, p. 717. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



22 GALVANIC CORROSION 

[10 
HI 

[12 

[13 

[14 
[15 
[16 
[17 
[18 
[19 
[20 
[21 

[22 
[23 
[24 
[25 
[26 
127 
[28 
[29 
[30 

[31 

[32 
[33 

Bockris, J. O'M., Modern Aspects of Electrochemistry, Butterworth Press, London, 1954, p. 220. 
Bianchi, G., Mezza, F., and Mussini, T., 2nd International Congress on Metallic Corrosion, New 
York, 1963, p. 893. 
Devanathan, M. A. V. and Stachurski, Z., Journal of the Electrochemical Society, Vol. I l l , 1964, 
p. 619. 
Frumkin, A. N., Bagotsky, V. S., lofa, Z. A., and Kabonov, B. N., Kinetics of Electrode Processes 
(in Russian) MGU, Moscow, U.S.S.R., 1952, p. 126. 
Wilde, B. E., Corrosion Science, Vol. 7, 1967, p. 315. 
O'Brien, R, N. and Seto, P., Journal of the Electrochemical Society, Vol. 117, 1970, p. 32. 
Newman, J. F. and Shreir, L. L., Corrosion Science, Vol. 9, 1969, p. 631. 
Astley, D. J., Corrosion Science. Vol. 23, 1983, p. 801. 
Waber, J. T. and Rosenbluth, M., Journal of the Electrochemical Society, Vol. 102, 1955, p. 344. 
Waber, J. T., Journal of the Electrochemical Society, Vol. 102, 1955, p. 420. 
Kennard, E. and Waber, J. T., Journal of the Electrochemical Society, Vol. 117, 1970, p. 880. 
Simmons, J. A., Coriel, S. R., and Ogburn, F., Journal of the Electrochemical Society, Vol. 114, 
1967, p. 782. 
Gal-Or, L., Raz, Y., and Yahalon, i.,Joumal of the Electrochemical Society, Vol. 120, 1973, p. 598. 
McCafferty, E., Corrosion Science, Vol. 16, 1976, p. 183. 
McCafferty, E., Journal of the Electrochemical Society, Vol. 124, 1977, p. 1869. 
Melville, P. H., Journal of the Electrochemical Society, Vol. 126, 1979, p. 2081. 
Melville, P. R., Journal of the Electrochemical Society, Vol. 127, 1980, p. 864. 
Klingert, J. A., Lynne, S., and Tobias, C. W., Electrochimica Acta, Vol. 9, 1964, p. 297. 
Doig, P. and Flewitt, P. E. } . , Journal of the Electrochemical Society, Vol. 126, 1979, p. 2057. 
Fu, J. W., Corrosion. Vol. 38, 1982, p. 295. 
Sautebin, R., Froidevaux, H., and Landolt, X)., Journal of the Electrochemical Society, Vol. 127, 
1980, p. 1096. 
Forrest, A. W., Fu, J. W., and Bicicchi, R. T., Paper 150, NACE National Conference, Chicago, 
March 1980. 
Helle, H. P. E., Beck, G. H. M., and Ligtelijn, Corrosion. Vol. 37, 1981, p. 522. 
Kasper, R. G. and April, M. G., Corrosion. Vol. 39, 1983, p. 181. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



S. Mark Wilhelm^ 

Galvanic Corrosion Caused by 
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REFERENCE: Wilheim, S. M., "Galvanic Corrosion Caused by Corrosion Products," Galvanic 
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adelphia, 1988, pp. 23-34. 

ABSTRACT: Experiments were conducted to quantify the magnitude of galvanic currents and 
potentials that exist between metals (iron, copper, titanium, aluminum, chromium, and nickel) 
and their corrosion products in oxygen-containing environments. Current measurements using a 
zero resistance ammeter and potential measurements of metal electrodes and oxide electrodes are 
reported. The effects of solution and electrode compositions on galvanic currents and potentials 
were determined. A galvanic series of corrosion products was constructed. 

Galvanic interactions between metals and surface compounds are dependent on electronic con
duction type (insulator, n-type, p-type, metallic) and thickness of corrosion product layers. It may 
be possible to modify semiconductor film conductivity by doping with impurity elements present 
as alloy constituents or via environmental addition and thereby mitigate galvanic corrosion. 

KEY WORDS: galvanic corrosion, semiconductor oxides, metal oxides, metal sulfides, pitting, 
crevice corrosion 

The relationship betweeti corrosion and the solid reaction products that accompany a cor
rosion process is, in many cases, sympathetic. Rather than merely surface occluders or diffusion 
barriers, many oxides and sulfides that originate from metallic corrosion have a direct influence 
on the corrosion process, sometimes in a negative fashion. A principal way in which surface 
films or deposits influence corrosion is by providing a galvanic couple that increases the cor
rosion rate of active areas. 

Quantification of galvanic corrosion caused by corrosion products is difficult in situ and, as 
yet, has not been accomplished. Qualitatively, scale-enhanced galvanic effects are exemplified 
by crevice corrosion, pitting, and sometimes stress corrosion cracking. This paper describes 
occluded cell experiments that provide data on galvanic influences to pitting caused by surface 
oxides and sulfides. Data consist of measurements of galvanic currents and potentials between 
metal electrodes and metal oxide electrodes. From these data, a galvanic series for corrosion 
products has been constructed. 

Background 

In Fig. 1, a conceptual illustration is provided that depicts the situation of pitting on an oxide 
covered metal surface. As shown in the figure, iron undergoes pitting while the majority of the 
metal surface is covered with oxide upon which is supported the cathodic reaction. The film can 
be small in thickness, that is, a passive film, or larger in thickness such as where pits form on 
steel covered by mill scale (ferric oxide [Fe203]). 

The point illustrated in the figure is that there is a galvanic influence to corrosion in the pit 
caused by the (dissimilar) oxide on the surface. In the situation illustrated, the galvanic cor-
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FIG. 1—Pitting of oxide covered steel. 

rosion is exacerbated by a pH difference caused by iron hydrolysis in the pit and reduction of O2 
on the surface outside the pit. Conventionally this situation is referred to as a concentration cell, 
however, the two half cells are not equivalent from the standpoint of the solid phase. One is iron 
oxide; one is "bare" metal. 

Thus, the corrosion rate in the pit can be larger in magnitude than iron would experience 
were it exposed to the pit environment alone or, in addition, subjected to a galvanic acceleration 
produced by concentration differences. The actual rate is that of iron at low pH coupled to a 
large area of iron oxide at higher (5-8) pH. Electrochemically this situation can be described as 
(approximately) 

Fe l l N C r , p H 2 l 10.2 N C r , 30ppm Oj, pH 71 FejOj 

Theoretical confirmation of the ability of surface films to function as cathodes may be obtained 
from semiconductor electrochemistry [1-3]. Research in this field has been intensive and 
directed toward elucidation of mechanisms of electrocatalysis and photoelectrochemical cataly
sis. To summarize the entirety of developed theory is beyond the scope of this paper, but certain 
relevant points should aid discussion. 

Corrosion products, as with solids in general, fall into three categories as far as their abilities 
to serve as electrodes are concerned: these being insulators, semiconductors, and conductors. 
The dividing line between categories is quite hazy, and a particular oxide or sulfide may exhibit 
a range of conductivities depending on its degree of stoichiometry. 

Electronic conduction in compound materials is theoretically described by consideration of 
the distribution of energy levels. The overlap of energy states from individual atoms (ions) gives 
rise to bands of states; some occupied, and some unoccupied. The uppermost (in energy) filled 
band is referred to as the valence band; the lowermost unfilled band is the conduction band. 
The relative position or energy separation of the valence band and conduction band determines Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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intrinsic conductivity. The separation in energy of the valence band and conduction band is 
referred to as the band gap. Thermal excitation of electrons gives rise to holes (unoccupied 
energy states) in the valence band and free electrons in the conduction band. Holes and elec
trons move under the influence of an applied potential field to provide conductivity. 

Impurities (metal ions) or nonstoichiometry (for example, Fe+' or Fe"̂ ^ in Fe203) in a com
pound material have energy levels that provide charge carriers. Energy states that accept elec
trons from the valence band to provide holes are termed acceptors. Those that donate electrons 
to the conduction band are termed donors. 

Insulators (Table 1) are distinguished by large band gaps Eg with little contribution to con
ductivity by donors or acceptors. In this category are oxides of most refractory metals (zirco
nium, hafnium, and tantalum) plus alumina (aluminum oxide) among others. 

In the category of semiconductors (Table 1) are classified the majority of oxides of engineer
ing metals. Band gaps usually range between 1 and 4 eV, and conductivity derives from donor 
or acceptor levels in proximity to either the valence band (acceptors) or conduction band 
(donors). 

Compound conductors have either small (in energy) band gaps that provide intrinsic conduc
tivity or have a high density of acceptors or donors in the band gap (degeneracy). In this cate
gory are many metal sulfides. 

Oxide and sulfide corrosion products classified as semiconductors derive conductivity from 
nonstoichiometry. One can show that p-tjrpe semiconductors are metal ion deficient and n-type 
semiconductors are oxygen or sulfur deficient. Conducting compounds can have small band 
gaps and can derive conductivity from nonstoichiometry or from impurities (mixed oxides or 
sulfides). 

Both semiconductor and conductor corrosion products furnish a galvanic couple to their sub
strate when both contact a liquid medium. The way in which semiconductors function as elec
trodes is very much different, however, than the way "bare" metals function. The main 

TABLE 1—Dielectric properties of corrosion products. 

Type Metal Product E„ e V Vf, Volts Versus SCE" 

Insulator 
Insulator 
Insulator 
Insulator 
Insulator 

n-type 
n-type 
n-type 
n-type 
n-type 
n-type 

p-type 
p-type 
p-type 

Conductor* 
Conductor 
Conductor 
Conductor 
Conductor 

Al 
Zn 
Zn 
Ta 
Hf 

Ti 
Fe 
Sn 
Zn 
Cd 
Pb 

Ni 
Cu 
Cu 

Cr 
Co 
Pt 
Fe 
Ni 

AI2O3 
ZnS 

ZnCz 
Ta^Os 
HfOj 

Ti02 
FejOj 
SnOi 
ZnO 
CdS 
PbO 

NiO 
CU2O 
CuO 

Cr^Oj 
CoO 
PtO 
FeS2 
NiS 

8.7 
3.7 
5.0 
4.6 
5.6 

3.5 
2.2 
3.6 
3.3 
2.5 
2.7 

3.7 
1.6 
2.0 

1.7 
0.7 
0.2 
1.2 
0.1 

-1 .60 
-1-0.90 

-0 .30 
-1-0.10 
- 0 . 1 4 
-0 .22 
-0 .65 
-hO.lO 

-1-0.93 
-1-0.26 
-1-0.50 

"Eg = band (mobility) gap. V/ = flat band potential. 
'Degenerate, or n-type. 
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difference is that charge transfer across the semiconductor/liquid interface is often limited by 
the electronic distribution in the solid phase as opposed to metals where this is seldom the case. 

Oxide or sulfide films on the surface of a metal exposed to a conductive liquid function as 
electron transfer agents by a number of mechanisms [4] (electron tunnelling, resonance tun
nelling, surface states, and so forth). Thus their ability to serve as galvanic couples (cathodes) to 
active areas is not strictly a function of the indigenous conduction mechanism of the oxide. The 
electronic properties of metal oxides and sulfides do, however, bear an important relationship 
to their ability to serve as surface electrodes when present as corrosion products. These proper
ties have a dominant influence when product layers are thick (greater than 5 nm). 

In Fig. 2, an interfacial energy level diagram is depicted for an n-type semiconductor (Fe203) 
in equilibrium with an aqueous electroljrte. It has been demonstrated [4] that n-type semicon
ductors are rectifiers from the standpoint of interfacial charge transfer in that they donate 
electrons to solution species more readily than they accept electrons from solution. As illus
trated in Fig. 2, reductive capability derives from overlap of the conduction band with the 
energy levels associated with the solution species and from the availability of conduction band 
electrons for charge transfer. Note that adiabatic transfer of electrons between reactants and 
products applies to metal oxide and electrolyte energy levels, at least to a first approximation. 

Similarly, p-type semiconductors function more readily as anodes because if overlap of their 
valence band with the reduced form of solution redox couples. An interfacial energy level dia
gram for a p-type material is depicted in Fig. 3. Of key importance is the position of the Fermi 

FIG. 2—Interfacial energy level diagram for an n-type passive film. 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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METAL ELECTROLYTE 

OF STATES 

FIG. 3—Interfacial energy level diagram for a p-type passive film. 

energy £}, which locates not only the band edge of the semiconductor but also, on an electro
chemical scale, the solution redox potential VR. Conductors and insulators can also be treated 
in the fashion described to provide a phenomenological picture of interfacial charge transfer. 

The position of the conduction band (n-type) or valence band (p-type) relative to solution 
redox potentials is located by determination of the flat band potential Vj. The determination is 
accomplished by means of electrochemical capacitance measurements [5] . The position of a 
band and the energy states it contains relative to solution energy states plays a key role in change 
transfer. Suffice it to say that if the conduction band edge (£^, n-type materials) is not approxi
mately adjacent to the solution redox potential (VR, see Figs. 2 and 3) then charge transfer 
between oxide and solution is not favored. 

From a more practical standpoint, these principles have direct consequence when applied to 
galvanic corrosion. Those metals that have conducting or n-type semiconducting products 
(passive films, scales, and so forth) are at risk from the standpoint of localized attack caused by 
the ability of the surface film to support cathodic reactions and hence to provide a galvanic 
influence to the corrosion process. That is not to say that materials with nonconducting or 
p-type semiconducting films are not at risk. Aluminum is an obvious exception, as are metals 
with very thin films (nickel and copper) that support electron transfer by tunnelling or surface 
states. It can be said, however, that the galvanic influence to localized corrosion, when it occurs 
in aqueous systems, requires a cathode material capable of supporting reduction of Oj or H""". 
This is most likely to be the case for n-type semiconductors, intrinsic or degenerate conductors, 
or for very thin films. 
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Experimental Procedure 

Equipment 

Occluded cell experiments were conducted using apparatus depicted in Fig. 4. Three test 
electrodes were employed in each experiment along with a calomel (standard calomel electrode 
[SCE]) reference. One electrode consisted of a metal rod (600 grit surface finish) that was 
allowed to equilibrate with the environment. Before placing the electrode in the cell, it was 
reduced galvanostatically (5 mA/cm^, 2 min) to remove any air formed oxide. This electrode is 
referred to as the passive film electrode (PFE). 

The second electrode was identical to the first with the exception that it was oxidized in an 
oxygen rich propane flame (1800 F [982°C]) for 2 min to provide a thermal oxide coating on 
the electrode. This treatment, in general, caused the electrode to take on a grey or bluish-grey 
tint. No attempt was made to characterize the oxide layer. This electrode is referred to as the 
thermal oxide electrode (TOE). Alternatively, some materials (aluminum) that do not readily 
form thermal oxides were anodized in 1 N Na2S04 to provide a thick anodic oxide on the elec
trode surface. Details of the methods to form oxide films on electrodes have been discussed 
previously [5,6]. 

The third electrode was also identical to the first (600 grit finish, cathodically treated) but was 
contained in a compartment designed to simulate an occluded cell. This electrode is referred to 
as the active anode electrode (AAE). Details of the materials examined and methods of oxida
tion are provided in Table 2. 

The main cell compartment contained 650 mL of 1 N Na2S04, unbuffered, in equilibrium 
with air. The cell was stirred to prevent current limitation by convection. PFE and TOE were 
exposed to the solution in the main cell compartment. The reference electrode compartment 
and the occluded cell compartment contracted the main cell compartment via porous Vicor thus 
allowing electrical contact and ion migration without substantive mass transport. The solution 
volume of the occluded cell compartment was 2.0 mL and contained (generally) 0.9 N KCl + 

Calomsl 
Reference 
(SCE) 

Active Anode 
Electrode (AAE) 

Main Comportment 
-ON NajSO^ 

Occluded Cell 
0.1 N CH3COOH 
0.9N KCl 

Stirring Bar 

FIG. 4—Experimental apparatus for galvanic measurements. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



Electrode Material 

Al 
Ti 
Fe 
Ni 
Cu 
304SS 

Chemistry 

99.9 Al 
3 Al, 8 V, 6 Cr, 4 Mo, 4 Zr 

99.9 Fe 
0.4 Fe, 0.2 Cu 

99.9 Cu 
18.6 Cr, 9.2 Ni 
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TABLE 2—Electrode materials. 

Oxidation Procedure 

anodized at +1.0 V in 1.0 N Na2S04 (3 min) 
flame oxidation," blue oxide 
flame oxidation, grey oxide 

flame oxidation, blue-grey oxide 
flame oxidation, red-brown oxide 
flame oxidation blue-grey oxide 

"Metal heated in flame until opaque oxide forms, 2 to 3 min. 

0.1 N CH3COOH. The exposed areas of AAE, TOE, and PFE were 1.0, 4.0, and 4.0 cm^ 
respectively. 

Procedure 

Measurements consisted of determining open circuit potentials of each electrode in a set of 
three (PFE, TOE, and AAE) of several metals (iron, nickel, copper, aluminum, titanium, and 
304 stainless) and, similarly, galvanic current measurements between pairs (PFE/TOE, 
PFE/AAE, and TOE/AAE). Measurements were made with and without solution agitation 
(stirring). The solution in the main compartment (1.0JVNa2SO4) was equilibrated with air. The 
occluded cell compartment was deaerated. 

The experimental arrangement was designed to simulate a situation of pitting or crevice cor
rosion in which a small volume of low pH, deaerated electrolyte contacts an active area. Coupled 
to the active electrode (AAE) is a large area of passive oxide film or a corrosion scale, which is 
simulated by a thermal oxide electrode. 

In addition to occluded cell measurements, cathodic polarization curves were obtained using 
standard techniques. The reference electrode was saturated calomel (SCE). A carbon counter 
electrode was employed that was separated from the main compartment by a porous glass frit. 
The solution was 1 N Na2S04 saturated with air. 

Results 

Potential measurements of oxide electrodes (TOE and PFE) in air saturated electrolyte (1 N 
Na2S04) are reported in Table 3. In general, potentials of thermal oxide electrodes are more 
noble than passive film electrodes. Potentials in both cases are mixed reflecting the competing 
redox of metal/metal ion and oxide/oxygen 

M fi M+ + e" 

2H+ + O2 -f 4e- ?=* 2 OH-

One would expect the oxygen couple to have the dominant influence on the TOE potential 
because of the limitation of metal dissolution by the oxide layer. 

For p-type oxides, reduction of the oxide is a viable cathodic reaction [ 7]. The potential of a 
p-type TOE is therefore influenced by (for divalent metals) 

MO + 2H+ + 2e- -^ M + H2O 

as well as by metal dissolution and oxide reduction. Thus for a heavily oxidized metal, oxide 
reduction may depolarize the electrode in the same manner as oxygen or other reducible spe-
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TABLE 3—Electrode potentials. 

Metal 

Al 
Ti 
Fe 
Ni 
Cu 
304SS 
Pt 

Oxide 

AljOj" 
Ti02 
FezOj 
NiO 

CuzO/CuO 
CrjOj 
PtO 

Oxide Conduction Type" 

I 
N 
N 
P 
P 
C 
C 

Potential, Volts Versus SCE 

PFE' 

-0 .627 
-0 .268 
-0 .642 
-0.151 
-0.082 
-0.116 
+0.365 

TOE' 

-0 .606 
-0.156 
-0.601 
-0.372 
-0 .075 
-0 .369 

AAF 

-0 .767 
-0 .468 
-0 .682 
-0 .420 
-0 .269 
-0 .262 

"Conduction type: I = insulator, N = n-type semiconductor, P = p-type semiconductor, and C = 
conductor. 

'Air saturated 1 N NajSOi-
'0.9 N KCI, 0.1 N CH3COOH. 
''Anodized+ 1.0 V. 

cies. The magnitude of potential measured in oxygen containing electrolyte reflects the activity 
of the metal, counter-balanced by the stability of the oxide film. 

Galvanic current measurements (Table 4) provide a direct measure of the cathodic ability of 
surface oxides, which, in turn, is a function of factors previously discussed (conductivity type, 
thickness, position of band edges, and so forth). From a purely empirical standpoint, the data 
in Table 3 indicate three cases of facile O2 reducing cathodes, those being Fe203, Cr203, and 
(possibly) CuO/CujO. 

In the modeling of occluded cell corrosion, currents as high as 135 ixA were measured for 
Cr203 TOE coupled to iron. Iron was chosen as the AAE in this case to simulate pitting of 300 
series stainless steels in which the pit is active. Similar results could be obtained by using a more 
aggressive (pH = 1) electrolyte in the occluded cell compartment. High currents were also 
obtained for Fe TOE/Fe, NiO PFE/Ni and with copper electrodes. 

In the case of iron, some 50 /iA of galvanic current are produced for a potential difference of 
only 80 mV (Table 3). This contrasts with aluminum in which only 4 ^A are recorded with a 
180-mV potential difference. No attempt was made to accurately model the geometry of pitting, 
therefore actual galvanic corrosion currents between an active pit and a large oxide cathode 
could be much different. In the case cited, the cathode/anode area ratio was 4. Realisitic ratios 
are likely between 10 and 100. 

TABLE 4—Galvanic current. 

Metal 

Al 
Ti 
Fe 
Ni 
Cu 
304SS 

Oxide 

AI2O3 
TiOj 
Fe^Oj 
NiO 

CuO/CujO 
Cr203 

Oxide Conduction Type* 

I 
N 
N 
P 
P 
C 

Current, 

TOE AAE 

4 
2 

49 
1 

30 
135 + 

^A/cm^" 

PFE AAE 

5 
1 

- 1 
16 
36 

120^ 

TOE PFE 

0 
3 

205 
- 1 1 

1 
0 

"PFE/TOE (oxide) area 4 cm ;̂ AAE area 1 cm''; positive current indicates electrode in top row (TOE, 
PFE, and TOE) is the cathode. 

'See Table 3. 
'AAE is iron. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015

Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



WILHELM ON CORROSION CAUSED BY CORROSION PRODUCTS 31 

10' 

10 

^ 
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-0.3 -0.4 -0.5 -0.6 -0.7 -0.8 

Potential (Volts vs SCE) 
-0.9 -1.0 

FIG. 5—Current density/potentialfor O2 reduction on passive film electrodes: thickness less than 100 A. 

Tafel plots for O2 reduction on PFE and TOE are provided in Figs. 5 and 6, respectively. The 
ability of the various electrode types to support reduction of O2 varies widely. At —0.6 V, for 
example, the current densities range between 10~* and 10"^ A/cm^ Tafel slopes vary con
siderably because of the fact that several mechanistic pathways are available on oxide materials 
[8]. 

Discussion 

The phenomenon of pitting of engineering materials in aqueous environments has been 
roughly modeled in these experiments. The objective was to determine the galvanic influence to 
localized corrosion caused by surface films or scales. The situation investigated was limited to 
aerated systems containing chloride. 

Several questions are relevant to the analysis of galvanic corrosion in this context: 

1. Which metal oxides are effective cathodes for O2 reduction? 
2. Are galvanic influences sufficient to account for penetration (pitting) rates observed on 

metals? 
3. Can oxide semiconductor properties be correlated with galvanic corrosion? 

It is certainly true that metal oxides support O2 reduction and that some oxides perform in this 
capacity more adeptly than others. Referring to Fig. 6, one observes current densities for O2 
reduction that vary by some three orders of magnitude. The general trend is that predicted by 
semiconductor electrochemical theory. 

For example, the lowest current densities are observed for insulator oxides (AI2O3) or p-type 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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-0.4 -0.5 -0.6 -0.7 -0.8 -0.9 

Potential (Volts vs SCE) 

FIG. 6—Current density/potential for O2 reduction on thermal oxides: thickness greater than 1000 A. 

semiconductors (NiO). The data for CuaO/CuO are somewhat misleading in that the oxide 
itself is reducible and contributes to the current observed, p-type materials, specifically in this 
case NiO and CuaO/CuO, have conduction band energies that exceed the redox potential for O2 
reduction (approximately 0.0 V versus SCE). Therefore, the overlap of conduction band with O2 
redox electrolyte energy levels is insufficient to allow charge transfer. More importantly, 
however, the conduction band for p-type materials is empty (likewise for insulators) and, even 
with sufficient overlap, reduction of O2 could not proceed readily. 

For thin films, such as the nickel passive film, other charge transfer mechanisms supplant 
direct electron transfer from the oxide. These include tunnelling from the conduction band and 
resonance tunnelling (see Ref 4 for details). Transfer rates then depend on film thickness pri
marily. In Fig. 5, the current density (at —0.6 V) for O2 reduction on nickel PFE is some 100 
times greater than for nickel TOE (Fig. 6). The difference is attributable to oxide thickness. 
This trend is seen for the majority of materials examined. 

The highest current densities for O2 reduction (Figs. 5 and 6) and the greatest galvanic cur
rents in occluded cell experiments (Tables 3 and 4) are observed for n-type semiconductor 
oxides (Fe203, Ti02) or conducting oxides (Cr203). For n-type materials, the position of the 
conduction band edge (El, see Fig. 2) relative to O2 energy levels determines the O2 reduction 
rate. For this reason, Fe203 reduces O2 more readily than does Ti02. The position of the con
duction band edge is obtained from the flat band potential (El = V}). See Ref / for details. The 
more positive the value oiEl the higher the O2 reduction rate. 

This generality does not apply if surface oxide films are quite thin (0.5 to 2.0 nm, one to four 
monolayers of oxide). Here electron tunnelling mechanisms dominate. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



WILHELM ON CORROSION CAUSED BY CORROSION PRODUCTS 33 

Figure 7 illustrates a set of galvanic series for the oxides studied. Galvanic series are con
structed in three ways: 

1. Potentials of PFE and TOE are ranked. 
2. The galvanic currents between TOE and AAE and between PFE and AAE are ranked. 

The currents are those reported in Table 4. 
3. The O2 reduction currents at —0.6 V are ranked for TOE and PFE. The current densities 

are obtained from Tafel plots recorded in Figs. 5 and 6. 

As mentioned previously, the potentials measured for oxidized electrodes are actually mixed 
potentials, reflecting both O2 reduction and metal oxidation. Therefore, measured electrode 
potentials do not provide information to assess the cathodic ability of oxides. In modeling gal
vanic corrosion between metal oxide and metal, it would be advantageous to know the potential 
of the oxide alone and of the metal alone. Experimentally, as an alternative to the approach 
adopted here, this could be accomplished using oxide electrodes in which the oxide is synthe
sized by sintering. 

The efficiency of oxide cathodes, however, are clearly delineated by both galvanic current 
rankings and O2 reduction rankings (Fig. 5) and provide strong evidence to support the postu
lates set forth previously concerning conduction properties of oxides. Here again, insulators 
(AI2O3) and p-type oxides are inefficient and n-type (Fe203) or conducting oxides (Cr203) are 
highly efficient. The only exception to this ranking is Ti/Ti02, which, as mentioned, has a 
conduction band edge above (more negative than) the O2 reduction potentials. 
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FIG. 7—Galvanic series for metal oxides. 
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The utility of this data is twofold. First, conceptual modeling of corrosion processes is aided 
by quantification of semiconductor influences to galvanic corrosion. Second, it may be possible 
to modify the cathodic ability of oxide films using principles of semiconductor electrochemistry 
and thereby mitigate galvanic corrosion. As an example of the later, nickel additions (1%) to 
iron are known to affect the oxide semiconductor properties by compensation of donors, which 
in turn reduces the concentration of conduction band electrons. Fe203 scales on iron (1% 
nickel), therefore, should have a lessened capacity for O2 reduction. Less efficient oxide cath
odes translate into lower corrosion rates and a lower tendency to pit. Work along these lines is in 
progress. 

Conclusions 

Oxide films on metals that arise because of passivation in aqueous environments or that 
develop from thermal treatment during processing provide a galvanic couple to the metal sub
strate. A cathode/anode areas ratio of 4 provides currents between 50 and 100 fiA/cm' (anode) 
for facile O2 reducing oxides (Fe203, Cr203). The magnitude of the galvanic interaction may be 
deduced by consideration of the electronic properties and thickness of the films. This conclu
sion is attributable to the fact that the rate of charge transfer to reduce solution species (O2, H"*") 
is a direct consequence of the density of electronic states in the solid oxide phase and their 
positive relation to solution energy levels. 
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ABSTRACT: Slow strain rate methods are used to quantify the degree of embrittlement in high-
strength 4340 steel after coating with porous electroplated cadmium or ion-vapor-deposited alu
minum and subsequently exposing to aqueous sodium chloride environments for various times. 
Porosity in the coatings is primarily responsible for the establishment of galvanic couples at the 
steel/coating interface, resulting in the generation and absorption of hydrogen in the steel. Data 
from hydrogen permeation and galvanic corrosion experiments are used to establish a model for 
hydrogen generation in coated tensile specimens. Estimates of the total hydrogen absorbed in 
cadmium-plated tensile specimens are consistent with the results of slow strain rate tests whereas 
similar calculations grossly underestimate the total hydrogen absorbed in aluminum-coated speci
mens where localized corrosion processes are believed to enhance the rate of hydrogen generation. 

KEY WORDS; aluminum coatings, cadmium coatings, low-alloy steel, high-strength steel, hy
drogen embrittlement, galvanic corrosion 

Most engineering alloys are susceptible to some form of corrosion damage when exposed to 
aqueous environments. The severity and type of corrosion are often specific to particular combi
nations of environment and alloy-microstructure, and small changes in either of these parame
ters can substantially affect susceptibility to corrosion. In particular, care must be taken in 
situations where residual or applied stresses are present since most forms of localized corrosion 
can facilitate initiation of fatigue or stress-corrosion cracks. When cost factors or design consid
erations preclude the use of the most corrosion-resistant alloys, supplementary methods of cor
rosion protection must be adopted. Metallic, inorganic, and organic coatings have all been used 
extensively to protect metals from the deleterious effects of corrosion, and all three types are 
sometimes applied sequentially. 

When an environment can penetrate a damaged or porous metallic coating to expose the 
underlying substrate, prevention of substrate corrosion relies on the galvanic nature of the me
tallic couple. The coating must always be anodic to the substrate to prevent corrosion of the 
latter. Care must be taken in choosing the most appropriate coating since the polarity of the 
galvanic couple is not only dependent on the chosen environment but can also change with time 
during prolonged exposure [1-3]. The electrochemical nature of galvanic corrosion requires an 
equivalent cathodic reaction to balance the anodic reaction on the metallic coating. This ca-
thodic reaction can occur on both the substrate metal and the coating, and the proportion is 
dependent on both the galvanic potential and the efficiency of the cathodic reduction process on 
each metal. This aspect is extremely important when the substrate metal is susceptible to hydro
gen embrittlement. Thus, cathodic reduction of water to produce adsorbed hydrogen on the 

'Principal research scientist and senior research scientist, respectively, Aeronautical Research Laborato
ries, Defence Science and Technology Organization, Department of Defence, Melborne, Victoria 3001, 
Australia. 
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36 GALVANIC CORROSION 

substrate surface can lead to absorption of hydrogen and subsequent embrittlement of the 
metal. This situation is particularly hazardous since localized cathodic generation of hydrogen 
can take place on the substrate without any signs of external attack. Since most coatings are 
practically impermeable to hydrogen at room temperature, hydrogen absorbed in the substrate 
metal cannot escape readily, and delayed failure could result at some later stage even after 
removal of the deleterious environment. Many high-strength steels are susceptible to hydrogen 
embrittlement, and particular care should be exercised when using metallic coatings on these 
substrates. 

Porous electroplated cadmium (Cd) and ion-vapor-deposited (IVD) aluminum (Al) are fre
quently used to protect high-strength low-alloy steels from corrosion in aqueous environments. 
Few systematic attempts have been made to study the effects of environment in causing hydro
gen embrittlement in plated high-strength steel components, largely because there has not been 
a precise method for quantifying the degree of hydrogen embrittlement in steel. In the past, 
time to failure of statically loaded specimens has been used to estimate the degree of hydrogen 
embrittlement, but this method takes long times (~30 days), and scatter is large [4]. Recent 
work [5] has demonstrated that slow strain rate testing of notched tension specimens can pro
vide a rapid quantitative method for determining the degree of hydrogen embrittlement in 
plated high-strength 4340 steels. This method has been used in the present work to assess the 
degree of hydrogen embrittlement in IVD aluminum-coated and cadmium-plated 4340 steel 
specimens after exposure to aqueous sodium chloride (NaCl) environments for various times. 
Galvanic and hydrogen-permeation experiments have also been conducted to provide a better 
understanding of the processes leading to embrittlement of the steel. 

Experimental Procedure 

Slow Strain Rate Specimen Preparation 

Notched tension specimens were manufactured from 9.5-mm round 4340 steel bar that com
plied with the Military Standard specification for Steel, Chrome-Nickel-Molybdenum (E4340) 
Bars and Reforging Stock (MIL-S-5000E). Specimen geometry complied with the reduced load 
requirements for the Type la specimen as detailed in ASTM Method for Mechanical Hydrogen 
Embrittlement Testing of Plating and Aircraft Chemicals (F 519) (Fig. 1). Specimens were aus-
tenitized at 815°C/h in salt, oil-quenched to 40 to 60°C and double tempered at 260°C/1 + 1 
h, with air-cooling between tempers. The notch was prepared by low-stress grinding after heat 
treatment. 

Specimens were porous cadmium-electroplated in accordance with either Qantas Processing 
Specification P65 (Batch A) or Hawker de Havilland Process Specification HPS 1.03.00 (Batch 
B). Both specifications include baking at 190°C for 23 h within 4 h of the plating treatment. In 
the Al-IVD procedure, specimens were degreased, suspended vertically in a vacuum chamber, 
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FIG. 1—4340 steel notched tension specimen dimensions in mm. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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coated with four passes of IVD aluminum in an argon plasma (~ 1 Pa pressure) and then glass-
beaded to consolidate the coating and minimize porosity. Some cadmium-plated and alumi
num-coated specimens were subsequently immersed in a pH 1 to 2 chromate bath, washed in 
warm water, and dried to leave a chromate-conversion coating on the plated surface. 

Pre-exposure and Slow Strain Rate Tests 

The cadmium-plated and aluminum-coated tension specimens were immersed in 0.6 M NaCl 
(pH 7) and 0.1 M NaCl (pH 7), respectively, for periods up to 1000 h during which time the 
specimen potential was monitored with reference to a saturated calomel electrode (SCE). Speci
mens were then washed in distilled water and dried before loading to failure in air at a crosshead 
displacement rate of 2 X 10 "̂* mm/s using a 20-kN motor-driven hard-beam tensile testing 
machine. Fracture stress was calculated from the failure load and used to estimate the degree of 
embrittlement in the steel by comparison with the unembrittled fracture stress obtained by test
ing unexposed bare steel specimens in air. All tests with cadmium-plated specimens were con
ducted in triplicate, and mean fracture stress values calculated. 

The structure of all coatings was studied using both optical and scanning electron micros
copy. 

Hydrogen-Permeation Tests 

A Devanathan and Stachurski two-compartment Teflon® cell [6] was used to study hydrogen-
permeation kinetics in high-strength 4340 steel in which hydrogen was generated by galvanic 
coupling of the steel to either 99.99% aluminum in 0.1 M NaCl (pH 7) or electrolytic cadmium 
in 0.6 M NaCl (pH 7) (Fig. 2). Steel specimens (35 by 24 by 4 mm) were cut from 12-mm-thick 
bar and given the same heat-treatment schedule as the notched tensile specimens. After low-
stress grinding to a thickness of 0.2 mm and mechanically polishing with 600-mesh silicon-
carbide paper, one face of the specimen was electropolished and then plated with palladium 

Galvanic 
Current 
Output 

ZRAzero resistance ommefer 

HIFhigh impedance follower 
Hydrogen Permeation Cell 

FIG. 2—Hydrogen permeation celt and associated electronic circuitry. 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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(Pd) in an aqueous solution containing dinitrito-diammonium palladium salt and ammonium 
sulfamate [7]. A stoved alkyd varnish was applied to regions of the steel membrane that came in 
contact with the Teflon® cell to prevent development of crevices during permeation experiments 
[8]. Cadmium and aluminum specimens were mounted in a quick-setting epoxy resin, mechani
cally polished to a 600-mesh finish and positioned approximately 50 mm from the steel speci
men in the input side of the hydrogen-permeation cell. A variable resistor (0 to 10' fl) was placed 
in the galvanic circuit to allow permeation/galvanic current measurements to be made at values 
of potential intermediate between open circuit and the coupled galvanic potential. High-imped
ance follower and zero-resistance ammeter circuits were used to measure galvanic potential and 
current, respectively. 

A potentiostat maintained the potential of the palladium-coated face of the steel membrane 
at 0.04 V (SCE) in pre-electrolyzed deaerated 0.1 M sodium hydroxide. A commercial pico-
ammeter was installed in the platinum counter electrode section of this circuit to measure the 
permeation current produced by oxidation of hydrogen at the palladium-coated face of the steel 
specimen. Nitrogen (99.995% purity) was used to deaerate solutions, and all experiments were 
conducted at 21 ± 2°C. 

NaCl solution was admitted to the input side of the cell after the background permeation 
current density became constant at a value <0.1 ;xA/cm^. Steady-state galvanic and hydrogen 
permeation currents were recorded at various potentials determined by appropriate choice of 
resistance in the galvanic circuit. 

Galvanic Corrosion Tests 

A separate series of tests was undertaken to measure the galvanic current and coupled poten
tial values of aluminum/steel and cadmium/steel in NaCi solutions at values of area ratio (Ac/ 
AA) ranging from 0.01 to 1, where Ac and AA are the cathode and anode areas, respectively. 
Galvanic corrosion tests at low values of area ratio were intended to reproduce the conditions 
found in porous coatings. All experiments were conducted with a constant value fory4^ (1.28 
cm^), while values for Ac were varied to give the appropriate area ratio. Since galvanic poten
tials fluctuated immediately after immersion in the solution, measurements were made after 
18 h. 

Results 

Slow Strain Rate Tests 

The mean fracture stress of unembrittled bare steel specimens tested in air was 2456 MN/m^. 
Tests conducted with bare steel specimens after immersion in aerated 0.1 M NaCl for times 
ranging from 20 to 120 h showed that the steel remained unembrittled. 

Cadmium-Plated Specimens 

The degree of embrittlement increased with time of exposure in NaCl at a rate that depended 
on (1) whether the coating was passivated, (2) the degree of porosity in the coating, and (3) the 
presence of oxygen in the solution (Fig. 3). 

Effect of Porosity—Fracture stresses of passivated specimens after immersion in deaerated 
NaCl were lower in Batch B specimens than in Batch A specimens (Fig. 3). The porosity of the 
coating in Batch B specimens was approximately an order of magnitude greater than in Batch A 
specimens, whereas the coating thickness in both batches was not uniform and varied between 
10 and 40 fitn (Figs. 4 and 5). 

Effect of Passivation—Tests conducted with Batch A specimens in aerated NaCl and with Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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Time of immersion in NaCl (s) 

FIG. 3—Variation in mean fracture stress a,, and mean fracture stress ratio (Oc/a^) with time of immer
sion in 0.6 M NaCl (pH 7) for cadmium plated-and-baked steel specimens tested in air at a crosshead 
displacement rate of 2 X 10"' mm/s, where ff„ is the mean unembrittled fracture stress. 

Batch B specimens in deaerated NaCI both showed that passivated specimens became embrit
tled more rapidly than unpassivated specimens (Fig. 3). 

Effect of Oxygen—Fracture stresses of passivated Batch A specimens exposed to deaerated 
NaCl were lower than for similar specimens exposed to aerated NaCI for equivalent times 
(Fig. 3). The potentials of all cadmium-plated specimens exposed to aerated and deaerated 0.6 
M NaCI were -0.78 and -0.83 V (SCE) ± 0.01 V (SCE), respectively, and remained constant 
during immersion. 

FIG. 4—Metallographic section of porous cadmium plate deposited on 4340 steel: (a) Batch A and (b) 
Batch B. 
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FIG. 5—Scanning electron micrographs of porous cadmium plate deposited on 4340 steel: (a) Batch A 
and (b) Batch B. 

Aluminum-Coated Specimens 

A metallographic section of a coated specimen showed that the thickness was approximately 
40 ^m on the specimen shank and 20 ^m at the base of the notch. The coating had a columnar 
grain structure and appeared compact with little evidence of large-scale porosity (Fig. 6). Ex
amination of fractured slow strain rate specimens by scanning electron microscopy revealed 
many fine pores of diameter 0.1 to 0.5 /im (Fig. 7). 

The fracture stress of the steel was unaffected by the IVD process but was markedly reduced 

wl 

FIG. 6—Metallographic section of IVD aluminum coating deposited in notch of 4340 steel tension speci
men. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 7—Scanning electron micrograph of fractured IVD aluminum coating located at base of notch on 
4340 steel tension specimen. Arrows indicate regions of porosity. 

after exposure of coated specimens to either aerated or deaerated 0.1 M NaCl (Fig. 8). The rate 
and degree of embrittlement in aluminum-coated specimens was greater than for cadmium-
plated specimens. The rate of embrittlement was the same for passivated and unpassivated 
specimens. Coated specimens, where only the notch was exposed to the solution, also became 
embrittled at the same rate as similar specimens that were totally immersed. 

In experiments where only the specimen notch was exposed to the NaCI, the specimen poten
tial decreased from -0.68 to -1.03 V (SCE) ± 0.05 V (SCE) after exposure for 3 to 4 h. In 
deaerated environments the potential remained at values < —1.0 V (SCE), whereas in aerated 
environments, the potential subsequently rose to —0.85 V (SCE) (Fig. 9). Exposure of only the 

3000 

-2000 

-SIOOO-

acceptable 

unacceptable 

o Unpassivated/de-aerated NaCl 

A Passivated/de-aerated NaCl 

X Unpassivated/aerated NaCl 

- 10 

10̂  10' 
Time of immersion in NaCKs) 

10' 

0.8 

0.6 

10° 

# 
0.4 

- 0.2 

FIG. 8—Variation in fracture stress Oc and fracture stress ratio (0^/0^) with time of immersion in 0.1 M 
NaCl (pH 7) for IVD aluminum-coated steel specimens tested in air at a crosshead displacement rate of 2 X 
10" mm/s. 
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FIG. 9^Variation in corrosion potential with time during exposure of notched region oflVD aluminum 
coated 4340 steel tension specimen to 0.1 M NaCl (pH 7). 

thicker coating on ttie specimen shank to aerated NaCl resulted in a delay period (~ 30 h) before 
the potential dropped below —0.7 V (SCE). 

Galvanic Corrosion Tests 

Steady-state galvanic potentials for both aluminum/steel and cadmium/steel couples in aer
ated NaCl were within the range —0.7 to —0.8 V (SCE) for all values of area ratio {AcIA^). In 
deaerated environments, reducing the area ratio by a factor of 10 decreased the galvanic poten
tial by 10 mV for the cadmium/steel couple in 0.6 M NaCl and by 100 mV for the aluminum/ 
steel couple in 0.1 M NaCl (Fig. 10). The cathodic current density on the steel remained con
stant with decreasing area ratio for the cadmium/steel couple whereas a rapid increase was 
observed for corresponding area ratios with the aluminum/steel couple (Fig. 11). For an area 
ratio of 0.01, the rate of hydrogen production at the steel cathode for the aluminum/steel couple 
was 100 times higher than for the equivalent cadmium/steel couple. 

Hydrogen-Permeation Tests 

Values of hydrogen permeation current density were calculated after subtraction of residual 
background currents (Fig. 12). In deaerated environments, coupling of the steel membrane 
(area ~ 0.6 cm^) to aluminum in 0.1 M NaCl, and to cadmium in 0.6 M NaCl, produced identi
cal values for hydrogen-permeation current density for potentials > —0.83 V (SCE). Results at 
more negative potentials were obtained only with the aluminum/steel couple where the perme
ation current density {J(V) in /lA/cm^) could be related to potential Vover the range —0.82 to 
— 1.03 V (SCE) by the expression 

log / (y ) = - 3 . 8 V - 3 . 6 (1) 

Values of hydrogen-permeation current density at constant applied potential on the steel were 
independent of area ratio (0.1 to 1). 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



POLLOCK AND HINTON ON HYDROGEN EMBRITTLEMENT 4 3 

-08 

^-09 

I 40 

-1-1 

X Cd-43^0 steel in 0'6M NaCl 

o M-1*31,0 steel in 01M NQCI 

001 0-1 
Area Ratio (Aj/A/^) 

FIG. 10—Variation in potential with area ratio of 4340 steel coupled to either cadmium or aluminum in 
deaerated 0.6 M or 0.1 M NaCl (pH 7), respectively. 
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FIG. 11 —Cathodic current density on steel at different values of area ratio for Cd/4340 steel and Al/4340 
steel galvanic couples immersed in deaerated 0.6 M and 0.1 M NaCl fpH 7), respectively. 
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FIG. 12—Variation of hydrogen permeation current density with potential for 4340 steel in aerated and 
deaerated NaCl (pH 7). 

Hydrogen-permeation current densities at potentials > —0.8 V (SCE) were also obtained in 
aerated 0.1 M NaCl by coupling the steel membrane to a freshly polished aluminum specimen 
mounted in epoxy resin. When the aluminum specimen was left in the solution for 1 to 2 weeks, 
deep crevices developed at the interface between the aluminum and the epoxy resin. Subsequent 
coupling to the steel membrane resulted in galvanic potentials that were sensitive to the degree 
of aeration of the solution in the vicinity of the cathode. If air was bubbled near the steel elec
trode, the galvanic potential remained in the range —0.7 to —0.8 V (SCE), whereas if bubbling 
was stopped or performed in regions of the cell remote from the steel, hydrogen permeation 
experiments could be conducted at potentials as low as —0.95 V (SCE) (Fig. 12). At this poten
tial, the hydrogen-permeation current density was only marginally lower than the correspond
ing value in deaerated solutions, but this difference increased significantly at more positive po
tentials. The corresponding galvanic cathodic current densities on the steel electrode for both 
aerated and deaerated NaCl are displayed in Fig. 13. 
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FIG. 13—Variation in steady state galvanic current density on steel for Al/4340 steel and Cd/4340 steel 
couples immersed in aerated and deaerated NaCl (pH 7). 

Discussion 

Cadmium-Plated Steel 

Comparison of fracture stresses determined with and witliout immersion of cadmium-plated 
specimens in 0.6 M NaCl confirms that the steel is embrittled during exposure. The effects of (1) 
porosity of the coating, (2) chromate passivation, and (3) aeration of the solution, on the degree 
of embrittlement in cadmium-plated steel can be explained as follows. 

Specimen Porosity—Since the rate at which plated specimens become embrittled in deaer
ated NaCl increases with increasing porosity in the coating (Fig. 3), an understanding of the 
parameters affecting hydrogen entry into the steel can be obtained by studying the effect of area 
ratio in galvanic corrosion and hydrogen-permeation experiments. These tests confirm that 
both the cathodic current density at the steel surface and the hydrogen permeation current 
density are independent of area ratio (Figs. 11 and 12). Since the area of exposed steel in coated 
specimens decreases as the porosity of the coating is reduced, the amount of hydrogen entering 
the steel will also decrease proportionately. 
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Oxygen in Solution—The results of galvanic corrosion experiments in the potential range 
—0.75 to 0.85 V (SCE) show that the cathodic current density at the steel surface in aerated 
NaCl is 20 to 50 times greater than in deaerated NaCl (Fig. 13). Oxygen reduction in aerated 
solutions will cause considerable alkalinity to develop at the steel cathode by the reaction 

O2 + 2H2O + 4i -+ 4 0 H - (2) 

Since the reversible hydrogen potential decreases by 59 mV for unit decrease in pH, the over-
voltage for hydrogen production becomes smaller with increased alkalinity at the steel surface in 
specimens maintained at a constant coupled potential. This effect is responsible for lower hy
drogen-permeation current densities in aerated NaCl than in deaerated NaCl when comparisons 
are made at the same potential. This interpretation explains why plated specimens are embrit
tled more rapidly in deaerated NaCl than in aerated NaCl (Fig. 3). 

Chromate-Conversion Coating—Cadmium-plated steel components are generally given a 
chromate-conversion coating to provide additional corrosion protection from the effects of dele
terious aqueous environments. Part of this hydrated chromate film is soluble in water and avail
able for protecting the underlying cadmium and steel [9]. Since the chromate is deposited 
within the porous cadmium network, any residual acidity retained by the conversion coating 
could be released upon subsequent exposure to an aqueous environment. A small decrease in 
pH within the pores would increase the overvoltage for hydrogen production at the steel surface 
and explain why passivated specimens embrittle at a greater rate than unpassivated specimens 
when exposed to both aerated and deaerated 0.6 M NaCl (Fig. 3). 

Model for Hydrogen Generation in Plated Specimens—Previous work with cadmium-plated 
steel has established that the coating provides a barrier to the escape of hydrogen from the steel 
at room temperature [10,11]. When applied to the present work, these results indicate that any 
hydrogen absorbed by the plated steel specimen during exposure to NaCl cannot readily escape 
after removal of the environment. If the rate of hydrogen absorption into the steel during expo
sure to the chloride environment could be evaluated, it should be possible to determine a rela
tionship between the total mass of absorbed hydrogen and the fracture parameters determined 
in subsequent slow strain rate tests. Such a model can be developed by using experimentally 
determined hydrogen-permeation current densities in conjunction with estimated values for the 
degree of porosity in the coating. The total mass in grams of hydrogen m absorbed in the 
notched region of a plated tension specimen during exposure to a chloride environment is postu
lated to be 

A X / [' 
m = X J(V) dt (3) 

where J( V) is the hydrogen permeation current density in A/cm-^ and is a function of the gal
vanic potential V, / is the porosity factor of the coating, and defined to be the steel/cadmium 
area ratio, and F is Faraday's constant, and t is the total time (s) of exposure in the NaCl solu
tion. Since most of the absorbed hydrogen contributing to premature failure in slow strain rate 
tests originates from hydrogen generated at the notch, the parameter^ is taken to be the area of 
the notch. 

Values of 7( V) were determined from Fig. 12 for potentials of —0.78 and —0.83 V (SCE) for 
tests conducted in aerated and deaerated solutions respectively; A was calculated to be 0.184 
cm^, and values of/were estimated to be 0.01 and 0.1 for cadmium-plate Batches A and B, 
respectively. Calculations show that the total hydrogen content of the steel in the vicinity of the 
notch varies by over three orders of magnitude, and the greatest reduction in fracture stress is 
produced in specimens containing the most hydrogen (Fig. 14). The full line drawn through 
points linking tests conducted with unpassivated plated specimens is estimated to provide the 
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FIG. 14—Relationship between calculated total mass of hydrogen entering notched region of plated 4340 
steel tension specimen during period of immersion in NaCl (pH 7) and reduction in fracture stress ia„ — a,) 
observed on subsequent testing of specimens in air at a crosshead displacement rate of2X 10"' mm/s. 

most realistic relationship between total hydrogen content and reduction in fracture stress. A 
similar evaluation of results produced with passivated specimens leads to values of hydrogen 
content that are insufficient to explain the experimental values for reduction in fracture stress, 
probably because Eq 3 does not consider the possibility of increased acidity produced by redis-
solution of the chromate conversion coating. The close overlap evident in results obtained with 
both specimen batches supports the metallographic evidence that the porosity of the two coat
ings varies by approximately a factor of ten. 

Practical Considerations—Previous work [12] has shown that a mean fracture stress of ap
proximately 1850 MN/m^, obtained from multiple slow strain rate tests conducted at a cross-
head displacement rate of 2 X 10""'' mm/s, corresponds to the pass/fail criterion defined in 
standard test methods for acceptability of paint strippers using notched C-rings. This relation
ship is used in the present work to define an unacceptable degree of embrittlement in plated 
specimens caused by exposure to NaCl environments. On this basis, passivated high porosity 
coatings (Batch B) can lead to an unacceptable degree of embrittlement in high-strength 4340 
steel after exposure to deaerated 0.6 M NaCl for only one to two days (Fig. 3). In contrast, 
extrapolation of the present results suggests that an unacceptable degree of embrittlement is 
produced with unpassivated low porosity coatings in aerated environments only after periods of 
exposure in excess of one year (Fig. 3). 
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The results displayed in Fig. 14 show that failure of unpassivated cadmium-plated specimens 
occurs at the minimum acceptable fracture stress (1850 MN/m^) when the total concentration 
of hydrogen entering the notched region is estimated to reach — 1 ppm. This hydrogen concen
tration value, calculated by assuming the mass of steel in the notch to be 0.069 g, is considered 
realistic since high-strength steel is known to be severely embrittled when the hydrogen content 
is only a few parts per million (ppm). The present calculations also suggest that amounts of 
hydrogen equivalent to only a few ppb may cause a measurable reduction in fracture stress, 
thereby highlighting the extreme sensitivity of the slow strain rate method for detection of hy
drogen embrittlement in high-strength 4340 steel. 

Since the cadmium plate must fulfill the dual roles of (1) allowing hydrogen to escape during 
baking and (2) preventing ingress of hydrogen during immersion in NaCl, a compromise in the 
degree of porosity must be achieved to ensure optimum performance by the coating. The cad
mium coating in Batch A specimens fulfills both requirements and is therefore considered to be 
the most suitable coating for application on high-strength steel. 

Aluminum-Coated Steel 

Application of Model for Hydrogen Generation in Aluminum-Coated Specimens—Signifi
cant embrittlement of aluminum-coated specimens occurs after exposure to both aerated and 
deaerated 0.1 M NaCl for only a few hours. Since the degree of embrittlement is equally severe 
when only the specimen notch is exposed to the environment for the same period of time, appli
cation of Eq 3 requires detailed knowledge of the degree of porosity in the aluminum coating 
located in the notched region of the tensile specimen. A value for/of 0.01 is assumed since the 
steady-state potential of aluminum-coated tension specimens in deaerated NaCl is the same as 
the galvanic potential of the aluminum/steel couple at an area ratio of 0.01. Values off > 0.01 
are unlikely because of the limited distribution and size of pores in the aluminum coating 
(Fig. 7). 

Galvanic corrosion experiments show that the rate of hydrogen generation at the steel cath
ode in deaerated chloride environments is approximately 100 times higher for aluminum/steel 
couples compared with cadmium/steel couples at an area ratio of 0.01 (Fig. 11). Since the gal
vanic potential of the aluminum/steel couple at this value of area ratio is — 1.10 V (SCE), repro
duction of these conditions in low porosity aluminum-coated specimens would result in much 
greater rates of hydrogen absorption in the steel than in cadmium-plated specimens of similar 
porosity. Since the potential of aluminum-coated specimens decreases from —0.68 to —1.05 V 
(SCE) during the first few hours of exposure to deaerated 0.1 M NaCl (Fig. 9), calculation of the 
total hydrogen entering the steel requires integration of the equivalent hydrogen permeation 
current density curve during this period. Values for J( V) were taken from the curve shown in 
Fig. 12 and extrapolated to —1.08 V (SCE) using Eq 1. Insertion of calculated J{V) values in 
Eq 3 for aluminum-coated tension specimens in deaerated NaCl environments for various pe
riods of time produce values for the total mass of hydrogen that are grossly inadequate to ex
plain the severe degree of embrittlement experienced by these specimens (Fig. 14). Agreement 
with the results of unpassivated cadmium plated-and-baked specimens requires an amount of 
hydrogen approximately 100 times greater than values calculated using Eq 3. An increase in 
cathode/anode area ratio to values approaching unity are difficult to envisage bearing in mind 
the sub-micron scale of the pores in the aluminum plate and the absence of undercutting along 
the aluminum-steel interface after exposure. Further analysis of probable electrochemical con
ditions existing within the pores of the aluminum coating provides some explanation why calcu
lations based on galvanic studies alone do not correctly predict observed behavior in aluminum-
coated steels. 

The rapid decrease in potential displayed by coated specimens after immersion in aerated 
NaCl provides strong support for initiation of localized corrosion within the pores in the alumi-
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num coating. A similar drop in potential has been observed during initiation of pitting in pure 
aluminum [13] and crevice corrosion in stainless steels in NaCl solutions [14]. Simultaneous 
deaeration of the solution and dissolution of aluminum in the pores will establish a localized 
acidic environment which can ultimately penetrate to the steel substrate. This acidity would 
substantially increase the rate of hydrogen production at the steel substrate compared to values 
obtained in galvanic studies in neutral NaCl solutions. 

The feasibility of hydrogen generation at pore walls followed by diffusion of hydrogen 
through the aluminum to the steel substrate must also be considered. The hydrogen diffusion 
coefficient D in pure aluminum has recently been determined to be approximately 10"'" cm^/s 
at 22°C [15]. Values of (Dt)'''^ are commonly used to estimate an approximate distance that a 
diffusing species can travel in time t [16]. For immersion of aluminum-coated specimens for 12 
h in deaerated NaCl, values of (Dty^ are 20 ^m, and hence it is theoretically possible for hydro
gen generated at pore walls to diffuse through the aluminum coating to the steel substrate dur
ing the period of immersion. Before realistic estimates of the total hydrogen diffusing through 
the aluminum coating can be made, the following quantitative information is required: 

(1) realistic hydrogen permeation data in aluminum exposed to simulated pit environments 
and 

(2) determination of diffusivity of hydrogen in partially oxidized aluminum coatings display
ing a columnar grain structure. 

Since coatings are built up in layers during the IVD process in an argon plasma maintained at 
a pressure of ~ 1 Pa, some oxidation within the coating is anticipated. 

Practical Considerations—The present results show that the structure of the aluminum coat
ing in the notch facilitates rapid embrittlement of the steel when exposed to NaCl environments. 
The inferior quality of the coating is attributed to (1) poor throwing power of the aluminum IVD 
process in the notch and (2) restricted penetration of glass beads in this area. The improved 
corrosion resistance of the aluminum coating deposited on the shank of the tension specimens 
supports this argument. Other work [17] with 40-ftm thick-coatings has also shown that bead
ing of the aluminum layer after the first and final passes followed by chromate passivation suc
cessfully prevents detectable rust formation for periods of 100 h in aerated 0.1 M NaCl. The 
beading process appears to break up and close off porosity in the coating while chromate 
passivation prevents localized attack developing at the external aluminum surface. Unfortu
nately, these processes have little beneficial effect on thin coatings that display evidence of fine 
porosity. 

Conclusions 

The present work demonstrates that anodic protection of high-strength steels by the use of 
aluminum and cadmium coatings can lead to severe embrittlement of the steel during exposure 
to aqueous NaCl environments. Since plated high-strength steel components are frequently ex
posed to a large variety of environments during their service lifetime, it is important to identify 
potentially dangerous situations before catastrophic failure occurs or expensive repairs are re
quired. Quantitative information concerning the rate of hydrogen produced during exposure of 
plated steels to deleterious environments and a knowledge of the mechanism are essential to 
provide a scientific base for improving the performance of coatings exposed to such environ
ments during service. 
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ABSTRACT: Use of an assumption that electric current flows only in one direction in seawater-
carrying equipment constructed of more than one metal enables rapid calculation of the corrosion 
rate distribution employing small-memory microcomputers. There is negligible error associated 
with this assumption for typical seawater systems of essentially cylindrical geometry. Analytical 
expressions can usually be obtained, depending upon the experimentally determined electrode 
kinetics. The scope of the modelling procedure is indicated by examples of various practical sea
water systems that have been examined at the design stage. 

The distribution of cathodic protection has been analyzed within copper-alloy pipework 
attached to a steel hull, or to a small sacrificial anode, and also in a mixed-metal marine propul
sion unit protected by zinc anodes. The cathodic electrode kinetics involved various combinations 
of potential-independent current density and linearly potential-dependent current density. 

The distribution of galvanic corrosion has been calculated within a heat-exchanger system con
sisting of a cathodic tube-bundle and tubeplate connected via a copper-alloy header to a 7-m long 
copper-alloy pipe. Assessment was made for linear cathodic electrode kinetics and anodic elec
trode kinetics of the Butler-Volmer type. Calculations were also made for when the header was 
electrically insulated at both of its flanges. Assessment of the heat-exchanger system has been 
extended to cater for the copper-alloy pipe being electrically connected to a steel hull, although 
physically separated by an intervening plastic pipe, and to cover the case where the header is made 
from a cathodic material. 

KEY WORDS: galvanic corrosion, impressed current protection, cathodic protection, seawater 
corrosion, mathematical models, computers, BASIC (programming language), mathematical 
prediction, one-dimensional flow, electrode potential, cathodic polarization, anodic polarization, 
electric fields, differential equations, heat exchangers, condensers, steam condensers, cooling sys
tems, tubes, metal pipes, plastic pipes, piping systems, marine propulsion, marine engineering, 
ship hulls, sacrificial anodes, copper alloys, nickel alloys, titanium alloys 

Nomenclature 

A Net area of tubeplate, cm^ 
a Transfer coefficient 
E Electrode potential, V 

£beg(end) Potentials at beginning (or end) of a tube (beginning = location of maximum polar
ization) 

El- Corrosion potential 
jE'c(app) Apparent corrosion potential (back extrapolation of hydrogen evolution curve) 

'Senior technical officer. Research and Development Department, IMI, Birmingham B6 7BA, United 
Kingdom. 
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AEl'' Positive difference in corrosion potential of cathodic and anodic sections 
AEc Positive difference in corrosion potential of header and pipe 

£•„, „2 Potentials of transition on cathodic polarization curve 
1) Polarization (E — E^) 
F Faraday (96,540 Cig equivalent) 
I Current density, k/om^ 
ic Corrosion current density 
ij Totally diffusion-controlled current density 
/ Current, A 
it Coefficient for linear electrode kinetics in / = kn), A/cm^/V 
K r/{2pk), cm^ 
L Total length of tube, cm 
n Number of tubes in a tube-bundle 
N Number of electrons transferred/molecule 
P Electrostatic potential 
r Tube radius (or radial coordinate), cm 

To, r,- Outer, inner radii 
R Gas constant (8.3144 J /degree/mole) 
R Resistance of seawater in a section, fi 
p Resistivity of electrolyte, fi cm 
T Absolute temperature , K 
X Distance, cm 

*end lin Length of tube subject to hydrogen-evolution electrode kinetics 
JCenddift Length of tube subject to totally diffusion-controlled electrode kinetics 

Introduction 

It is rarely possible to build seawater-carrying equipment, such as heat-exchangers, pumps, 
pipework or ducting, without resorting to mixed metal systems [1,2]. It is therefore necessary 
to take account of the effects of intermetallic contact upon the corrosion resistance of the con
structional materials in such systems, ideally at the design stage. Intermetallic contact will give 
rise to increased corrosion of the less noble materials and to decreased corrosion of the more 
noble materials, that is, some measure of cathodic protection. In some cases cathodic protec
tion may be deliberately applied by the use of sacrificial anodes or of impressed current. Clearly 
identification of the extent of risk and of the need for protective measures is greatly facilitated if 
the magnitude of corrosion rate at various locations in equipment can be calculated. 

It is the purpose of this paper to describe a simple modelling procedure that facilitates cor
rosion rate calculation for equipment of essentially cylindrical geometry using small-memory 
microcomputers. The scope of the modelling procedure will be illustrated by examples of vari
ous seawater-carrying systems that have been examined at the design stage. 

Modelling Procedure 

Corrosion rate is related to electrode potential by means of the Tafel equation and Faraday's 
second law of electrolysis. A necessary precursor to corrosion rate calculation for equipment is 
therefore an assessment of the electrode potential distribution on each metal in the system. 

The exact prediction of electrode potential distribution within a cylindrical system at a given 
time involves the solution of the Laplace equation for the electrostatic potential P in the sea-
water at any position given by the longitudinal coordinate x and the radial coordinate r. 
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d^P d^P 1 dP 

dx dr^ r dr 

This assumes that there are no significant concentration variations in the seawater [3] and thus 
that mass transfer occurs only as a result of ionic migration, a condition usually satisfied by 
corroding systems in the presence of moving seawater. The solution of the Laplace partial dif
ferential equation is not trivial even for relatively simple geometries and the analytical solution 
is usually not possible. Various numerical approaches to the solution of the Laplace equation 
have been used. For a very simple bimetal tube system, with each metal being subject to identi
cal linear polarization kinetics (that is, the same linear dependence of surface current density 
upon polarization from the corrosion potential), Waber has produced a Fourier series solution 
[4]. More complex systems have been dealt with by finite difference, finite element, or bound
ary element methods [5-8], but the numerical procedures require access to minicomputers. 

An alternative and simpler modelling approach is to assume that potential only changes in 
the axial direction in a cylindrical system, that is, there is no radial change of potential. This is, 
in effect, an assumption of unidirectional current flow in the seawater and enables analytical 
solutions to be obtained which are amenable to calculation using small-memory microcom
puters. The concept of unidirectional current flow was first seriously considered by Frumkin 
[9] who showed that the assumption becomes progressively less viable as the system diameter is 
increased. Upon substituting in Eq 1 the value obtained for (d^P/dx^) by assuming unidirec
tional current flow, it is possible to derive the radial potential drop and hence ascertain the limit 
to be put on diameter (or radius) to ensure that the radial potential drop is negligible with 
respect to the axial potential drop. By this means Frumkin derived the following expression to 
define when unidirectional current flow conditions could be assumed for the specific case where 
the rate of the metal dissolution and oxygen reduction reactions at the metal surface have a 
linear polarization dependence 

r <'-('!-) (2) 
p \di/ 

where r is the radius, p is the electrolyte resistivity, and (dE/di) is the gradient of the linear 
electrode polarization curve (V • cm^//). In a subsequent study for linear electrode kinetics, de 
Levie [10] set an upper limit on radius as (l/8p)(,dE/di), although inspection of his figures 
reveal that (l/2p)(dE/di) is a more reasonable limit. The latter limit indicates an upper diame
ter of about 500 mm in freshly exposed copper-alloy pipework carrying rapidly flowing sea
water, but filming of the metal very often brings about conditions where the upper diameter will 
be much higher. 

The very good agreement between calculated electrode potential values obtained by solution 
of the Laplace equation with linear electrode kinetics [4] and by assuming unidirectional cur
rent flow with linear electrode kinetics is clearly shown in Figs. 1 and 2. Figure 1 relates to small 
diameter tube with corresponding experimental results (obtained upon insertion of a 2-mm-
diameter Luggin probe), and Fig. 2 relates to a more typical system diameter of 400 mm. In 
Fig. 2 there are three independent curves relating to (a) cathodically filmed pipe, (b) corroding 
pipe with a low corrosion current density i^ of 1 ̂ A/cm^ and (c) corroding pipe with a high 
corrosion density of 10 /iA/cm^. Case c corresponds to parameters that set an upper diameter of 
500 mm according to the less stringent de Levie condition quoted previously, indicating that 
even this condition can be too severe. Calculations for Case c conditions for larger system diam
eters indicate that unidirectional current flow analysis is acceptable for diameters of up to about 
800 mm. 
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FIG. 1—Potential distribution along electrically connected titanium and 70-30 cupronickel tubes con
taining static seawater. 

Considerations similar to those of Frumkin [9] indicate that Expression 2 should be replaced 
by the following relationship when Tafel electrode kinetics apply 

r < (2/Ph)' 
-^beg ^tx 

aNF(E^. - E,) 
exp 

(3) 

RT 

where E^^ and E^„i are the potentials at the beginning (position of maximum polarization) and 
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FIG. 2—Comparison of potential distributions calculated for 400-mm-diameter 5-m-long pipes. 
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end of a tube, respectively, E^ is the corrosion potential, a is the transfer coefficient, N is the 
number of electrons transferred/molecule, F is the Faraday, R the gas constant, and T the 
absolute temperature. A typical value for (£beg ~ E^^ is 50 mV, and this limits the ability to 
use unidirectional analysis for Tafel electrode kinetics to diameters about 70% of those indi
cated for linear electrode kinetics. In the case of totally diffusion-controlled electrode kinetics, 
the limiting tube radius is related to the total tube length and decreases linearly with distance 
from the beginning of the tube. Thus, at the beginning of the tube, the radius must be less than 
yfl times the tube length, whereas at 98% along the tube it must be less than V2/50 times the 
tube length. Beyond this distance the size of the denominator increases rapidly, but the error 
involved in assuming unidirectional current flow very close to the far end of the tube can be 
safely ignored. 

Unidirectional current flow analysis for cylindrical systems has been made by a number of 
workers [9-16] but has been restricted to simple tubes of one metal, although Frumkin con
sidered a simple, infinitely long bimetallic combination [9] . The present work describes its use 
for practical marine systems that can be constructed from a number of different metals and 
have some parts that are not truly cylindrical. In addition, calculations have been made for 
cathodic electrode kinetics pertinent to cathodic protection in seawater, a particular depen
dence of current density upon polarization not hitherto examined by unidirectional analysis. 

The fundamental equation for derivation of electrode potential E distribution in a cylindrical 
system assuming unidirectional current flow is 

(fE Ipi 

dx'^ r 

where / is the surface current density at distance x [17]. This equation is obtained by combining 
Ohm's law, applied to the current flowing parallel to the tube-walls in the seawater, and Kir-
choff's law, applied to the surface (electrochemical) reaction. In the case of concentric cylindri
cal systems, where seawater is confined to the annular gap, the relevant differential equation to 
be solved is 

(fE_ _ Ipijr, + r,) _ Ipi 

dx' ri — rf r„ — n 

where r„ and r,- are the outer and inner radii, respectively. 
The ordinary second-order differential equations, (4) and (5), can be solved according to the 

dependence of /' upon electrode potential, that is, the electrode kinetics involved for the cor
rosion or cathodic protection process. It is important that the electrode kinetics used accurately 
reflect changes of surface behavior with time if long-term projections are to be made, that is, the 
dependence of current density upon polarization used should be that relating to corrosion-
product filmed or calcareously filmed metal. The relevant electrode kinetics, corresponding 
equation solution, and programming sequence will be described for a number of practical 
examples. 

Calculations for Practical Systems 

Cathodic Protection of Copper-Alloy Pipework Attached to a Steel Hull 

Copper-alloy pipework is often attached to the steel hull of a vessel and therefore enjoys some 
adventitious cathodic protection, even though the hull is painted. The hull itself may also be 
cathodically protected by an impressed current system. The extent and efficacy of the cathodic 
protection afforded to the pipework improves as calcareous films are deposited from the sea-
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water as a result of the generation of local alkalinity. Modelling enables the interplay between 
these factors to be determined so that an indication may be gained of where corrosion suppres
sion effectively ceases. 

The electrode kinetics applicable to cathodically polarized metal in aerated seawater are 
shown in Fig. 3. The magnitude of the diffusion-limited current density for oxygen reduction ij 
decreases as calcareous deposits and corrosion products are formed, and is a critical parameter 
in determining the extent of protection at a given time. The potential dependence of the current 
density at more electropositive (that is, more negative) potentials (Zone iii of Fig. 3) may be 
associated with hydrogen evolution, although laboratory tests indicate that such a zone can also 
be ascribed to the formation of porous calcareous deposits adjacent to the inlet-end of a tube. 

Modelling based on electrode kinetics corresponding to Fig. 3 must allow for the six different 
combinations of the three zones that can arise in practice, according to the values of the inlet-
end and outlet-end potentials of the pipe, that is, (i) alone, (ii) alone, (iii) alone, (iii) + (ii), 
(ii) -I- (i), and (iii) + (ii) + (i). The solution of Eq 4 for each of these combinations, 
obtained by integration with respect to distance, is given in Ref 17; the results for the ((iii) + 
(ii) + (i)) zone combination are given in Appendix A of this paper. Equations requiring 
numerical solution are involved for the double and triple zone combinations, and these are 
easily effected using Newton's method. The programming sequence for the case where all three 
zones of Fig. 3 are involved is shown in Fig. 4. Primes in lines 1030,1040, and 2020 indicate first 
derivatives. Lines 1010 to 1500 solve Eqs B and C simultaneously for the distance Â  correspond
ing to Zone (iii), and the distance Y corresponding to Zone (ii). Lines beginning at 1060 are 
"escape" lines designed to avoid looping conditions arising. Lines 2000 to 2040 determine the 
potential at the beginning of the metal pipe E^^^ for the case where there is a plastic pipe 
between the hull and the metal pipe, with electrical contact being maintained by supporting 
structures. In these calculations, the potential of the hull fhui, is regarded as constant in view of 
its relatively large area. 

Total program length in BASIC, covering all six possible combinations from Fig. 3 and 
including "user-friendly" graphics, is 16 kbytes, and computation takes only a few seconds 
(Hewlett-Packard HP85 microcomputer). 

Verification of computed results for a cathodically polarized tube has been obtained in a 
number of laboratory tests. Experimental details for these tests are given in Ref 17: electro
chemical measurements were made on tubes made up from electrically connected 20-mm-long, 

I (iii) Linear polarisation 
kinetics 

Zero 

'i '"') /I 
Tot-ally diffusiocw Etr2 
controled / 
kinetics / 

ti) Linear polarisation / 
kinetics / 

Ec Ec(app) *• Increasing electropositive 
Electrode Potential potentials 

FIG. 3—Schematic cathodic polarization curve for metal in aerated seawater. 
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1000 X - x,„j jj„ - 0.1 • L • r - :^^ Jiff - 0.3 * L 

1005 El - E^(^p, - E,,g 

1010 B - x^^j ^^^ - K ( m ) (etc.) (Equation A(l)) 

1020 

lOM) 

1060 

<= - ^trl " ̂ tr2 • (^) ^5^-' (Equation A(2)) 

B _ B (Y) 

1030 c'(Y) 
.C 

"l B (Y) .C (X) - B (X) 

c'(Y) 

£ ^ .B 
» (X) 

C (X) .B (Y) - C (Y) 

B'(X) 

1050 IF ABS (N2)^.000l * Y AND 

I ABS (H) 4-0001 * X THEN 2000 

IF x N L (etc. etc) 

1500 Y « Y + N , • X = » X + H j « G 0 T O lOlO 

2000 I - 7 T £ ( e t c . ) (Equation A(3)) 

I T^ 
I 20iO F - Ej^un + IR - E^^ (R = resistance o£ seawater In plastic 

pipe) 
I 2020 F. - F' (El ) 

1 beg 

I . 
2030 FJ - -(F/Fj) 9 IF ABS(F2) \p .00001 * ABS (E^ ) THEN 2050 

I 
, 2040 t^^ - E ^ + Fj • CO TO 1005 

2050 output line 

FIG. 4—Programming sequence for cathodic protection of pipework calculations (all three zones on 
Fig. 3, hull connection via plastic pipe). 

70-30 cupronickel sections joined by silicone rubber tubing with a l-mm gap between each 
section, each tube being potentiostatically polarized at the seawater inlet-end to a potential of 
— 600 mV with respect to a saturated calomel electrode (SCE). Use of the experimentally 
derived polarization curves given in Fig. 5 gave rise to the calculated potential values shown in 
Fig. 6 for an U-mm-diameter 70-30 cupronickel tube. After 2 h of testing, all three zones of 
Fig. 3 were involved, but only Zones (ii) and (iii) had to be considered after 13 days as increasing 
calcareous film formation improved the throw of potential. The divergence of calculated and 
experimental results in Fig. 6 near the seawater-outlet end of the tube resulted from the use of 
recirculated seawater, which allowed some extra potentiostatic polarization at the outlet-end. 
Potentials fell to the calculated values for a "once-through" system on breaking the circulation. 

Computation indicates how cathodic protection of seawater-carrying copper-alloy pipework Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 5—Cathodic polarization curves for ll-mm-diameter 510-mm-long 70-30 cupronickel tube at a 
seawaterftow rate of 1.5 m/s; inlet-end potential —600 mV. SCE. 

attached to a steel hull varies with such parameters as pipe diameter, length, and calcareous 
film formation. Figure 7 has been derived using electrochemical polarization data obtained in 
laboratory tests and indicates the extent of protection in metres within a 10-m-long pipe, as 
defined by the distance at which cathodic polarization falls to 100 mV (when the corrosion rate 
of [divalent] copper is 2% of its normal rate). The significant improvement in protection with 
film deposition is clearly shown in this figure. Shorter pipes enjoy cathodic protection over 
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FIG. 6—Potential distribution along ll-mm-diameter 70-30 cupronickel tube at a seawater flow rate of 
1.5 m/s. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 7—Cathodic protection of lO-m-long copper-alloy pipe by steel hull; maximum pipe polarization. 
400 mV. 

longer lengths, as indicated by the result for a pipe 7 m long and 400 mm in diameter, because 
potential decay with distance within shorter pipes is more shallow as less current is flowing. This 
is one reason why it is dangerous to make blanket statements with regard to (protected length-
/diameter) ratios for pipe. 

In some pipework systems, cathodic protection may be obtained by the use of small sacrificial 
anodes located at the seawater inlets. A suitable programming sequence for calculations for 
these systems is indicated in Appendix B. 

Cathodic Protection of a Mixed-Metal Marine Propulsion Unit 

Because of concern about possible crevice corrosion of the nickel-alloy shaft of a marine 
propulsion unit during limited inactive periods, calculations were made to ascertain the viability 
of using sacrificial zinc anodes to cathodically protect the shaft. 

A diagram of the propulsion unit is given in Fig. 8, which shows the proposed position of the 
ring of sacrificial zinc anodes. In essence, the unit is cylindrically symmetrical with a concentric 
geometry and can be made amenable to unidirectional analysis by (1) making an allowance for 
the seawater resistance from the anodes to the adjacent entrance to the unit based on integra
tion of the resistances of elemental shells of seawater and (2) letting the total wetted surface 
areas of the titanium-alloy spiral impeller and of the copper-alloy vaned housing be represented 
by surface roughness factors (3.32 and 5.68, respectively) for the inner cylinder of a simple 
concentric model of the unit (that is, roughness factors calculated as total wetted surface area 
divided by surface area of inner cylinder of simple model). Modelling was required in order to 
calculate the potential at the gap between the copper-alloy and titanium-alloy components 
(Position A on Fig. 8). It was assumed that during inactive periods seawater would become 
quickly deaerated within the cavity region (Position B), so that no further potential drop would 
occur to the actual potential at the mouth of the nickel-alloy shaft crevice (Position C). Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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FIG. 8—Mixed-metal marine propulsion unit. 

Figure 9 shows the simple concentric model used in calculations for the unit; small cor
rections were made to final calculated potential values to allow for features that were ignored in 
the simple concentric model, such as the extended seawater path through the spiral impeller. It 
was assumed that during inactive periods there was adequate natural convection through the 
propulsion unit, so that it was right that only ionic migration need be considered (an assump
tion supported by small-scale laboratory tests). The error involved in using a unidirectional 
current flow analysis for a system of this size was estimated as less than 2 mV [4]. 

Electrochemical measurements on separate specimens of the metals of interest gave polariza
tion curves of the types shown in Fig. 10 for aerated and polluted (2 mg/dm"" of sulfide) static 
seawater conditions. The measurements were made at regular intervals over several months on 
continuously potentiostatically polarized metal specimens to determine the effects of film for
mation. The potential at which these specimens was polarized was the value calculated to be at 
Position A (Fig. 8) as obtained by computation based on unidirectional analysis. The potential 
of the specimens was adjusted according to the computed potential at Position A after each set 
of polarization measurements. Analysis had to be made for four different combinations of elec
trode kinetics over six months, although after about one month linear (hydrogen evolution) 
electrode kinetics were found to apply to all parts of the propulsion unit. 

The solution of the appropriate form of Eq 5 for the concentric model shown in Fig. 9, assum
ing linear cathodic electrode kinetics, is given in Appendix C, which also includes a suitable 
programming sequence for propulsion unit calculations. Computer calculations took a matter 
of seconds (Hewlett-Packard HP85), and the program length in BASIC to deal with all four 
possible combinations of electrode kinetics was 12 kbytes. 
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FIG. 9—Simplified model of propulsion unit for cathodic protection calculation purposes. 
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The computed variation of the potential at Position A in Fig. 8 (equivalent to the crevice-
mouth potential) with time, based on the data from the six-month polarization tests, is shown in 
Fig. 12. From this figure it is clear that very good protection would be afforded to the nickel-
alloy shaft in the propulsion unit, even in periodically polluted seawater. It was calculated that 
in the unlikely event of the estimated seawater resistance from the unit entrance to the zinc 
anodes being double that assumed, an error of only 10 mV would have arisen in the calculated 
Position A potential at 20°C for filmed-metal conditions. It was considered that the scale of the 
geometric and electrochemical assumptions made in calculations for the propulsion unit was 
justified in view of the degree of cathodic protection predicted. 

Galvanic Corrosion within a Mixed-Metal Marine Heat-Exchanger System 

The need arose to assess the corrosion rate of copper-alloy components (particularly the 
header) in the proposed symmetrical heat-exchanger system illustrated in Fig. 12 in which both 
the tubes and the tubeplate were to be constructed of a relatively cathodic material in order to 
avoid corrosion at the tube inlets. The header and pipe were to be made of two different copper 
alloys. The problem was therefore to estimate the corrosion allowance to be made for the 
copper-alloy header and the 7-m-long, 350-mm-diameter pipe, and in the event of header cor
rosion being indicated as excessive, to assess the corrosion rate of the pipe if the header were 
electrically insulated at both flanges. The pipe would remain in electrical contact with the 
tubeplate and tube-bundle by means of supporting structures when the header was insulated. 

Analytical solution assuming unidirectional current flow is not possible for a conical header 
geometry in the case where the header is electrically connected. Analysis for this case was there
fore made on the basis that the header had a cylindrical cross-section with a diameter taken as 
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FIG. 12—Mixed-metal heat-exchanger system. 

the mean diameter of the two cylinders, which give rise to the same current from and potential 
drop over the conical header, respectively, assuming that current density is independent of 
potential. It was estimated that the error involved in assuming a potential-independent current 
density in the "equivalent" cylinder diameter derivation was less than 2 mV. The calculated 
equivalent cylinder diameter obtained (by approximate methods) when an exponential depen
dence of current density upon potential was assumed, was actually within half a percent of the 
mean physical diameter of the header. 

Laboratory and pilot-scale potentiostatic polarization measurements indicated that linear 
polarization kinetics applied to the cathodic material to be used for the tubeplate and tube-
bundle, and that Butler-Volmer anodic (divalent) electrode kinetics applied to the two copper 
alloys to be used. Butler-Volmer electrode kinetics are described by the following equation 
relating anodic current density (i) to anodic polarization r; for a divalent metal 

= I, Sexpl 
alFri \ alF-i) 

RT )] (6) 

Equation 6 assumes that the oxygen reduction process involves a rate-determining two-electron 
transfer and that the surface concentration of dissolved oxygen is equal to the bulk concentra
tion. Unidirectional current flow analysis for the heat-exchanger system was therefore made for 
a combination of linear cathodic electrode kinetics and Butler-Volmer anodic electrode kinet
ics, although a preliminary assessment was made assuming linear electrode kinetics throughout 
to provide initial "ranging" data. Because of symmetry about a point mid-way along the tube-
bundle, analysis was carried out using half the total length of the tube-bundle. Use of Waber's 
results [4] indicated a maximum error of about 2 mV for a unidirectional current flow assump
tion for a system of the size being considered. 

Equations and a programming sequence are given in Appendix D. The length of a "user-
friendly" program in BASIC enabling calculations for both linear electrode kinetics and (linear 
plus Butler-Volmer) electrode kinetics was 19 kbytes. Computing time is a matter of seconds for 
linear electrode kinetics but can be several minutes when Butler-Volmer electrode kinetics are 
introduced because of the slow numerical integration step (Hewlett-Packard HP85). 

Computed results for the proposed heat-exchanger system, based on electrochemical polar
ization data obtained from a pilot-scale test after about one year, are shown in Fig. 13 in terms 
of the corrosion rate distribution within the header and pipe. It is apparent that the corrosion 
rate of the electrically connected header adjacent to the tubeplate would be increased by about 
ten times because of contact with cathodic components and that electrical insulation of the 
header would lead to the pipe having a corrosion rate adjacent to the header seven times its 
normal value. Quantitative confirmation of these factors was obtained in a one-third size pilot-
scale test carried out over a period of two years using both connected and insulated headers. The 
decision as to whether to insulate the header was influenced by the tendency of the copper alloy 
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FIG. 13—Corrosion rate distribution along copper-alloy header and pipe. 

chosen for the header to be prone to deep pitting. It is clear from Fig. 13 that extra corrosion 
allowance for the pipe (if the header were insulated) need only be made for about 100 mm from 
the header. 

Analysis can be effected for mixed-metal heat-exchanger systems having other combinations 
of component polarity than the Fig. 12 system. For example, where the header is of a relatively 
cathodic metal or even undergoes a polarity change along its length, that is, it may be galvan-
ically corroding adjacent to the (cathodic) tubeplate but be cathodically protected adjacent to 
the (anodic) pipe. Calculations can also easily be made for cases where the tubeplate metal 
differs from the tube-bundle metal. 

Mixed-Metal Heat-Exchanger Electrically Connected to Steel Hull 

In practice the proposed heat-exchanger system illustrated in Fig. 12 would be joined to a 
steel hull by means of a 15-m-long plastic pipe as indicated in Fig. 14. Electrical connection 
between the hull and the heat-exchanger would be maintained by supporting structures so that 
the plastic-pipe end of the copper-alloy pipe would enjoy some cathodic protection. The analysis 
described in the previous section was therefore extended to ascertain how far cathodic protec
tion would occur along the copper-alloy pipe and whether galvanic corrosion of the header and 
pipe would be significantly affected by connection to the hull. 

Unidirectional analysis was carried out assuming the same combination of linear and Butler-
Volmer electrode kinetics as before for the tube-bundle, tubeplate, header, and the "anodic" 
part of the pipe, with linear electrode kinetics for the cathodically polarized, calcareously filmed 
part of the pipe. This latter assumption proved to be valid because the cathodic polarization of 
the copper-alloy pipe was calculated to be less than 100 mV, that is. Zone (i) of Fig. 3 was 
appropriate; cathodic polarization would be insufficient to reach Zone (ii). The analysis and 
programming sequence are described in Appendix E. The length of a "user-friendly" program 
in BASIC embracing all possible system variations was 30 kbytes, viz for with and without 
connection to the hull, for with and without insulation of the header, for all linear electrode 
kinetics, and for (linear plus Butler-Volmer) electrode kinetics. The computing time for a " + Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 14—Mixed-metal heat-exchanger connected to hull. 

hull" calculation for a connected header was about 20 s for linear electrode kinetics, and several 
minutes for Butler-Volmer electrode kinetics (Hewlett-Packard HP85). 

Results of calculations using electrochemical polarization data derived for filmed 70-30 
cupronickel from one-year old ambient-temperature laboratory tests for the cathodically polar
ized part of the pipe and from pilot-scale tests for the other parts of the system are shown in Fig. 
15. The circles represent results of "independent" calculations made ignoring the hull (as on 
Fig. 13), or the cathodic tube-bundle and tubeplate, and the crosses relate to results of "inter
acted" calculations for the entire connected system shown in Fig. 14. It is evident from Fig. 15 
that electrical connection to the hull will have very little influence on the galvanic corrosion 
likely to occur on the header and on the pipe close to the header (circles and crosses overlap in 
this region), whereas connection to the cathodic tube-bundle and tubeplate will decrease the 
cathodic polarization of the metal pipe at the plastic-pipe end by about 5 mV. The extent of 
significant cathodic protection (defined as a 70% corrosion rate reduction) likely to be 
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FIG. 15—Polarization distribution along copper-alloy header and pipe. 
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FIG. 16—Corrosion rate distribution along copper-alloy header and pipe. 

enjoyed by the metal pipe can be assessed as about 2 m from Fig. 16 (which relates directly to 
Fig. 15 and is based on the uncoupled corrosion rate relating to the anodically polarized part of 
the pipe). It is interesting to note that laboratory tests have shown that calcareous deposit 
formed at about 10°C (predominantly calcite) is much less coherent than that formed at about 
20°C (predominantly aragonite). In consequence, the final extent of protection along the metal 
pipe in this system would be much less if the ambient temperature of the seawater were consis
tently "low" during film formation. 
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In view of the risk of deep pitting associated with the use of cast-metal headers made from 
relatively anodic metal, and unceretainty as to the feasibility of ensuring complete header insu
lation, unidirectional analysis has been made for the case of a cathodic header. This analysis is 
less involved than for the anodic header case because linear electrode kinetics apply to the 
header, and Butler-Volmer electrode kinetics only pertain to the anodic part of the metal pipe. 
Solutions can be deduced by analogy with those given in Appendix E. Results of computation 
for a cathodic nickel-alloy header (obtained using a potentiostatically determined cathodic 
polarization curve for the nickel alloy measured after one year's polarization) are given in Fig. 
17, which shows both the electrode potential distribution and the corrosion rate distribution 
over the copper-alloy pipe. Although a significant corrosion rate enhancement of about eight 
times would clearly occur on the pipe adjacent to the cathodic header, this would be quickly 
dissipated. It should be noted that the header for Fig. 17 is twice as long as for Figs. 13,15, and 
16. It has been shown that the use of a connected cathodic header will double the corrosion rate 
of the copper-alloy pipe that would occur if the header could be electrically insulated. 

Conclusion 

It is possible to use small-memory microcomputers to rapidly calculate how corrosion will be 
distributed within practical mixed-metal equipment, such as heat-exchangers, pumps, and 
pipework that carry seawater. The assumption of unidirectional current flow results in negligi
ble error for equipment of diameter up to at least 500 mm. 
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APPENDIX A 
Solution of Eq 4 for Cathodic Electrode Kinetics of Fig. 3 

For all three zones of Fig. 3 to be involved, the tube inlet-end potential must be in Zone (iii) 
and the outlet-end potential in Zone (i). Two unknown lengths of tube (total length L) must be 
found, that is, the lengths corresponding to Zones (iii) and (ii), designated Xe„diin and Xe„ddift> 
respectively. 

For Zone (iii), where / = itciiiXiFcCapp) — E), integrating Eq 4 with respect tox, and substituting 
for the potential gradient at £'„2 by the expression obtained upon integrating Eq 4 for Zones (ii) 
+ (i) kinetics 

w - \\—7-) + W)̂ ^̂  -̂ -̂ *̂"H —^F—n 
— ( T T " ) [(•£'c(app) ~ Ef — (£'<,(app) — Et,2f] 

where 

r 
A'd) = and 

2pk(i) 

_ r 
•K(iii) = . 

•'P^(iii) 
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Integrating once more with respect to x 

•*end liii K{[ii) In I (£'c(app) •E'beg) + I (•£'c(app) 

+ i T ^ r ^ ^ ~ £.ri)tanh( - j ^ 
\ A ( i ) / \ A(i) 

] 

•fi'beg) T" •''^(iii) 
2pl<fXe„()diH 

(£'c(app) E„2) 

+ Kim { 
2p'</*enddiff 

+ 

(•£'c(app) E„2} 

1 

/<: 
(Ec — E„,) 

. . , 1 / - ^ •''enddiff -^endlin 

X tanhl — 
A ( i ) ]]] (Al) 

where^beg = tube inlet-end potential. 
For Zone (ii), integrating Eq 4 with respect to x and substituting for the potential gradient at 

£•„, by the expression obtained upon integrating Eq 4 for Zone (i) kinetics 

dE _ _ 2pij _ 

ax r 

Integrating once more with respect to x 

r 
EM - E,r2 = (-̂ -̂ )(.»:e„ddiff)̂  + ( '""1/2" }^^c - Etti) tanh [- ^enddif f -^end lin ] (A2) 

Equations Al and A2 must be solved simultaneously for Xe„dii„ and x^„mf,. A program for a 
suitable method is indicated in the text. General expressions for£'/x for all three zones of Fig. 3 
are given in Ref / 7. 

The equation for the current flowing into the tube is 

I = •i(£)"'' (app) -^beg) (•fcc(app) E„2) ] 

+ 
2pijx„ 

+ \-j^)(E,-E,,d X tanh^ 
/ ^ .̂ ^enddiff .''̂ ei 

A ( i ) 
(A3) 

APPENDIX B 
Cathodic Protection of Pipework by Small Sacrificial Anode at Inlet 

As both current from the anode and from the pipe will vary with the inlet-end potential, E^^^ 
(except for the case where only diffusion-limited electrode kinetics occur over the pipe), a suit
able programming sequence has been found to be one based on balancing the anodic and catho
dic currents using Newton's method, as follows: 

(i) adopt an initial value for E^^^ (this could be passed on from an earlier stage of the 
program); 

(ii) calculate lengths such as jCendiin. Jî enddift. as necessary (for example, using equations, such 
as Al, A2); 
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(iii) calculate cathodic current /^ for the pipe (using equations, such as A3); 
(iv) calculate anodic current IA from the anode of known area using the Butler-Volmer 

equation (see Eq 6), taking the anode potential as £'beg over all its surface; 
(v) obtain the correct value for E^^g by Newton's method 

(a) F = h - h 
(b) F, = F\E^) 
(c) F2 = -(F/Fi) and IF ABS(F2) < 0.00001 * ABS(£'beg) 

THEN (vi) 
(d) E^, = fbeg + ^2 and GOTO (ii); 

(vi) output line, or pass onto the next computation stage if the cathodic electrode kinetics 
assumed for the last stage are obviously inappropriate (for example, pipe-end potential was 
calculated to be positive to£„, in Fig. 3 when only Zones (iii) and (ii) had been considered in the 
analysis for the last stage). 

Analysis for cathodically protected pipework can also be made for the case where the small 
sacrificial anode at the inlet-end is in the form of a short in-line pipe constructed from, or 
coated with, anodic material subject to Tafel-law electrode kinetics. Details are given in 
AppendixFof Ref 77. 

APPENDIX C 
Equations for the Mixed-Metal Marine Propulsion Unit 

Assuming linear cathodic electrode kinetics throughout the unit, the forms of the differential 
Eq 5, which were to be solved were as follows: 

(a) for the portion of the unit having the titanium-alloy (and nickel-alloy end-piece) at radial 
position r, 

d^E _ 2p{kT,{E - £'rtTi))3.32r, -I- kcu(E - Ecicjr^} 

dx^ rl — n 

(b) for the portion of the unit having the copper-alloy vaned housing at radial position r, 

d'E _ IpkcAE - £,(c„i){V3/-„ + 5.68r,} 

dx^ rl - r] 
(C2) 

The factor of Vs preceding the r^ term in the numerator of Eq C2 is to take into account the 
200-mm shorter length of the copper-alloy shell. 

Consecutive integration of Eq CI with respect to JC leads to a linear equation for the potential 
at the end of the nickel-alloy end-piece Et in terms of the potential at Position A in Fig. 8 EA-
This latter equation is used in the equation for the potential gradient at Position A, (dE/dx)A, in 
order to relate (dE/dx)A to£'^, that is 

f ) r ( l T ^ ) l ( ^ - - ^ 
1/2 

X (E'A - El) - (3.32r,̂ Ti£'c(T,) + r„kcnE,^cJ(EA - EE)\ ( C 3 ) 

Consecutive integration of Eq C2 with respect to :<; leads to the following equation for the dis
tance between the unit's seawater entrance and Position A (600 mm), in terms of the potential at 
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the unit entrance E^^g, and the potential E^t 

60 = K\" In 1̂  |̂ (E„c„, - E,^) + |̂ (£„c„) - E^,)' + *:,(-£)' 

- (£,<c„, - £ J ^ ] ' " ] / [(E,^cu, - E^) + ^ r ' ( ^ ) J (C4) 

where 

2 2 

2pA:ci.(5.68r,- + %r„) 

Equation C4 has to be solved numerically for E^ for given values of £'beg, using Eq C3 to 
obtain (dE/dx)^ for each E^, value. 

A suitable overall programming sequence for propulsion unit calculations was found to be 

(i) adopt initial values forf̂ b^g andi '^; 
(ii) numerically solve Eq C4 using Newton's method to obtain new E^ value; 
(iii) calculate the current from the Unit I as [ir(r^ — r])/p]{dE/dx\^; 
(iv) calculate the polarization of the zinc anodes r; from I, assuming divalent Butler-Volmer 

electrode kinetics for zinc, that is 

T, = — \n(e + (e^ + i)"2) 
F 

where 

e = I/{2i,A,), 
ic = corrosion current density of zinc, and 

A, = total anode area; 

(v) revise £'beg from 

Ebeg — Ec(imc) + ri + IR 

where R = estimated average seawater resistance from the unit entrance to the anodes (0.2Q at 
20°C); 

(vi) repeat sequence with mean of old and new E^^g values until new and old values differ by 
less than 0.1 mV. 

APPENDIX D 
Solation of Eq 4 for Cathodic (Tube-bimdle/Tubeplate) Connected to Anodic (Header/Pipe) 

The tube-bundle and tubeplate are assumed to be of the same metal. 

(a) For Linear Polarization Kinetics on Ail Components 

Solutions for the simple "cathodic tube-anodic (tube-tube)" case were derived in Ref 17. 
These solutions are easily modified for the case of a cathodic tube-bundle and tubeplate, as 
indicated below for the expressions for maximum anodic polarization. 

(i) When the Header Is Electrically Insulated at Both Flanges 

Maximum anodic polarization of the pipe is Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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AE' tanh M 
KV'J + 

2 

pK\ Q*'"'fe) 
(^y^^'^iw. + kcA 

+ 1 (Dl) 

where 

AE'""^ — ĵ jjg (positive) difference between the corrosion potentials of the tubeplate and the 
pipe, 

rj, £2 = radius and length of the pipe, respectively, 
r„ Lc = radius and length of each tube in the tube-bundle, respectively, 

R = resistance of the seawater within the header, 
n = number of tubes in the tube-bundle, and 
A — net area of the tubeplate. 

K and k type factors are as defined in Appendix A. 

(ii) When the Header Is Electrically Connected to the Tubeplate and Pipe 

Maximum anodic polarization of the header 

nAE' 7jiw'"<w)^m^-^-'--
mw-<wh' 

( c o s h ( - i ^ ) + ( ^ ) ^ ( ^ ) " ; a n h ( ^ ) s i n h ( ^ ) ^ 

(D2) 

sinh 

cosh 
K\''' 

+ 1 ^ tanh t^l/2 
iV2 

sinh I • 
\KY' 

+ n 
K^ 

tanh + 
A , p 

Ak, 

where AEl'"' — the (positive) difference between the corrosion potentials of the tubeplate and 
the header; AE^ = the (positive) difference between the corrosion potentials of the header and 
pipe; and r,,L, = "mean" radius and length of the header, respectively. 

In Eq D2, a positive sign preceding the term in AEc in the numerator indicates that the pipe 
is noble to the header (and vice versa). 

The equation for the minimum anodic polarization of the header (that is, at its junction with 
the pipe) is given in Ref 17 (Eq D7). 

(b) For Linear Cathodic Electrode Kinetics and Butler-Volmer Anodic Electrode Kinetics 

Numerical methods of solution are necessary when Butler-Volmer electrode kinetics are con
sidered. Newton's method can be used to solve the equations for maximum anodic polarization 
and Simpson's method to carry out numerical integrations to evaluate minimum header polar-
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74 GALVANIC CORROSION 

ization. The values for these polarizations calculated assuming only linear polarization kinetics 
are used as initial values in these numerical calculations. 

The equations to be solved are indicated below. 

(i) When the Header Is Electrically Insulated at Both Flanges 

The equation to be numerically solved by Newton's method to obtain the maximum anodic 
polarization of the pipe ri is greatly simplified if the pipe is assumed to be effectively infinite, an 
assumption involving negligible error for the heat-exchanger system under consideration. 
Under these conditions, using divalent Butler-Volmer kinetics for the pipe as in Eq 6 with a = 
0.5, and equating the anodic and cathodic currents (derived after a single integration of Eq 4) 

ex (-^ 
^_ Fr, V 

^"^^ 2RT/ 
lirri ,3/2 icRT 

~PF' 

A£T 7j - 2r TtrV' 
i,RT Fy \ 

^^^^ 2RT) 
exp 

Fr) 

2RT 

- , 2 

pKl 1/2 
tanh 

K'/' 
+ k,A (D3) 

(ii) When the Header Is Electrically Connected to the Tubeplate and Pipe 

Assuming an effectively infinitely long pipe and divalent Butler-Volmer kinetics for both 
header and pipe (a = 0.5), the equation to be numerically solved to obtain the maximum 
header polarization (T; max)i is as follows, where r; min is the minimum header polarization and 
(T; max)2 is the maximum pipe polarization 
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The value of TJ min (potential, iS'end), and hence (TJ max)2, for a given value of (?; max), (potential, 
Ebcg) is defined by the following numerical integration over the length of the header 
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where ij = ( £ — E^)^. 

Equation D4 is solved by Newton's method, and Eq D5 by Simpson's method. The following 
programming sequence was adopted: 

(i) adopt initial values for£beg (header) andJE'enj (header) from the previous "all linear kinet
ics" calculation; 

(ii) carry out a subroutine calculation for E^„i (header) using Eq D5; modify r/ min by step 
until the integral is within 1% of L,; 

(iii) numerically solve Eq D4 to obtain a new value for E^,^ (header); and 
(iv) proceed to (ii), unless the new £beg (header) value differs from the previous value by less 

than 0.1 mV. 

APPENDIX E 
Solution of Eq 4 for Mixed-Metal Heat-Exchanger Connected to Steel Hull 

The solutions described in Appendix D for the connected-header case are extended to allow 
for electrical connection of the heat-exchanger to a steel hull (the solutions for the insulated-
header case can be easily deduced from the results given in this Appendix). In addition to 
calculating the potentials at each end of the header (£beg at the tubeplate-end and £e„d at the 
metal-pipe end), it is necessary to derive the potential at the plastic-pipe end of the metal pipe, 
£̂ pipe(iiuii). and the potential gradient at the point of zero polarization on the metal pipe {.dEldx\. 

(a) For Linear Polarization Kinetics on All Components 

Calculations are first made assuming linear electrode kinetics throughout to provide ranging 
data for subsequent, more complex calculations involving Butler-Volmer electrode kinetics. It 
is assumed that the corrosion potentials of the anodic and cathodic parts of the metal pipe are 
the same, and that a sharp transition of effective corrosion current density occurs at the point of 
zero polarization on the metal pipe. The effect of these assumptions will be to slightly overes
timate the influence of the hull. 

The potential at the metal-pipe end of the header is given by numerical solution of the follow
ing equation derived by a double integration of Eq 4 over the length of the header 

L, = /Cl'Mn \T) max + K\" 
re 

tanh 
K]' 

K 

-i- \ r; min + ij min^ — rj max^ + K^ 

+ 
kcAp 

tanh 

nr, J 
1\ c-

r\n 

K\ 1/2 + 
k^Ap 

(El) 

where 

T) max = (£beg — £'c)i, 
7) min = (Eend — £c)i. and 

^r" = (.E, - E^x. 
The potential at the tubeplate-end of the header is given by numerical solution of the following 
equation obtained by a summation of equations for (dE/dxf from the tubeplate-end of the 
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header to the plastic-pipe end of the metal pipe 

, , fri\* {it max)2 
X [(£pipe(h„m - £hu„)p/(R"-i)]^ - I — ) -!— 

v r , / A2 

+ — ' ' + - = 0 (E2) 

where 

E\,a\\ = the potential of the steel hull, 
R = resistance of the seawater within the plastic pipe, 

(rj niax)2 = maximum anodic polarization of the metal pipe, 
(jj c'""'')2 = maximum cathodic polarization of the metal pipe, and 

K^c = K term for the cathodic portion of the metal pipe. 

The potential gradient at the point of zero polarization on the metal pipe is given by numerical 
solution of the equation for pipe length as a sum of its "anodic" and "cathodic" parts (each part 
given by a double integration of Eq 4) 

i. = Kr In [((, ™„), + [(, m„)S + © / ^ j ' ^ / O / ! " ) ] 

The potential at the plastic-pipe end of the metal pipe is given by numerical solution of the 
following equation obtained by a single integration of Eq 4 for the cathodically polarized part of 
the pipe 

( ^ _ /(-g'pipe<huii)-^hun)pY _ -{r,r')\ 

\dx/2 \ Rm-l J K2. 

Taking initial values for^^^g and E^^ as calculated by the equations in Appendix D(a), conse
cutive solution of Equations El to E4 employing Newton's method enables the determination of 
the potential distribution in the heat-exchanger/hull system to an accuracy of ±0 .1 mV in 
about 20 s using a Hewlett-Packard HP85 microcomputer. 

(b) For Linear Cathodic Electrode Kinetics and Batler-Volmer Anodic Electrode Kinetics 

The introduction of Butler-Volmer electrode kinetics leads to the requirement for numerical 
integrations for the corresponding equations to Eqs El and E3. The equations corresponding to 
Eqs El to E3 when divalent Butler-Volmer anodic electrode kinetics are considered are as 
follows. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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For the potential at the metal-pipe end of the header (equation corresponding to Eq El) 
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where rj = {E — Ec)\. 
For the potential at the tubeplate end of the header (equation corresponding to Eq E2) 
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For the potential gradient at the point of zero polarization on the metal pipe (equation corres
ponding to Eq E3) 

e x p ( - ^ ) + exp( - ^ j - 2 II 
RT 

* (©.«•)] (E7) 

where TJ = ( £ — Ec)2- For the potential at the plastic-pipe end of the metal pipe, Eq E4 still 
applies as this equation only involves linear electrode kinetics. 

A suitable programming sequence was found to be as follows: 

(i) Take initial values for^beg and^end from the previous calculation involving Butler-Volmer 
electrode kinetics, but ignoring the hull connection (Appendix Db); initial values for £pipe(huii) 
and (dE/dxX are taken from the previous calculation for linear electrode kinetics throughout, 
with involvement of the hull connection (Appendix Ea). 

(ii) Revise ̂ end by a subroutine calculation (Simpson's method) using Eq E5; modify £'e„d by 
step until the integral is within 1% of £, . 

(iii) Revise i'beg by numerical solution (Newton's method) of Eq E6 using a subroutine; return 
to (ii) until an accuracy of ±0 .1 mV is achieved. 

(iv) Revise (dE/dxX by numerical solution (Newton's method) of Eq E7; this necessitates 
subroutine numerical integrations (Simpson's method) both for the definite integral in Eq E7 
and for the first derivative of this definite integral with respect to (dE/dx\. 

(v) Revise -Epipediuii) by numerical solution (Newton's method) of Eq E4. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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(vi) Proceed to output if the new value of £'pipe(huiii differs from the previous value by less than 
0.1 mV; otherwise recalculate £'beg using Eq E6 and return to (iv) if the new value of ^beg differs 
from the previous value by less than 0.1 mV; otherwise return to (ii). 
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ABSTRACT; Principles used in tiie finite element modeling and boundary element modeling 
metiiods are explained in tliis paper. These metliods are useful to corrosion engineers in analyzing 
corrosion cell current distributions. The paper begins with a description of how the current distri
bution phenomenon is represented by mathematical equations and how these equations can be 
solved using numerical calculations. A one-dimensional corrosion cell is used to demonstrate the 
methods. Later, the procedures used in the numerical modeling methods are described. Sugges
tions are given to corrosion engineers who are interested in using numerical modeling to analyze 
their corrosion problems. An example of the numerical analysis of galvanic corrosion is given. 
Factors affecting the accuracy of these methods are discussed. 

KEY WORDS; galvanic corrosion, computers, simulation, numerical analysis, finite element, 
boundary element, cathodic protection 

One of the key elements in the galvanic corrosion mechanism is current conduction in electro
lytes. Calculation of current distribution as a function of geometry is important in both cor
rosion rate prediction and corrosion test design because of the geometric dependence of 
galvanic corrosion. For example, in galvanic corrosion rate prediction, the galvanic current 
distribution is nonuniform on the metal surface. Consequently, the corrosion rate cannot be 
expressed by a single value. The proper way of expressing the galvanic corrosion rate is to show 
the rate as a function of geometry. Furthermore, in galvanic corrosion tests, the simulation of 
geometry effect should be guided by a calculation of current distribution. 

In recent years, several computer-aided engineering tools have been developed in the cor
rosion engineering field. These methods are the finite element method (FEM) by Kasper [/ ] , 
Munn [2] , DeCarlo [3], and Fu [4] and the boundary element method by Gartland and 
Johansen [5] , Fu and Chow [6], and Danson and Warne [7] . These methods are useful in 
analyzing galvanic cell current distribution. There is an increasing use of these methods. 
However, they have not been applied to their fullest potential because these methods are some
what difficult to understand because of the multi-discipline needed in the formulation of the 
methods. In this paper, the author demonstrates these methods using a simple one-dimensional 
corrosion cell. The purpose is to explain the principles involved in these methods. The full 
details of these methods cannot be described in a single paper. The reader should consult books 
written on these subjects for further information [8-9]. 

An example of the finite element analysis of a galvanic corrosion problem is given. The exam
ple illustrates how the analysis was used to predict galvanic corrosion rate and to design a 
simulation test. Finally, a discussion on the accuracy of numerical calculation is presented. 

'Manager of corrosion, Pennzoil Technology Center, 1520 Lake Front Circle, The Woodlands, TX 
77387. 
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80 GALVANIC CORROSION 

Nnmerical Analyses 

In this section, the formulation of the numerical methods for modeling galvanic cells is 
explained. The phenomenon of the galvanic cell is described first and followed by mathematical 
equations that represent the phenomenon. The numerical procedures for solving these equa
tions are also provided. A one-dimensional galvanic cell is used as an example because the 
derivation of the numerical procedures is clearer in one-dimensional space. A graphic analysis 
of the cell using polarization curves is also given to show that the principles involved in the 
numerical analyses are the same as those in the graphic analysis. 

Galvanic Phenomenon 

The one-dimensional galvanic cell may be a glass tube of uniform cross-sectional area filled 
with an electrolyte of a known concentration. The ends of the tube are capped with two metals. 
One metal is more anodic than the other. The electrochemical behavior metals is uniform over 
the surface of each metal. When the two metals are electrically connected with a low resistance 
wire, a galvanic cell is established. The electroljftic current originates at the anode surface, flows 
through the electrolyte, and ends at the cathode surface. To complete the circuit, the electro
lytic current at the metal surface is converted into electrical current, which flows from the cath
ode to the anode through the low resistance wire. There are electrical resistance voltage (IR) 
drops in both the electrolytic and electric paths. 

Before the two metals are connected, each metal surface is at its free corrosion potential. 
After the two are connected, a current starts between the two and their potentials come closer to 
each other. In fact, for each metal surface, the potential change, or polarization, can be mea
sured as a function of current density. Of course, this relation of current density versus potential 
is the polarization curve of the metal in the electrolyte. The potential on the surface, because it 
is generated by an electric double layer, is a voltage step across the metal/electrolyte interface 
similar to that observed in electric capacitors. In Fig. 1, the potential change in the galvanic cell 
is shown. In this drawing, the IR voltage across the electrical wire has been ignored, so the 
potentials on the metal side of both the anodic and cathodic surfaces are identical. In corrosion 
cells, the resistance through the electric path is usually very small compared to that in the 
corrosive environment. 

Anode Environment Cathode 

Distance 

FIG. 1—IR voltage in the one-dimensional corrosion cell. 
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Equations for Galvanic Cells 

The IR voltage in the electrolyte is the result of current passing through a resistive electrol)rtic 
path, which in the present case, is the electrolyte in the glass tube. The IR voltage is described 
by Ohm's law 

i = kV4> (1) 

where / is the current density, k is the conductivity of the electrolyte, V0 is the potential 
gradient, and <j> is the potential. In one-dimensional space, the Ohm's law is reduced to 

i = k(d4,/dx) (2) 

The current in the galvanic cell must also obey the electroneutrality law, which states that at any 
point in the electrolyte, the net current must be zero. The equation representing this condition is 

V • /• = 0 (3) 

For a homogeneous environment where the conductivity is independent of coordinates, one can 
substitute Eq 1 into Eq 3, and then eliminate k from the equation and obtain 

VV = 0 (4) 

Equation 4 is the Laplace equation, which is the equation governing the potential distribution 
in galvanic cells. 

Graphic Analysis 

In one-dimensional space, the galvanic cell can be graphically modeled using polarization 
curves (Fig. 2), provided that the polarization curves of the two metals and the conductivity of 
the electrolyte are known. From the conductivity, the resistance of the cell R can be calculated 
using the equation 

R=L/(.Ak) (5) 

Cathode 

Cathode Potential 

Galvanic 
Current Density 

Open Circuit 
Potential 

Potential 

FIG. 2—Graphic analysis of a one-dimensional galvanic cell on a polarization diagram. 
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where L is the cell length and A is the cell cross-sectional area. The galvanic current in the cell / 
is equal to A times;. The IR voltage in the galvanic cell is the galvanic current / multiplied by 
the resistance /?. Moreover, the currents on the two metal surfaces must be the same because of 
the electroneutrality consideration. Therefore, one can search a current density on the polariza
tion curves, where the galvanic potential difference is equal to the IR voltage. After this current 
density is found, one can obtain the metal potentials from the graph. The potential distribution 
in the cell can then be calculated since it is a linear distribution between the two metal surfaces. 

The above analysis shows that the graphic method can be used to model one-dimensional 
galvanic cells in homogeneous environment. Unfortunately, few practical corrosion problems 
can be characterized in one-dimensional homogeneous cells. For complex corrosion problems, 
two- or three-dimensional analyses are necessary. In these cases, the IR voltage calculation 
cannot be performed using the one-dimensional formula because both / and R have spatial 
distributions, which can only be calculated by numerical methods. 

The basic principles used in numerical analyses are the same as those used in the graphic 
analysis, namely, polarization curves. Ohm's law, and electroneutrality law. In fact, the numer
ical methods described in the following sections are merely geometric scaling tools extending the 
principles in graphic analysis to complex galvanic cells. 

Finite Element Modeling (FEM) 

In the finite element modeling of corrosion cells, the first step is to represent the corrosion cell 
by an element mesh. For the one-dimensional galvanic cell, the mesh is just a series of straight 
line segments. Each segment is an element that is bound by nodes at two ends. Adjoining 
elements share the node between the two elements. One can use as many elements as necessary 
to model the corrosion cell. For simplicity, two elements are used for the present case. The node 
coordinates are shown in Fig. 3. Node 1 is the anode surface, which has an open circuit potential 
of 0° and a polarization curve (Fig. 2). Node 2 is a node in the solution. The solution is modeled 
by two elements, a and b. Element a has a conductivity of k„ and is bound by Nodes 1 and 2; 
Element b has a conductivity of k,, and is bound by Nodes 2 and 3. Node 3 is the cathode 
surface, which has an open circuit potential and a polarization curve as shown in Fig. 2. 

Corrosion engineers are interested in knowing what the current and potential on the metal 
surfaces after the two metals are electrically connected. At the moment, both current and 
potential are unknowns. However, one can establish a series of linear equations, one equation 
for each node, to solve for the potentials. The derivation of the linear equations here is not a 
formal derivation, which is more complex and difficult to understand. For Node 1, the electro
neutrality law requires that the net current is zero. Thus, the anodic current generated at the 
metal surface must be equal to the current from Node 1 to Node 2. The same charge balance 
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FIG. 3—The one-dimensional finite element mesh. 
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consideration requires that the current from Node 2 to Node 3 is equal to the cathodic current at 
Node 3. At Node 2, the current influx from Node 1 must be equal to the outflux to Node 3. 
Using Ohm's law and the charge balance gives the following three equations 

i\ - k, 
<̂ 2 ~ </>! 

X2 — Xi 
= 0 

k. 
- < / > ! 

Xi 

</>3 ~ 02 
= 0 

h + kA 
^Xi — X 

= 0 

To calculate the three potentials, one has to express the currents on the metal surfaces as a 
function of potential on the surfaces. This expression, called the boundary condition in numeri
cal analyses, can be the conventional Tafel equation or other equations as long as the polariza
tion behavior of the metal surface is accurately represented. In this paper, an empirical 
equation is used to express experimentally determined polarization curves 

i = (l/RM-<j>°) (6) 

where Rp is the polarization coefficient of a metal/electrolyte interface, and / is positive for 
anodic current density. For a polarization curve shown in Fig. 4, the Rp is a function of poten
tial. On a polarization curve, the polarization coefficient is the inverse slope of a straight line 
connecting the open circuit point to any point on the curve. For polarization curves where Rp is a 
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FIG. 4—(a) R is the inverse slope of a straight line connecting any point on the polarization curve to the 
open circuit point and (b) Rp is a function of the potential. 
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constant at any potential, the boundary condition is called linear. If Rp is a function of poten
tial, the boundary condition is nonlinear. 

Substituting Eq 6 into the three linear equations, one obtains 

-— (<^, - <t>f) - k 
\X2 - xj 

\X-> X\ ' \ X i Xi> 

— (<^3 - </>?) + * :* ( 
Rp3 \X} — X2 

Now, if the polarization coefficients at the anode and cathode are known constants we can 
obtain the three unknown pontentials, <t>i, <t>2, and 4>3 by solving the three linear equations. 
Once the potentials on the anode and cathode are calculated, the current density on the anode 
and cathode can be determined by Eq 6. 

As mentioned earlier, the Rp is, in general, a function of potential. To obtain solutions of 
nonlinear boundary conditions, one can use an iterative procedure. In this procedure, the polar
ization curves of anode and cathode are stored in the computer as tables of polarization coeffi
cients versus potentials. One table is used for each material involved in the galvanic couple. 
Initially, a potential distribution on the metal surfaces is assumed. The/?p values corresponding 
to the potential distribution are used to calculate the potential using the linear equations. The 
calculated potentials are then used to determine new Rp for the second iteration. The calculated 
potentials for successive iterations should converge toward a solution. The selection of the initial 
Rp value has effects on the convergent speed but has no effect on the accuracy of the final result. 
The procedure is completed when the calculated potentials for successive iterations are within a 
specified tolerance. 

Boundary Element Modeling (BEM) 

For a homogeneous environment, there is a second method of calculating current and poten
tial distributions, the boundary element method or the integral equation method. In the bound
ary element method, one models the surface of the corrosion cell only. Mathematically, this is 
accomplished by using Green's theorem. The theorem states that if the electroneutrality condi
tion exists in a homogeneous environment the potential distribution on a surface surrounding 
the environment must satisfy Green's formula. This requirement of surface potential distribu
tion is a property of homogeneous body, which is somewhat more difficult to accept than the 
FEM, since it does not relate to the current conduction in the environment. However, Green's 
theorem has been verified in many applications. 

Green's formula for three-dimensional surfaces is 

dS (7) 

wherep and q are two points on the surface, r^, is the distance between the two points, and n, is 
a unit vector normal to the surface at q pointing toward the electrolyte. The integration in Eq 7 
is performed over a closed surface surrounding the environment. This closed surface need not 
be a surface containing the entire environment. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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In two-dimensional space, an environment is bound by a closed line, and the formula is 

<l>p--\ k - — ^ - In r „ - ^ j rfi (8) 

where L is the line surrounding the homogeneous environment. 
For one-dimensional space, there is no established formula for Green's theorem. The author 

derived a formula for one-dimensional space by the same procedures used in multi-dimensional 
space [9] . For one-dimensional space, an environment is bound by two points, and Green's 
formula may be taken as 

<̂p = 0, + rjd<j>,/dn,) (9) 

In these equations, one can see that in a homogeneous environment, the potential at any 
point is dependent on the potential distribution over the entire surface. This is the case whether 
p point is on the surface or inside the environment. If p is inside the environment, the equations 
above are changed by dividing the surface integration by 2. For example, if p is inside the 
environment the equation for the three-dimensional space is 

(10) 

For corrosion analyses, the primary interest is the potential and current distributions on the 
metal surfaces. One can establish a boundary element mesh over a closed surface surrounding 
the corrosive environment including the metal/environment interface. One can select the center 
point of each element as the representative point for the element. The selection of one represen
tative point for each element is called zero-order. An element can also be represented by multi
ple points, which is a higher-order element. For eachp point, the potential can be expressed by 
the integration over all the other representative points on the surface by Eq 7. So the surface 
integration can be performed as a summation of individual elements. Each element has its dS, 
Tp,, n,, and </»,, which are used on the surface integration. If the surface is divided into N 
elements, one can take every representative point as point/> and establish N simultaneous linear 
equations. Thus, the N linear equations can be used to obtain solutions for the N potentials at 
the representative points. The calculated potentials are used to obtain the current distribution 
using the polarization curves. After the surface potential distribution is obtained, the potential 
distribution in the environment can be calculated using Eq 10 for a point or a series of points. 

The one-dimensional corrosion cell is again used here to demonstrate the solution of 
the Green's formula. The solution conductivity is taken as k in the entire environment to satisfy 
the uniformity requirement. The term in Eq 9 multiplied by the solution conductivity k is equal 
to the current density«, at q point according to Ohm's law. Therefore, by Eq 6 and Eq 2, Eq 9 is 
reduced to 

<t>P = <t>, + ~ r i't>, - < ) (11) 
Rpk 

Since in one-dimensional space a region is closed by just two points, two boundary elements, at 
Points 1 and 3 of Fig. 3, are used to model the one-dimensional cell. Point 1 is taken as thep 
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point first, and one obtains 

(Xi — X3) 
</>, = <^3 + ' (<^3 - <t>^) 

KpSK 

For Point 3 as the p point, one gets 

Rp'k 

These two linear equations can then be used to obtain the solution for the two unknowns, 4>^ 
and (j>2. A closer examination of the two equations shows that these are electroneutrality condi
tions at Point 1 and 3 identical to those used in the FEM. In fact, one can derive the same 
equations by the FEM example if the conductivity of the two elements, k^ and kb, is the same, 
and only one element is used in the environment. By two different mathematical approaches, 
the final equations are identical. Therefore, it is not surprising that the two methods are equally 
accurate in modeling corrosion cells as demonstrated in Ref 6. 

The boundary element method can also be used to analyze cells with variations in conduc
tivity. This is accomplished by dividing the environment into several subregions in such a way 
that a nonuniform environment is approximated by a series of step changes where within each 
step is a uniform environment contained in a subregion. One can see that the BEM is very 
similar to the FEM in this approach. However, in the BEM, this procedure can be tedious when 
used to model a gradual change in the corrosive environment because of the large number of 
subregions needed to approximate the environment. 

Numerical Procedures 

In both the FEM and BEM, there are three steps in the execution of the methods. These steps 
are generating models, solving equations, and displaying results. Because of the difference in 
mathematical formulation, the two methods are not equal in their procedures. A comparison of 
the procedure in the two methods is described in the following sections. 

Generating Models 

Before the potential distribution in a corrosion cell can be calculated, the geometry of cor
rosive environment must be represented mathematically, so that it can be processed by a com
puter. This is performed by a model generator program that graphically displays the geometry 
by an element mesh and calculates the positions of elements for later calculations of potential 
distribution. 

In the FEM, the method calculates the potential distribution in the corrosive environment, 
which requires an element mesh representing the volume of the corrosive environment. An 
example of a two-dimensional finite element mesh is given in Fig. 5. 

In the BEM, the method calculates the potential distribution on the surface of the corrosive 
environment; therefore, only an element mesh representing the surface is required. An example 
of a three-dimensional boundary element mesh is given in Fig. 6. Therefore, the BEM has an 
advantage over the FEM in that it requires a simpler mesh for its calculations, which is easier to 
generate in some analyses. The advantage is more significant in preparing three-dimensional 
mesh, for example, an offshore drilling platform. In two-dimensional analyses, the task of gen
erating an element mesh has been simplified by the development of an intelligent mesh genera
tor code [10], such that the advantage of BEM is unimportant. 
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FIG. 5—A two-dimensional finite element mesh representing a horizontal plane in a steam generator. 

Equation Solver 

In both FEM and BEM, the calculation of potentials is carried out by the solution of simulta
neous linear equations. Many equation solvers, which obtain solutions by matrix algebra, can 
be used to perform this task. At first glance, one might think that the BEM equation solver 
would be faster than the FEM for a corrosion problem, since the BEM calculation involves only 
the surface potentials. In the author's experience, this is true only for some geometries that have 
high volume to surface ratios. The BEM does not offer a clear advantage in equation solving 

FIG. 6—A three-dimensional boundary element mesh for a junction of two beams of an offshore 
platform. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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because of the nature of matrices in the two methods. In the FEM, the matrix is symmetrical on 
the diagonal line and has nonzero terms only in the vicinity of the diagonal. Such a matrix can 
be solved by utilizing properties of the symmetry. In the BEM, the matrix is nonsymmetrical 
and has a nonzero value for every element in the matrix. There is no special property to use for 
such a matrix; therefore, the advantage of a smaller matrix is offset by the complexity of the 
matrix. 

Post Processor 

After the potential distribution is obtained, the examination of thousands of potentials, one 
for each node, requires graphic displays. This task is performed by a post processor, which plots 
iso-potential or iso-current density lines against the background of the element mesh [// ] . In 
this step, the two methods have no difference in their procedures. Examples of iso-potential 
plots are given in Figs. 7 and 8. 

Example of Numerical Modeling 

Corrosion engineers interested in using numerical analyses should begin with two-di
mensional analyses. There are techniques by which a three-dimensional problem can be mod
eled by a two-dimensional finite element mesh. One of the techniques is to use axial symmetry, 
so, a potential distribution that has a cylindrical shape can be calculated on a plane. The second 
technique is by manipulating the conductivity and surface area to produce a two-dimensional 
mesh that has an equivalent current distribution as that in the three-dimensional problem. An 
example is described in Ref 12 where a steam generator galvanic corrosion problem was anal
yzed by a two-dimensional finite element method, which is described below. 

In order to remove sludge and deposits from steam generators, the Electric Power Research 
Institute (EPRI) has developed a chemical cleaning process using an ethylenediamine-
tetraacetic acid (EDTA) solution. In steam generators, the EDTA solution serves as an electro
lyte for the galvanic action between carbon steel structures and the 1-600 tube bundle, which 
may result in metal loss on the carbon steel structures during the chemical cleaning period. 

This potential corrosion issue was analyzed using a finite element modeling (FEM) method 
for a geometrical configuration representative of a steam generator. The galvanic corrosion 
rates between the carbon steel structures and the 1-600 tube bundle were calculated using two-
dimensional (2D) FEM with the following objectives: 

1. Provide preliminary assessments of galvanic corrosion rates in the steam generator during 
chemical cleaning. 

FIG. 7—Iso-potential lines at the junction on Fig. 6. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 8—Iso-potential lines and current flow pattern for the mesh in Fig. 5. Numbers linked with the 
iso-potential lines are the electrochemical potentials in millivolts versus standard calomel electrode ISCE). 

2. Assist in the design of experimental simulations for evaluating the galvanic action in the 
steam generator during chemical cleaning. 

FEM Model 

The plane used in the analyses is shown in Fig. 9, which is a radial plane in the tube sheet 
region of the steam generator. The width of the circumferential weld is 5.08 cm (2 in.). Twelve 
rows of tubes were included in the FEM, which is the number of rows determined in an earlier 
analysis to be the extent of the galvanic action between the tube bundle and the wrapper 
(Appendix A). Thus, there is no need to include more than 12 rows of tubes in the FEM. 
Assumptions used in this model include the following: 

• The galvanic action in the region between the tube sheet and the first support plate is 
symmetrical across plane midway between the tube sheet and the first support plate. Therefore, 
the FEM only needs to include the region from the tube sheet surface to the midway plane. 

• The width of the heat affected zone (HAZ) is 0.635 cm (VA in.). 
• Appendage structures, for example, blow down pipes, wedge blocks, and associated small 

welds, are negligible in their effects on the galvanic action between the shell weld and the tube 
bundle. Therefore, there is no need to include these structures in the model. This assumption 
should be valid since the surface areas of these appendage structures are small compared with 
the shell, wrapper, and tube sheet surfaces. 

• The galvanic action in this model has an axial symmetry along the vertical center of the 
steam generator. This assumption should be valid since the geometries of these structures in the 
galvanic cell have this symmetry. Consequently, one can use a 2D axially symmetrical analysis 
to calculate the 3D (three-dimensional) galvanic action using axisymmetrical elements. 

One difficulty in reducing the 3D geometry to a 2D analysis is that individual tubes in the 
tube bundle do not have an axial symmetry along the vertical center of the steam generator. 
Therefore, the tube bundle geometry must be modified in order to use the 2D axisymmetrical 
model. The modification is fully explained in Appendix A. Briefly, the tube bundle is treated as 
a structure that is constructed with layers of concentric 1-600 sheets. Each layer represents one 
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sr Center of Tubes 

(Horizontal view) 

FIG. 9—The geometry used in the FEMfor the radial plane analysis of a steam generator. The dimen
sions are in centimetres. 

row of tubes. This modified tube bundle geometry generates the same galvanic action as the true 
tube bundle geometry, which is demonstrated in Appendix A. 

In this analysis, the boundary conditions for the carbon steel, weld metal, HAZ, and 1-600 
tubes were selected from an earlier study [13] (Fig. 10). The polarization curve of SA-533A was 
assigned as the boundary condition for the carbon steel structures. 

Results 

The results of FEM were electrochemical potentials on every element in the finite element 
models. Based on the potentials on every element, potential distributions on the models were 
produced using iso-potential lines. Galvanic current flow patterns, which are perpendicular to 
the iso-potential lines, were generated. Galvanic current densities on metal surfaces were com
puted according to the appropriate polarization curves and the potentials on metal surfaces. 
The galvanic corrosion rates were calculated by adding the self-corrosion rates to the rates 
caused by galvanic current. Faraday's law was used in converting galvanic current densities to 
material loss rates: a current density of 2.2 ;uA/cm^ was calculated to give 25.4-/im/year 
(1-mpy) corrosion rate for carbon steels. 

The FEM results are shown in Fig. 11. On the base metal tube sheet surface, the galvanic 
corrosion rate varies with location. On surface, it is the highest at a position 12 rows of tubes 
from the shell and decreases toward the shell. On the shell surface, the rates are low due to the 
shielding effect of the wrapper. On the wrapper surface, the shell side has similar low galvanic 
corrosion rates as the shell surface, whereas the tube side has higher galvanic corrosion rates. 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 10—Polarization curves used in the study as the boundary conditions for the FEM. 
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FIG. 11—Iso-potential lines and current flow pattern. Numbers linked with the iso-potential lines are the 
electrochemical potentials in millivolts versus SCE. The numbers in parentheses are the galvanic corrosion 
rates in mils per year. 
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For a two-day chemical cleaning period, these galvanic corrosion rates appear to be acceptable. 
The same statement cannot be made for the HAZ of the circumferential weld where galvanic 
corrosion rates are over 2.54 cm/year (1000 mpy). In contrast with the HAZ, the weld metal has 
a low galvanic corrosion rate similar to that of the base metal. 

Assessments of Galvanic Corrosion 

Before the present analyses there were concerns that the galvanic corrosion rates might be 
excessively high on all of the carbon steel structures in the steam generator. The present calcu
lated results using assumed polarization curves show that the galvanic corrosion rates are low 
except for the HAZ of welds. For a 48-h chemical cleaning period, the uniform metal loss is less 
than 1 mil for the base and weld metals. 

Unlike the galvanic corrosion rate on the base metal surfaces, the rate on the HAZ is high. 
The high galvanic corrosion rates of the HAZ on the wrapper and shell are due to the fact that 
the HAZ is acting as a sacrificial anode partially protecting the carbon steel structures in the 
steam generator. The more active behavior of the HAZ is clearly demonstrated in Fig. 10 where 
the anodic polarization curves of SA-533A, weld metal, and HAZ are shown. The HAZ has a 
more active corrosion potential and a steeper polarization curve than those of the SA-533A and 
weld metal. As the results of this protecting effect, weld metals investigated in the present 
analyses have low galvanic corrosion rates. 

Design of Simulation Tests 

The results are useful in assisting the design of simulation tests. In the past, galvanic cor
rosion studies used surface area ratios as the only parameter in simulating galvanic action. This 
is a valid approach when the galvanic current distributions on anodes and cathodes are uniform 
so that the effective surface area ratio can be easily estimated. Furthermore, the IR voltage in 
the galvanic cell must be negligible for this approach to give useful results. For geometrically 
complex structures, for example, steam generators, this approach has serious difficulty in esti
mating the effective surface area ratio and the IR voltage. Frequently, researchers are forced to 
use the worst possible anode versus cathode surface area ratio to simulate the galvanic action, 
which always gives unrealistically high galvanic corrosion rates. These difficulties are, of course, 
the results of the fact that galvanic current distribution is dependent on geometry of a galvanic 
cell. For steam generators the effect of geometry on galvanic current distribution is clearly 
demonstrated in the analyses. Conventional galvanic corrosion tests will not yield accurate cor
rosion information. Laboratory tests simulating steam generator geometries will have to be per
formed. Simulating a full size steam generator in great detail is not feasible because of financial 
constraints. A scaled down model is also discarded because of the need to scale down the con
ductivity of the cleaning solvent, which would lead to a modification of the galvanic action in the 
cell. The recommended alternative is to use a true size model of a portion of the steam generator 
in the simulation tests. 

The dimensions of the test configuration can be derived according to the present calculations. 
A rectangular tank can be used as the test configuration in which a carbon steel tank wall 
simulates the shell and the carbon steel tank bottom simulates the tube sheet. Other walls are 
made of insulating materials such as glass or plastic. In the tank are the carbon steel wrapper 
and the 1-600 tube bundle. The tube bundle should be sufficiently large to simulate the galvanic 
action in the steam generator. For the galvanic corrosion of the wrapper and shell, the number 
of rows of 1-600 tubes is important. Based on the present results, only the first 12 rows of tubes 
are involved in the galvanic action with the shell and wrapper. Beyond the 12 rows of tubes, the 
galvanic action is restricted to between the tube sheet and the tube. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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Accuracy of Numerical Analyses 

The accuracy of numerical modeling methods, both FEM and BEM, has been verified by 
several researchers [1-7]. Calculated results have been found to agree with closed form solu
tions, laboratory tests, and cathodic protection systems in the North Sea. However, corrosion 
engineers should be aware that a number of factors can affect the accuracy. These factors are 
discussed in this section. 

Boundary Condition 

The boundary conditions in the numerical analyses are polarization curves of metals in the 
corrosive environment. Polarization curves can be generated by several different methods, for 
example, potentiodynamic, galvanostatic, and so forth. The proper method to produce the 
boundary conditions depends on applications. For impressed current cathodic protection sys
tems with potential controlling mechanism, the potentiostatic method should be used. For gal
vanic corrosion and sacrificial anode cathodic protection, the galvanostatic method should be 
used. The general rule in determining the method is that the polarization curves should be 
generated in a condition as closely simulating the service conditions as possible. 

The fact that polarization curves are a function of time further complicates the modeling 
effort. It is unlikely that numerical analyses can simulate all conditions experienced by a struc
ture during its service. One must define several conditions as the limits and use these limits to 
determine a range of service performance by the numerical analyses. 

Mesh Size 

The accuracy of numerical analyses is affected by the element size selected in the mesh. Finer 
mesh produces more accurate results but requires longer computer time to obtain the result. 
The optimum approach is to supply fine elements in a region where a sharp potential gradient is 
expected, for example, in the vicinity of a cathodic protection anode. One method in determin
ing the size requirement is by trial and error. One normally begins with coarser mesh and slowly 
reduces the element size until the calculated potential distribution reaches a steady value. 

Diffusion Potential 

In the development thus far, the question of diffusion potential has not been discussed. Dif
fusion potential is a phenomenon that produces a potential difference between two points in the 
environment when there is a difference in ionic concentrations. A detailed description on diffu
sion potential can be found in Ref 14. In a nonuniform environment, the diffusion potential is 
superimposed on the IR voltage potential distribution. In both the FEM and BEM derivations, 
the diffusion potentials are not considered. Consequently, both methods are inexact in model
ing nonuniform environments. Fortunately, in many aqueous environments, the diffusion 
potential is in the range of several millivolts, which is much smaller than IR voltage produced by 
the galvanic current. In any case, corrosion engineers should verify that the diffusion potential 
is negligible in the environment before using either method. 

Summary 

Galvanic corrosion is dependent on the current distribution in the electrolyte. Calculation of 
the current distribution can be performed by either the finite element or the boundary element 
method. The methods are explained using a one-dimensional galvanic cell as an example. The 
application of the finite element method to a galvanic corrosion situation of a nuclear steam 
generator is given. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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APPENDIX A 
Modification of Tube Bundle 

In the finite element modeling (FEM) of the galvanic action between the tube bundle and the 
carbon steel structures, the cylindrical shape of the carbon steel structures, for example, the 
shell, tube sheet, and wrapper, can be modeled using 2D axisymmetrical elements. The proce
dure of using axisymmetrical elements cannot be applied to model the tube bundle, since indi
vidual tubes in the tube bundle do not have an axial symmetry along the vertical center of the 
steam generator. Thus, a modification of the tube bundle geometry must be made in order to 
use 2D axisymmetrical analyses to calculate the galvanic action in the steam generator. 

In the FEM, a modified tube bundle that produces the same galvanic action as the true tube 
bundle can be formulated. The effects of two important parameters, the tube surface area and 
the cross section of the current conducting path, must be preserved in the modification. The 
modification in the present work is performed by taking the tube bundle as a structure consist
ing of layers of concentric sheets. Each layer of concentric sheets represents one row of tubes in 
the tube bundle. The center of concentration for these sheets is the vertical center of the steam 
generator. The sheets have no thickness and are made to allow galvanic current penetration. 
These assumptions are, of course, physically impossible. However, mathematically these as
sumptions produce the same galvanic effect as that of the true tube bundle geometry. 

To preserve the effects of the 1-600 tube surface area, the cathodic polarization curve of 1-600, 
which is used as the boundary condition in the FEM, was multiplied by a correction factor. This 
factor is the surface area ratio of one layer of the concentric sheet versus one row of tubes in the 
tube bundle. 

To verify the accuracy of this approach, FEM analyses, using the true geometry, was per
formed on the galvanic couple of one column of tubes versus the wrapper segment facing the 
column (Fig. 12). It was assumed that 

1. The galvanic effect of one column of tubes acts only on the wrapper segment facing that 
column such that other carbon steel surfaces, for example, adjacent wrapper segments and 
support plates, do not drain away the galvanic current produced by this column of tubes. This 
model will slightly overestimate the galvanic corrosion rate, since in the steam generator, the 
galvanic effect of one column of tubes does not act only on the wrapper segment facing that 
column. Because of the cylindrical shape of the steam generator, a small portion of the galvanic 
current produced by one column of tubes is drained by the wrapper segments facing adjacent 
columns of tubes. 

2. There is a mirror symmetry across the vertical plane midpoint in the column. Therefore, 
modeling one half of the column is sufficient. 

Twenty rows of tubes were included in the column. In the analysis for the true geometry, the 
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FIG. 12—Model for the wrapper analysis. Dotted line section contains the finite element mesh, which 
includes 20 tubes in the model. 
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FIG. 13—A comparison of the cathodic current distributions on the 1-600 tubes as calculated using the 
true and modified tube bundle geometry. The broken line is the distribution for the true geometry, and the 
solid line is the distribution for the modified geometry. 

shape of every tube was modeled; in the analysis for the modified geometry, the tubes were 
represented as sheets located at the center of the tubes. The wrapper material was taken as 
SA-533A. 

The results of the analyses are shown in Fig. 13 where the cathodic current densities on the 
1-600 tubes are plotted versus the distance from the wrapper surface. The galvanic corrosion 
rate calculated for the wrapper segment facing the column is 2946.4 /im/year (116 mpy) using 
the true geometry and 2895.6 ̂ m/year (114 mpy) using the modified geometry. Clearly, the two 
analyses agree very well in the cathodic current density distribution and in the galvanic cor
rosion rate on the wrapper. The agreements suggest that the approach of using the modified 
tube bundle to simulate the galvanic effect of the true bundle is valid. 

The results yield the important observation that the galvanic action between the wrapper and 
tube bundle is limited to the first 12 rows of tubes from the wrapper. Beyond 12 rows of tubes 
from the wrapper surface, the current density approaches a low steady value of 0.001 mA/cm^ 
Based on the area under the curve in Fig. 13, the first 12 rows of tubes generate 94% of the total 
galvanic current. This observation suggests that in FEM of the galvanic action between the tube 
bundle with the wrapper or shell, there is no need to extend the model beyond 12 rows of tubes 
from the wrapper surface. 
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ABSTRACT: The computer simulation of galvanic corrosion systems has been shown to provide 
accurate information that can be used to improve design and avoid costly failure. The systems 
capability to model any general geometry coupled with the ability to accept a wide variety of forms 
of polarization data enables its effective use in a wide variety of marine and industrial applica
tions. A number of cathodic protection applications are presented as a special case of galvanic 
corrosion. 

KEY WORDS: galvanic corrosion, computers, computer modelling, marine applications 

The designs of many industrial projects are directly or indirectly affected by considering cor
rosion or corrosion related problems. Although apparently simple in principle, the prediction 
and control of a corrosion process requires careful examination, as the cost of corrosion induced 
failure can be often high, both in material terms and human lives. 

In the past, the prediction of corrosion behavior and the design of corrosion has been mainly 
based upon the experience and the judgment of a data base of corrosion information with a 
human expert's knowledge in the form of rules [1,2]. These systems can then be used for 
consultation interactively. Thus, human and computer system experts can initiate a design and 
provide valuable clues about important issues such as material selection or how the system can 
be best protected. However, for most problems with complex geometry and environmental con
ditions such recommendations have to be accurately verified in the final stage of design for the 
sake of both safety and the economy. As an example, consider the standard rules used in the 
analysis and the design of cathodic protection systems for offshore structures. In general, the 
purpose of these systems is to supply electrons to the surface of the metal so that the potential on 
the structural surface is changed to a level where the anodic reaction (or corrosion rate) is 
reduced and lies within an acceptable limit. 

The design, therefore, should provide sufficient current capacity to achieve these objectives 
for a desired structure's design life. In practice, this is accomplished by considering the total 
surface area to be protected and the current density requirement that is recommended by codes 
of practice and is, in general, dependent upon the structural material, location, as well as envi
ronmental variables such as temperature, salinity, oxygen content, and the waterflow. The type 
of anode and configuration are then chosen by considering the total current demand, structural 
design life time, and the geometry. 

In reality, during the short period after the installation the current demand is high, and the 
bulk of current is taken by the surface close to anodes. At this stage unless the anodes are very 
carefully distributed some areas on the structure may be left unprotected long enough to cause 
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severe damage. In fact, there have been a number of cases of unsatisfactory cathodic protection 
performance [3], which have appeared shortly after installation of offshore platforms as a 
direct result of underestimating the geometric effect and relying purely on the experience of the 
designers and sufficiently high current capacities. 

In the long term, however, the design based on common rules leads to systems having exces
sive spare current capacity. This is because the current density allowance recommended by the 
codes of practice ensures the achievement of the initial polarization and has been increased over 
the years as protection systems were required to operate in deeper and more hazardous environ
ments. In practice, however, although the initial current requirement is high, it reduces with 
time dramatically as a result of deposition of calcareous scale. This is verified by evidence from 
a number of surveys that observed the subsequent current outputs following the initial polariza
tion were seen to be significantly below the design basis. In one example (B.P. West Sole plat
form in the North Sea), after the removal of the platform at the end of its designed operating life 
50% of the capacity of the sacrificial anodes were found remaining. 

In short, the use of current design rules for complex problems can result in an unsafe, as well 
as uneconomic design. The economy of the design not only concerns the number of anodes, but 
the significant extra weight added to the structure. This can play an important part in the 
structural design of floating and deep water structures where dynamic effects are important. In 
addition, the size of the cathodic protection (CP) system can seriously effect the cost of the 
maintenance of the structure. Mathematical modelling can provide a means of verifying and 
accurately evaluating the safety and economy of any design based on human judgments or 
recommendations made by a knowledge based system. 

Mathematical Modelling 

Although computerized numerical methods have been employed in many areas of engineer
ing for some time, it is only recently that such techniques have attracted interest in the field of 
electrochemistry and, in particular, the analysis of galvanic corrosion. 

The application of analytical methods [4-6] in the past were all limited to simple geometries 
and cathodes with linear polarization kinetics. 

These techniques and the classical design schemes are therefore no longer adequate for com
plex structures subjected to exceedingly severe environmental conditions, such as water resistiv
ity, oxygen content, temperature, seasons, past history of cathodic polarization behavior, and 
so on. 

Similar arguments can be made for other galvanic corrosion applications where the desire for 
an increased competitive edge, reliability, and performance make engineers demand more 
accurate and powerful analytical tools. 

Modern numerical methods are used to solve a wide range of partial differential equations 
based on discretization techniques by which the domain of the problem is divided into a number 
of imaginary finite regions called elements, interconnected at joints or nodes. The solution is 
then approximated within each element and expressed in terms of nodal values. The problem is 
then solved by an appropriate procedure for minimizing the overall error caused by the approxi
mation. The degree of accuracy of the result is directly dependent on the refinement of the mesh 
and the order of approximation used. However, the more refined the mesh or the higher the 
order of approximation, the larger the number of nodes and hence the higher the cost of the 
analysis. 

The early attempts at modelling cathodic protection problems were made using the finite 
difference method [7-9]. This method's main advantage is the simplicity of the mathematics 
involved and its efficiency for problems with simple geometries, but it has severe limitations 
when dealing with complex shape boundaries. In recent years, the application of the finite 
element method [10-13] has become increasingly popular mainly because of its accuracy and Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015

Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



98 GALVANIC CORROSION 

flexibility when dealing with problems with complex geometries. With the variety of element 
shapes available, it is possible to create a finite element model of almost any conceivable 
geometry. 

Although the finite element method offered a significant improvement to the finite difference 
method, both have major disadvantages when applied to the problems of galvanic corrosion. 
These methods are based on the evaluation of domain integrals, which are required to describe 
the problem's domain by elements. This is a very inefficient process both in modelling and 
computation, as most nodes are introduced in the electrolyte and not on the structural surface. 
The application of these methods to problems like the analysis of marine structures becomes 
impractical since the problem's domain (seawater) tends to be infinite, leading to a very com
plex model and a large number of equations for which a time dependent nonlinear analysis has 
to be carried out. 

The boundary element method has overcome these problems and become increasingly popu
lar for the solution of corrosion problems [14-17]. Using this technique requires the evaluation 
of boundary integrals, and therefore only the surface of the structure has to be considered, not 
the electrolyte. Yet, the solution can be obtained for selected regions inside the electrolyte, as 
well as on the boundary. A comparison of a finite difference, finite element, and boundary 
element model is shown in Fig. 1. 

The boundary element method is based on a mixed formulation by which the voltage and 
current density are approximated independently. Therefore, the current density can be calcu
lated with the same degree of accuracy as the voltage, and also the polarization boundary condi
tion can be modelled more accurately. Readers are advised to refer to a paper by Adey and Niku 
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FIG. 1—Boundary element model. 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



ADEY AND NIKU ON COMPUTER MODELLING 99 

[16] where a comparison between finite element and boundary element methods when applied 
to corrosion problems is studied in more detail. 

Formulation of the Boundary Element Method 

The governing equation for the potential distributions in the corrosive medium is derived on 
the electro-neutrality law and known to be a Laplace equation (Fig. 2) 

V t / = 0 in n (1) 

The Laplace equation can be used providing the electrolyte can be assumed to be free of 
significant variations in solute concentrations. It can be also assumed that there is equilibrium 
in the exchange of current between the anode and cathode providing there are no sources or 
sinks of charge in the electrolyte. 

The boundary conditions at electrolyte-metal interface can be in the form of 

U = u in r , 
(2) 

K{du/dn) = K(ni, U,) = q in Tj 

where 

U — potential in the electrolyte, 
q = current density in the electrolyte (normal flux), 
K — conductivity of the electrolyte, 
u = precribed value of potential, 
q = prescribed value of current density, 
n = direction of the unit normal, 
r , = prescribed potential boundary, 
r2 = prescribed current density boundary, 
Q = volume of the problem, 
r = r , = r2 boundary of the problem, and 
/ = directions of reference cartesian coordinates. 

The weighted residual formulation for the approximate solution of Eq 1 can be written as 

{V^U)W*d^ +\ (U- Uq*)dA +\ (q- q)W*dT = 0 (3) 

FIG. 2—Representation of LaPlace equation. 
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where 

U = the approximate solution, 
W* = the weight function, and 
q* = K(dW*/dn). 

By integrating the first integral twice by parts 

(y^W*)UdQ= - \ qW*dT-\ qW*dT+\ Uq*dT + \ Uq*dT (4) 

By choosing the weighting function W* such that in infinite medium, V W* = Ay, then one 
can write 

CjUj = Uq*dr = qU*dY (5) 
Ir Jr 

where 

j = reference point 
C, = the constant dependent on the position of the reference 

point C, = Vi if (• is chosen on a smooth boundary. 

The function W* satisfying V ^ W* = A, is called the fundamental solution, which for two-
and three-dimensional isotropic medium are known to be 

W* = ( l /2) ln( l / r ) and W* = {\/Ar), respectively 

where r is the distance from the reference point to the point under consideration. 
Finally by subdividing the boundary of the problems into the number of elements and evalu

ating the integrals (Eq 5) over each element and adding them up together 

total number of , _ total number of 
elements elements 

CjUj + E uq*dT^, = E qU*dT, (6) 

By choosing the suitable interpolation function to approximate U and q over each element, 
Eq 6 can be written in the following matrix form 

HU = Gq 

where 

U — nodal potential vector, 
q = nodal flux density vector, 

H and G = global influence matrices obtained from combining Jr, 9**t</r and J^ 
U*^^dTi, for all elements, and 

4> = interpolation function used over element k. 
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Building a Model 

The boundary element technique requires the user to describe the boundaries or surfaces of 
the problem he wishes to model using elements. An advanced boundary element analysis system 
should provide the user with a range of elements that can be used to describe the most complex 
problems. 

Table 1 describes the element types that are available, for example, in the BEASY'"" system (a 
commercially available system from Computational Mechanics). For two-dimensional and axi-
symmetric problems a family of constant, linear, and quadratic isoparametric elements is 

TABLE 1—Element types. 

Element Type 

Two 
Dlmensiona]. 

Geometrv Tvoe 

Axisymmetric 

Three 
Dimensional 

Shape 

Boundary Line 
Elements 

Constant Line 

Linear Line 

Quadratic Line 

Surface Elements 

Constant Quadrilateral 

Linear Quadrilateral 

Quadratic Quadrilateral 

Mixed Constant 
Quadratic Quadrilateral 

/ 

I-. 
• 

*--— 

• / 

If 

• 
• 
*' 

: : T 

Tubes Elements 

Constant Tube 

Linear Tube 

Quadratic Tuba 

n % ^J 
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TABLE 2—Point and line sources. 

Source Type Two Dimensional Axisymmetric Three Dimensional Shape 

Point Source 

Constant Line Source 

Linear Line Source 

Quadratic Line Source 

available (Table 2). For three-dimensional problems a family of rod or tube elements is also 
available to represent frame (jacket) type structures and anodes, in addition to plate type ele
ments that can be used to conveniently model surfaces. 

To perform analysis the user has to first cover the surface of his problem with elements. The 
number and type of elements are dictated by the geometry and the expected variation in the 
potential or current density. For example, if the potential is varying sharply near an anode the 
user should imagine each element representing the potential solution. Therefore, the user can 
represent the curve by using one or two quadratic elements or a larger number of linear ele
ments. It has been found that users quickly become adept at choosing a mesh of elements, and 
in general the boundary element method is not as sensitive to mesh selection as other tech
niques. Figure 3 shows half of a structural member (note symmetry about x = 0), which has 
been described using quadratic elements and the anodes represented by line elements. Figure 4 
shows the predicted potential distribution on the surface member. 

Models can be built using general modelling systems like PATRAN, SUPERTAB, 
FEMGEN, FEMVIEW, or the special boundary element; pre- and post-processors supplied 
with systems like BEASYTM. 

Polarization 

The discussion so far has concerned the mathematical description of the electrolyte and how 
for any geometry a model may be developed to predict the potential and current densities simply 
by covering the surface with elements. The boundary elements describe the electrolyte and not 
the metal, and the surface is the surface of the electrolyte. However, for an object submerged in 

FIG. 3—Pipeline with stand-off anode system. 
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{::^^^=^j. 

} L, 
FIG. 4—Pipeline with stand-off anode, voltage distribution m V. 

the electrolyte the position of the surface of the object and that of the electrolyte are obviously 
the same. The potential that is computed is the potential of the electrolyte in contact with the 
surface, which is not the same as the metal potential. 

This discussion is necessary because of the complex electrochemical reaction that takes place 
on the surface of the metal in contact with the electrolyte. The reaction kinetics strongly influ
ence the potential and current density distribution and must be modelled to provide realistic 
solutions to corrosion problems. 

Figure 5 shows typical polarization curves for zinc, steel, and copper. Polarization can be 
influenced by a number of factors: type of metal, temperature, salinity, oxygen content, and 
flow velocity of electrolyte are just a few. Polarization also exhibits time dependent behavior as 
might be, for example, caused by calcareous scale deposition on the metal surface. 

cuitiMT ntwrr. ^^,rf^ 

FIG. 5—Polarization curves for zinc, steel, and copper [20]. 
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104 GALVANIC CORROSION 

To include polarization in a computer model the relationships between the various parame
ters must be defined. The simplest approach is to use the Butler Volmer equation and neglect 
time dependent effects. For a time dependent prediction the system will need to know how the 
polarization (E-i) relationship changes with time. 

An advanced system should be able to simulate corrosion problems using linear polarization, 
nonlinear polarization, or time dependent linear or nonlinear polarization. 

Note a further advantage of the boundary element method (BEM) where the nodes are only 
on the surfaces is that the resulting nonlinear equations only involve the surfaces. Domain type 
solutions have much larger numbers of equations of which only a small number represent the 
surface nodes. However, a nonlinear solution scheme has to be used to solve the whole system. 
Computationally this makes the BEM approach much more efficient. 

During the development of BEASY-CP, it became clear that there is not one unique descrip
tion of polarization and, in particular, not one set of equations describing its changes with time 
calcareous scale, and so forth. A number of clients have described their own recipe for polariza
tion based on their experience and data. Although each of these schemes are valid for the type of 
problem they solved they do not cover all the cases that we require from a general purpose 
program, like BEASY-CP. 

The system, therefore, provides the user with a general data structure for specifying a polar
ization data and how it varies with the key environmental and electrochemical parameters. The 
user can supply tabular data relating the key factors that the system uses to drive the polariza
tion algorithm. The user has also the option of defining his own set of equations to describe the 
time dependent polarization behavior. 

Using the System 

The previous discussion has identified the key factors in simulating a corrosion problem and 
how they are solved using the BE technique. At this point before specific examples are con
sidered the steps required from the user of the systems point of view are identified. 

When the engineer has determined the need for a computer prediction, he must assemble the 
following data: 

(1) details of the geometry of the problem, 
(2) details of the properties of the electrolyte (that is, resistivity), 
(3) a polarization curve for the metals that are to be studied, and 
(4) if a time dependent prediction is required, data on the change of polarization with time, 

current density, age, potential, and so forth must be assembled (note the user has the option to 
use a very simple age rule, for example, age = i X time and relate this to polarization or use a 
more complex system involving the other parameters). 

Having assembled the data, the next steps are as follows: 

Create the Model 

The user covers all the surfaces with elements. Elements must be placed on the anodic and 
cathodic surfaces and any other significant boundaries, for example, insulated. The free surface 
if present can normally be represented by a symmetry plane. Creation of the model is normally 
carried out using a graphics based pre-processing system. 

Establish Material Types 

Each of the elements used to describe the problem can be related to a type of material. In 
principle, polarization data could be specified for each individual element. However, in prac-Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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tice, the polarization data are related to specific groups of elements using the material name. In 
this way the user can simply define a surface as STEEL and the system will automatically attach 
the polarization data to that surface. 

Once the simulation commences and nodes on the STEEL surface undergo different histories 
of current, potential, and so forth the polarization will be different for all parts of that surface 
dependent upon the age rule specified. 

Supply the Polarization Data 

Polarization data must be specified for each material type. This can range from the specifi
cation of a single number (that is, the slope of the polarization curve) if linear polarization is 
adopted to a detailed tabular description of the relationship between current density, potential, 
age, and so forth. The amount of detail is left to the user to decide based on the information he 
has available and the accuracy of the results he requires. 

Run the Analysis 

Examine the Predictions 

The analysis provides detailed numerical values of the predicted current density and potential 
on all the surfaces and in the electrolyte if required. This can be displayed on graphic displays as 
contour plots, graphs, or color fringes. 

Galvanic Corrosion 

In many industries galvanic corrosion is an important problem. For example, in heat 
exchangers and in process industries many different metals may be located near each other in a 
corrosive environment. In addition, complex geometry makes the prediction of corrosion rates 
extremely difficult. 

The system can be used to model general galvanic corrosion problems with any number of 
different metals. The system will determine which metals act cathodically or anodically depend
ing upon the potential distributions. The corrosion rate can also be determined using the pre
dicted values of density. 

Figure 6 shows a three metal galvanic corrosion problem with zinc, steel, and copper. Sym
metry is used to reduce the size of the problem, which involved a zinc block positioned centrally 
on top of a steel rod with a copper alloy shield located at the end of the rod. Although this 
particular example is not part of a real structure, it is interesting because a finite-element model 
of this problem was developed by Kasper [18]. A comparison can therefore be made of the 
resources required to build the model and solve the problem in the computer. The BEM model 
of this problem required 65 boundary elements compared with 3700 three-dimensional finite 
elements in the Kasper model. 

This model has been developed using an analysis package, BEASY-CP, by covering the metal 
surfaces with quadratic quadrilateral elements. The polarization data were specified as in Fig. 5 
by entering into the system a table of points from the EI curve. Figure 7 shows the predicted 
values of potential on the surface of the steel. Similar diagrams can be plotted for the current 
density or potential on any of the metal surfaces. 

Example Applications 

Modern underground and marine pipelines are protected against corrosion by the combined 
use of insulating coatings and cathodic protection. In practice, the current density requirements Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 6—Boundary element model of steel bar and anode. The anode is supported on top of the bar on the 
left side of the diagram. 
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FIG. 7—Predicted potential on steel-zinc metal surfaces with nonlinear polarization. 
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used in the design of a cathodic protection system of a pipeline, are based on the coating resis
tance of the pipe. However, the local current requirement can drastically change in the presence 
of coating defects. Accurate modelling of the pipelines is therefore essential to ensure a suffi
cient design current capacity and also to evaluate the problems caused by defects. 

The pipelines can be modelled using line or plate elements depending upon the type of anodes 
used. 

A pipeline with bracelet sacrificial anode systems is considered an axisymmetric problem, 
and therefore it is adequate to use tubular or axisymmetric line elements. This condition is no 
longer applied when stand-off anode systems are in use, where the whole geometry must be 
modelled by plate elements. 

In the first application, an underground pipeline of 0.8 m diameter, which is buried to a 
depth of 5 m in mud of 0.9 Q-m resistivity is analyzed. The surface of the pipeline is assumed to 
be coated and cathodically protected by impressed current bracelet anodes of 1.26 m̂  surface 
area and 170 m-spacing, which supply a current of 628 mA. 

There are some coating defects considered on the surface of the pipe (Fig. 8) at which the 
cathodic current density is assumed to be uniform at 54 mA/m^. The problem was modelled 
using axisymmetric line element shown in Fig. 9. The predicted distribution of current density 
and voltage along the surface of the pipe with and without defects are given in Fig. 10 through 
12. As predicted, sharp local decreases in the negative potential were observed because of 
defects. The area of the largest defect is unprotected if the required protective potential is speci
fied at -900 mV. 

Analysis of a Jacket Type Offshore Structure 

A typical jacket type offshore structure consists of hundreds of tubular members for which 
the normal practice of modelling and analysis is very costly. 

Therefore, in order to improve efficiency, it is convenient to deal with these problems in two 
stages, global and local analysis. In global analysis, tubular elements are used for modelling 
and analyzing the whole structure. In this way the complex task of modelling is reduced to the 

Defects Anodes 

FIG. 8—Underground pipeline with defects. 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



108 GALVANIC CORROSION 

: 

:: 

4-L 

FIG. 9—Axisymmetric pipe buried in mud. 
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FIG. 11—Pipe with defect buried in mud, voltage mV. 

FIG. 12—Pipe with defect buried in mud-current density mA/m^. 

definition of axes and the radius of the tubes. Although the tube elements can adequately 
describe the geometry of such structures, they allow only the axial variation of voltage and 
current density and cannot accurately predict the solution at critical regions such as joints. For 
this reason, in the second step, a local analysis is carried out where the geometry of the particu
lar area of interest is isolated and modelled independently using quadrilateral or triangular 
elements, or both. The isolation of the local model is completed by the introduction of an imagi
nary external boundary surface normally used in a shape of a BOX as shown in Figs. 13 and 14. 
The boundary condition on the "local box" is defined using the results from the global analysis. 
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FIG. 13—Deep-water off shore platform. 

FIG. 14—K joint. 
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In this application a local analysis of a joint is investigated. 
The structure is assumed to be made of mild steel, which is protected by sacrificial anodes 

system. The zinc anodes are used and designed using Dwights's formula to meet the design 
specification, which requires an overall average current density of 120 A/m^ at a structural 
potential of —800 mV versus silver/silver chloride (Ag/AgCI). The family of polarization curves 
shown in Fig. 15 are chosen to consider the effects of time on cathodic polarization behavior. 
The data were obtained in seawater at a controlled temperature of 18°C and resistivity of 0.23 
Q-m on the same mild steel specimen [// ] . 

The potential and current density distribution on the joint, at the start, and after 2 h, one 
day, one week, and one month of the installation, are shown by Figs. 16 through 22, respec
tively. 

It can be seen that initially, the potential over the structure stands at values between —712 
and — 765 mV (with the exception of small regions close to the anodes), which is above the 
protective potential. The average current supplied at this stage was found to be 196 mA/m^. 

The potential profile after one day (Fig. 18) shows that the required protective potential has 
almost been achieved. After one week the potentials have shifted well below the protective 
potential and are more evenly distributed. 

The results do not show a significant change in potential distribution after one week when it is 
compared with potential profile at one month. It is however, interesting to see the fall in the 
current supply, as average current has dropped from the initial value of 196 to 81 mA/m^ after 
one month (see Fig. 23). 

This design based on common procedure is therefore extremely uneconomic, leading to an 
estimation of an excessive required current capacity. 

Final Remarks 

The objective of this paper has been to describe the methodology and requirements of com
puter modelling of galvanic corrosion. The full mathematical background on the numerical 
techniques described has not been included as it is well covered in the published literature 
described in the references. 
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FIG. 15—Polarization curves for mild steel held at 215 mA/m^for various periods given by Ref II. 
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FIG. 16—Initial potential distribution, mV. 
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FIG. 17—Initial current density distribution, mA/m^. 
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FIG. 18—Potential distribution after 2 h, mV. 

FIG. 19—Voltage distribution after one day, mV. 
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FIG. 20—Voltage distribution after one week, mV. 

FIG. 21—Potential distribution after one month, mV. 
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FIG. 22—Current distribution after one, mAlmi'. 

\ 

\ 
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FIG. 23—Variation of average current with time, mA/m^. 
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The BEASY-CP system has been developed for computer modeUing of galvanic corrosion and 
the analysis and design of cathodic protection problems. The boundary element method is 
believed to be the most appropriate technique for the modelling of galvanic corrosion problems 
for the following reasons: 

1. It is conceptually very easy to describe the problem as only the surfaces have to be defined. 
Therefore, models can be created quickly, and modified easily by engineers who are not neces
sarily specialists in analysis. 

2. The BEM approach has nodes only on the metal surfaces, which results in improved 
accuracy and solution time. 

The complex electrochemical processes that have to be modelled require a flexible data repre
sentation. The authors believe the approach described where the user can specify complex or 
simple polarization dependent upon the data he has available is the most appropriate for gal
vanic corrosion. 

The computer model has a valuable role to play in galvanic corrosion and is expected to 
provide 

(1) an increased understanding of the basic processes of corrosion and their interaction, 
(2) increased confidence in design, 
(3) optimized designs, 
(4) accurate lifetime predictions, and 
(5) interpretation of results from monitoring systems. 
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Comparisons of Localized Ionic Currents 
as Measured fronn 1-D and 3-D Vibrating 
Probes with Finite-Element Predictions 
for an Iron-Copper Galvanic Couple 
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Society for Testing and Materials, Philadelphia, 1988, pp. 118-135. 

ABSTRACT: The ionic current density in the near-field of a corroding iron-copper galvanic 
couple was measured, and the results were compared with the predictions of a finite- element 
model, which calculates near-field potential and current density distributions. All three com
ponents of the ionic current density vector were measured using a three-dimensional vibrating 
microprobe. The calculated current densities were based on the measured polarization curves of 
the individual constituent materials forming the couple. Agreement between the predicted and 
measured results was excellent. Agreement between one-dimensional ionic current density distri
butions from previous work was also excellent. 

KEY WORDS: scanning vibrating electrodes, numerical methods, nonlinear polarization, three-
dimensional electric fields, current density mappings 

Recetit advances iti the techniques of measuring localized currents in electrolytes have made 
possible methods to measure ionic currents associated with corrosion microcells. The new tech
niques use vibrating probes to measure ionic currents with high spatial and current resolutions 
so that local cell activity on a scale closely related to many of the microstructural features of the 
material can be delineated. This capability is particularly useful for studying phenomena such 
as galvanic, pitting, and crevice corrosion. In these situations, the highly interactive coupling 
that exists between the multiple anodes and cathodes on the metal surface results in electrogal-
vanic interactions between anodic and cathodic regions, which are very complex. On charac
terizing these interactions, geometric and polarization effects and inhomogeneous electrolytic 
media are major variables. 

Historically, the vibrating probe techniques were developed for biological studies [1,2] but 
have recently been used to study corrosion phenomena [3-6]. Jaffee and Nucciteli [2] devel
oped a one-dimensional vibrating microprobe technique that illustrates the method. The 1-D 
microprobe operates by oscillating a single electrode along a line. The mechanical vibration 
induces a time varying potential in the vibrating electrode, which is measured relative to a fixed, 
distant reference electrode. The vibrating metal electrode is a small metal sphere 10 to 30 fim in 
diameter, which is vibrated between two points typically 10 to 30 ^m apart. The voltage at the 
two extremes of vibration is measured and used to calculate the current density component in 
the electrolyte at the center of the vibration stroke and along the axis of vibration using the 
relation 
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y, = aAV/Ar 

where/ is the current density vector component parallel to the probe vibration, V is the voltage 
difference between the points at the extremes of vibration, r is the length of the vibration stroke, 
and a is the conductivity of the solution. 

Ishikawa and Isaacs [3] have adapted the 1-D vibrating probe method to study pitting cor
rosion of aluminum alloys. Their method uses a scanning technique whereby the vibrating 
probe is held fixed in a mechanical stage driven by two stepping motors arranged to translate 
the probe parallel to the surface of the specimen. The probe vibrates normal to the plane of the 
specimen so that the current density normal to the specimen is measured. This technique was 
used by Crowe [5,6] and Crowe and Kasper [4] to measure near-field, normal ionic current 
densities of corroding composite materials and of a corroding Fe-Cu galvanic couple to compare 
these measurements with the predictions of a finite-element model. One of the important con
clusions derived from this latter work was that all three components of the current density vector 
are needed to completely characterize the potential and current density fields of corroding 
systems. 

The present work used a 3-D vibrating probe to measure the total ionic current density vector 
in the near-field of a corroding Fe-Cu galvanic couple. The method is an extension of the 2-D 
technique developed by Freeman et al. [7,8] to three dimensions. In this method, a single 
electrode is moved rapidly (300 Hz) in a small circle (15 /tm diameter), and the potential relative 
to a remote, nonvibrating reference electrode is measured at each of 256 points around the 
circumference of the circle. From this data, two orthogonal components of the current density 
in the plane of the circle can be obtained. By vibrating the probe tip in orthogonal planes, the 
2-D method has been extended to 3-D, thus extracting measurements of all three ionic current 
density components. 

Experimental Procedures 

Materials 

A galvanic couple was constructed of 6.35-mm-diameter Marz grade iron and 50.8-mm-
diameter Marz grade copper obtained from MRC Inc., Orange, NJ. The iron anode was press 
fit into a centrally located hole in the copper cathode to produce a cylindrically symmetrical 
planar galvanic couple as depicted in Fig. 1. The couple was metallographically polished using 
standard techniques. The final finish of the galvanic couple was obtained with 1.0-/im diamond 
paste. Individual specimens for polarization measurements were produced from the same mate
rials. All specimens were thoroughly cleaned in ethanol before testing. 

Electrochemical Measurements 

Electrochemical tests were conducted in open cells in laboratory air. All electrochemical mea
surements were made using 0.6 M sodium chloride (NaCl) electrolytes prepared with reagent 
grade chemicals and distilled water. The pH was adjusted to 1.75 with hydrochloric acid (HCI). 
The measured solution conductivity a was 63 mS/cm at pH = 1.75. 

Potentiostatic Polarization Measurements 

Standard potentiostatic polarization response of the constituent materials was measured. 
The specimens for these tests were machined from the same copper and iron rods used to con
struct the galvanic couple. Polarizations were performed using a PAR Model 173 potentiostat in 
combination with a PAR Model 175 universal programmer at a stepping rate of 0.1 mV/s. 
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NEUTRAL 

FIG. 1—A schematic of the Fe-Cu galvanic couple. 

ASTM Practice for Standard Reference Method for Making Potentiostatic and Potentiody-
namic Anodic Polarization Measurements (G 5) procedures were used. 

Vibrating Probe Measurements 

Ionic current density measurements were performed using the three-dimensional vibrating 
probe instrument shown schematically in Fig. 2. This instrument was designed and built by E 
and B Systems, Nashville, TN. It has six major components. These are the microcomputer, the 
drive heads, and amplifiers, the microelectrodes, the microelectrode preamplifier, and two con
stant current sources. 

The IBM PC microcomputer provides instrument control, data acquisition, signal process
ing, and display and storage functions. Instrument control and data acquisition are accom
plished by computer interface to a Tekmar Lab Master AD/DA converter. In addition to 
controlling the motion of the vibrating probe and the measurement currents, the computer and 
interactive software provide for calibration of the system, measurement of the electrode imped
ance, and data analysis and output. 

The drive heads consist of three electromagnetic drivers, which are connected to the measur
ing microelectrode by 3-mm mylar tubes arranged in such a fashion that the three orthogonal 
drive axes form a cube (Fig. 3). The diagonal of the cube is positioned vertically. Each driver 
consists of a modified permanent-magnet loudspeaker, which vibrates the measuring micro
electrode through the mylar tubes using a push-pull motion. The drivers respond to sinusoidal 
signals generated in the microcomputer. These signals are applied to the drive heads through 
the driver amplifiers. This results in a circular motion of the probe tip in a plane angled at 54.7° 
to the axis of the probe. The relationship between the X-Y-Z specimen coordinate system and 
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FIG. 2—A schematic of the three-dimensional vibrating probe. 

the A-B-C probe drive coordinate system is shown in Fig. 4. The frequency response of the 
drivers is shown in Fig. 5. As can be seen, the drivers provide adequate displacements for 
measurement of the current density at off-resonance frequencies. This is in contrast to the 
piezoelectric drivers used in one-dimensional probes, which lose their stroke rapidly when oper
ated off-resonance. 

The microelectrode system consists of two electrodes: the measuring electrode and the refer
ence electrode. The measuring electrode is a platinized, gold plated, tungsten wire electrode, 
which is insulated with paralene mounted in the junction of the mylar drive tubes. The tip of the 
probe is exposed as shown in Fig. 6. The reference electrode is a silver/silver chloride electrode 
rigidly attached to the preamplifier. The preamplifier contains a two-stage differential pream
plifier, which provides a gain of 104 in the voltage difference between the vibrating measuring 
electrode and the reference electrode. 

Sensitivity 

The theoretrical limit of sensitivity of the electrode is determined by the electrode impedance 
and the Johnson or thermal noise of the electrode. The exposed area of the tip determines both 
the spatial resolution and the impedance of the electrode. Thus tip preparation is important. 

When the electrode area is small, as is required for fine spatial resolution, the resistive com
ponent of the electrode impedance is high causing an appreciable noise level. This electrode 
impedance depends upon both the area of the electrode and the frequency of vibration. The 
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FIG. 3—Arrangement of the probe components. 

FIG. 4—Tke relationship between the X-Y-2 specimen coordinate system and the A-B-C probe drive 
coordinate system. 
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FIG. 5—The frequency response of the probe drivers. 
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FIG. 6—Schematic of the probe tip. 
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relationship between these parameters is given by Geddes as approximately [9] 

_ 0.225 X 10'" 

where z is the electrode impedance, A; is a constant that depends on the type and condition of the 
electrode, a is the electrode area (in ^m^) , / is the frequency of vibration, and a is a constant 
that relates the rate at which the electrode capacitance c decreases with frequency, that is, c = 
kf". The electrode impedance was measured before each run. The electrode impedance was 
typically 1 to 1.5 X 10' Q at 1.5 kHz and 5 to 6 X 10^ at 300 Hz. For the data presented herein, 
a frequency of 400 Hz was used for the measurements. 

The ability of the electrode to efficiently detect the electric field depends upon the noise level 
of the electrode and the amplification of the signal. Electrode noise arises from random move
ment of charge carriers at the electrode/electrolyte interface as the electrode establishes and 
maintains equilibrium with the electrolyte or as the electrode responds to the passage of cur
rent. This random movement of charge carriers creates a resistive component to the electrode 
impedance, which becomes the noise generator. The noise voltage is generated at all frequencies 
and is given by the relation 

presented by Johnson [70]. In this relation, E is the root-mean-square noise voltage, k is Boltz-
mann's constant, T is the absolute temperature, R is the universal gas constant, and/^ and/ , 
are the upper and lower cutoff frequencies of the measuring system. The quantity (/^ — / , ) is 
therefore the bandwidth. 

In order to minimize the noise, it is therefore necessary to have as narrow a bandwidth as 
possible. An ultra-narrow bandwidth is obtained during data reduction using the ultra-narrow
band phase coherent filtering algorithm derived by Freeman et al. [7]. This algorithm allows 
the gradients as well as the current density components to be extracted from the data measured 
during rotation of the electrode in a circle in a plane. The measured voltages from the rotating 
electrode are represented by a Taylor's series expansion about the central point (Ao, Bo) of the 
circle of radius r swept out during rotation through angle 6 of the probe tip. Thus 

d(l> d(t> 
(KA, B) = (^(Ao, Bo) + - — (A - Ao) = — - (B - Bo) 

9A 9B 

d<t> 
= </)(Ao, Bo) + rcosd 

dA 

d<j> 
+ r sin <̂  

dB 
(Ao, Bo) (Ao, Bo) 

where (A — Ao) = r cos 6, (B — Bo) = rsind and the partial derivatives are evaluated at (Ao, 
Bo). The current density at the central point (Ao, Bo) has components 7^ and/e given by the 
convolution integrals 

a i 2n 

V(e)cos edd 
0 

and 

a 

!

2n 

v(e)cos edd 
0 
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where V(e) is the measured voltage at rotation angle 9, and a is the conductivity of the electrolyte 
at (Ao, Bo). Using this procedure, currents densities of 5 fiA/cm^ can be detected. 

Operation of the Probe 

In operation, the computer feeds sinusoidal driving signals to the drive heads, in sequence, 
two at a time so that the probe tip is forced to rotate in circles in the three orthogonal planes 
angled at 54.7° to the probe axis. The diameter of the circle is adjusted as an experimental 
variable. The differential voltage is then sampled at 256 points around the circumference of 
each circle. These data are averaged over a 1000 cycles or more and then stored in the computer 
for analysis. 

During analysis, the microcomputer evaluates the convolution integrals for the 1000 or more 
cycles of the probe rotation, adjusts for orientation relative to the specimen, averages the cur
rent densities, and calculates the gradients. 

As each of the combinations of drives are energized in sequence, a 3-dimensional volume of 
electrolyte is sampled and a redundant set of the components of the current density vector and 
gradients are obtained (Fig. 7). Transformation of coordinate systems form the A-B-C coordi
nate system to the X-Y-Z coordinate system are performed in the computer, displayed on the 
computer monitor, and stored in ASCII files on the disks for future additional analysis. 

Calibration 

Calibration of the probe is accomplished by measuring a known, uniform current density 
field in an electrolyte contained in a separate calibration dish, which is mounted on a turntable. 
The field is rotated through 12 standard positions 30° apart. At each standard position, the 
output voltage is measured when a single drive is energized. This allows the average line of 
motion of the electrode in the horizontal plane to be determined for that drive, as well as the 

llSOum 

650^m 

ELECTROLYTE 

I f 

0.0 .003175 .02525 R(m) 

FIG. 7—The geometric arrangement of the 3-D scans. 
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mechanical lag between the drive voltage and the mechanical response of the probe. Appro
priate mathematical calculations of these data provide an exact description of the probe motion 
and the measured values of the known field from which calibration factors are extracted and 
stored for data reduction. 

Mechanical positioning of the probe in the X-Y plane parallel to the specimen surface is 
achieved using two Klinger Model MT 160 stepping motor driven translation stages mounted at 
right angles. These translation stages allowed indexing of the specimen relative to the probe in 
I'/tm increments to an average accuracy of 2 ^m. Control of the stages is achieved either manu
ally or by computer using a Klinger Model CC-1 universal programmable indexer. 

For the experiments reported here, the vibration probe tip was positioned above the surface 
of the Fe-Cu galvanic couple at either 650- or 1150-/im elevation and current density measure
ments were made. The arrangement is shown schematically in Fig. 6 so that the 3-D probe 
measurements were directly comparable to the 1-D measurements reported earlier [4]. At each 
elevation, a single line scan was performed so that the probe tip traveled parallel to a line that 
passed through the center of the galvanic couple. 

Experimental Results 

The anodic and cathodic potentiostatic polarization curves for the uncoupled iron and copper 
in 0.6 M NaCl at a pH level of 1.75 and at a temperature of 25°C are shown in Fig. 8. These 
polarization characteristics were reflected in the experimental setup as well as the impedance 
controlled boundary conditions of the finite-element model. 

The components of the measured ionic current density vectors, in polar coordinates, as a 
function of position, are listed in Table 1. 

Numerical calculations were performed using the finite-element model developed in Ref 4 
and summarized in Fig. 9. This finite-element model contains a geometric description (Fig. 9a) 
of the galvanic couple and the electrolyte, the fundamental electrical laws in partial differential 
equation form that govern the behavior of the galvanic couple (Fig. 9b), and the associated 
Dirichlet and Newmann boundary conditions (Fig. 9c). The numerically predicted values for J, 
andjj are listed in Tables 2 and 3 for assumed electroljrte conductivities of 42 and 62.5 mS/cm, 
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FIG. ^—Potentiostatic polarization curves for the iron and copper constituents of the galvanic couple. 
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TABLE 1—Measured ionic current density (pH = /. 75 and o = 42 mS/cmj. 

Radius, m m 

0 
1 
2 
3 
5 
7 
9 
11 
13 
15 
17 
19 
21 
23 
25 
0 
1 
2 
3 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
0 
0 
0 
0 

Height, /xm 

650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
650 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
1150 
650 
1150 
1650 
2150 

J„ A/m 

14.300 
8.420 
4,400 
2.350 
0,225 

-0.100 
-0.044 
-0.139 
0.007 

-0.068 
-0.162 
0.005 

-0.009 
-0.142 
-0.007 
6.910 
3.520 
2.310 
1.660 
0.858 
0.407 
0.111 
0.608 
0.061 
0.049 

-0.008 
-0.050 
0.071 

-0.004 
0.051 
14.300 
6.910 
5.290 
4.360 

/„ A/m 

5.430 
12.250 
11.210 
9.320 
5.350 
2.790 
2.030 
1.670 
1.500 
1.370 
1.310 
1.180 
1.090 
0.990 
0.710 
2.960 
4.320 
4.480 
4.250 
3.980 
3.070 
1.650 
1.050 
1.120 
0.940 
0.940 
0.950 
0.840 
0.800 
0.770 
5.430 
2.960 
7.080 
1.850 

/, A/m 

15.296 
14.865 
12.043 
9.612 
5.355 
2.792 
2.030 
1.676 
1.500 
1.372 
1.320 
1.180 
1.090 
1.000 
0.710 
7.517 
5.573 
5.040 
4.563 
4.071 
3.097 
1.654 
1.213 
1.122 
0.941 
0.940 
0.951 
0.843 
0.800 
0.772 
15.296 
7.517 
8.830 
4.730 

respectively. Figure 10 shows the calculated and measured/^ ionic current density component as 
a function of radial position at 650 fim above the electrode surface. Figure 11 shows the com
parison of the measurements at z = 1150/;im with the calculated results at z = 1125 /im. The 
agreement between the measurements using the 1-D probe (small insert in Fig. 11) is excellent, 
and both sets of measurements are in excellent agreement with the finite-element model calcu
lations. As can be seen in these figures, the anodic current density normal to the couple is 
highest near the center of the iron. The normal current density falls rapidly to a low value just 
past the Fe-Cu interface, and there is a dispersion in J as the elevation above the surface 
increases. 

Figure 12 shows the measurements of 7R obtained using the 3-D probe compared with the 
finite-element calculations at z = 650 uta. It should be pointed out that the measured com
ponents of 7(7„ Jy, Jj) were changed to a set of/, and Ĵ  components to compare with the finite-
element results. The x andy components of/were squared, and the square root of the sum of 
the squares resulted in J,. This resulted in a clearer point-to-point comparison between theory 
and measurement. Tables 1 through 3 already include this information. The measured results 
at 1150 ^m are shown compared with the finite-element calculations at 1125 fim in Fig. 13. 
Since the 1-D probe can not measure these components of the current density vector, there are 
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lAJ.i. AH( UNIT NOKMAl VCCTMSI 

BOUNDARY CONDITIONS OF 
THE THREE-DIMENSIONAL 
FINITE ELEMENT MESH (36») 

(a) 

NON-LINEAR SOLUTIONS TO: 

dp 
(1) 

(2) 

USING MEASURED CONSTITUENT 
POLARIZATION CURVES 

WHERE 
a = CONDUCTIVITY (S/m) 

CURRENT DENSITY (A/m2) 
POTENTIAL (VOLTS) 
CHARGE DENSITY (C/m3) 
TIME (sec) 
DEL OPERATOR 

J 
0 
P 
t 
V 

(b) 

ELECTROLYTE 

' ' 7 ~ ' I "-^ 

ANOOE -/ S 

BOUNDARY CONDITIONS OF MODELED 
ELECTROCHEMICAL SPACE 

(c) 

FIG. 9—(a) Schematic of the finite-element model with boundary conditions: (b) the fundamental elec
trical laws governing the galvanic couple behavior: (c) the boundary conditions of the electrochemical 
space. 
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TABLE 2—Numerical modeling results. 

R,m 

0.7 
1.786 
2.778 
4.375 
5.897 
7.713 
9.73 

11.29 
13.875 
17.125 
20.375 
23.65 

0.7 
1.786 
2.778 
4.375 
5.897 
7.713 
9.73 

11.29 
13.875 
17.125 
20.375 
23.65 

JR, A/m^ Jz. A/m^ 

Z = 650 ^M AND a = MS/CM 

+ 2.414 10.57 
3.7582 7.4759 
3.6514 4.8028 
3.3654 2.5709 
2.6823 0.93195 
1.5649 0.0633 
0.98767 0.1707 
0.689 0.1820 
0.44 0.1975 
0.2558 0.2232 
0.1185 0.2239 
0.03638 0.15278 

Z = 1125 HM AND (7 = 42 MS/CM 

1.497 7.596 
2.967 5.989 
2.9182 4.1926 
2.894 2.293 
2.3986 0.9784 
1.486 0.10215 
0.96688 0.10625 
0.6828 1.71371 
0.436 0.19835 
0.25559 0.20559 
0.1195 0.202514 
0.1641 0.13939 

/Total , A/m^ 

10.842 
8.367 
6.033 
4.235 
2.839 
1.566 
1.002 
0.7126 
0.4822 
0.33948 
0.2533 
0.15705 

7.742 
6.684 
4.726 
3.692 
2.591 
1.4895 
1.002 
0.7039 
0.479 
0.328 
0.235 
0.215 

TABLE 3—Numerical modeling results. 

R, mm 

0.7 
1.786 
2.778 
4.375 
5.897 
7.713 
9.73 

11.29 
13.875 
17.125 
20.375 
23.65 

0.7 
1.786 
2.778 
4.375 
5.897 
7.713 
9.73 

11.29 
13.875 
17.125 
20.375 
23.65 

JR, A/m^ Jz, A/m^ 

Z = 650 iiM AND a = 62.5 MS/CM 

5.039 15.99 
6.833 8.2107 
4.8525 2.46 
2.593 0.6134 
1.33 0.0568 
0.8353 0.07133 
0.55485 0.010757 
0.3961 0.10948 
0.2557 0.11634 
0.1507 0.1316 
0.070059 0.1308 
0.020349 0.0885 

Z = 1125 fiM AND a = 62.5 MS/CM 

3.0225 10.1026 
5.1936 6.406 
3.8138 2.722 
2.3307 0.813686 
1.323 0.1998 
0.8142 0.1831 
0.5468 0.081539 
0.3931 0.1088 
0.2544 0.12016 
0.15058 0.1226 
0.07069 0.12016 
0.009918 0.08258 

/Total , A/m^ 

16.765 
10.682 
5.44 
2.664 
1,33 
0.83836 
0.56518 
0.406 
0.2809 
0.19959 
0.14835 
0.0908 

10.545 
6.246 
4.685 
2.468 
1.338 
0.8345 
0.5528 
0.4078 
0.2813 
0.194 
0.139 
0.083 
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1600 HEIGHT Z = 650 ^m 

V COND = 42.0 mmho/cm 
X COND = 62.5 mmho/cm 
O MEAS TEST #2, Z = 650 micron 

_u _i_ _i 

8 10 12 14 16 18 

RADIAL DISTANCE (mm) 

20 22 24 26 

FIG. 10—Calculated and measured Jz components of the ionic current density at 650 fim elevation. 

no comparable 1-D measurements. Again, the agreement between the measurements and the 
calculations is excellent. 

Figures 14 and 15 show the measured and calculated total current density versus radial dis
tance at z = 650 fim, respectively. The ionic currents flowing from the iron are readily discern-
able. The finite-element values and the measured values from the 3-D probe are plotted in Figs. 
11 through 15. The iron-copper interface is located at a radial distance of 3.175 mm from the 
center. The measured values from the second scan at 1150 jim above the electrode surface as 
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FIG. 11—Calculated and measured Jz components of the ionic current density at 1125-iim elevation 
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FIG. 12—Calculated and measured JR components of the ionic current density at 650-fim elevation. 

well as the finite-element results at 1125 jum above the electrode surface show excellent cor
relation. At both elevations, it appears that the current density emanating from the anode sur
face is quite high with a fairly evenly distributed current density response on the copper surface. 
The total calculated current leaving the anodic surface was +2.857612 X 10"^ A, and the total 
current arriving over the copper surface was —2.857670 X 10"^ A. This highly accurate match 
in magnitude between the anodic and cathodic currents illustrates the accuracy of the current 
accounting system in the model. 
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FIG. 13—Calculated and measured JR components of the ionic current density at 1125-nm elevation 
(measurements at 1150 nm). 
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FIG. 14—Calculated and measured total ionic current density at 650-iim elevation. 

Discussion 

In a previous paper, an extensive discussion of the numerical procedures was developed for 
the three-dimensional finite-element model illustrated in Fig. 9. Further discussions and ampli
fication on the theoretical aspects will not be necessary for purposes of this work because of the 
detailed development in Ref 4. With the emphasis in this communication on the spatial com
parison of current density vectors in cylindrical coordinates very near the electrode surfaces, it is 
important that several aspects of the mathematical procedures be discussed at some length 
because of the significant sensitivity of the current density vector field response to nonlinear 
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FIG. 15—Calculated and measured total ionic current density at 1125-ti.m elevation (measurements at 
1150 ,im>. 
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polarization effects, choices of interpolation functions, manner of discretization, geometry, and 
so forth. The introduction of the double nonlinear convective film membrane to represent the 
nonlinear polarization of iron and copper is fully discussed elsewhere [4,11]. However, some 
discussion on the finite-element modeling subtleties is essential. The finite-element model 
developed for this investigation was constructed from three dimensional elements using the 
COSMIC/NASTRAN' program. Because three-dimensional finite elements are more difficult 
to implement, careful numerical tracking for accuracy and consistency is required to develop 
numerical confidence. The results reported herein provide a first step in exercising the model 
for 3-D. Before presenting the results, it is worthwhile to discuss several aspects of the model 
and the resulting computations. 

First, the electrolyte was represented with CHEXA2 and CWEDGE elements. The CHEXA2 
element is a three-dimensional solid with eight vertices and six quadrilateral faces that is repre
sented by two overlapping tetrahedra. The CWEDGE element is a three-dimensional solid with 
three quadrilateral faces and two opposing triangular faces. Complete descriptions of the 
CHEXAZ and CWEDGE elements can be found in Ref 12. These elements use linear interpola
tion functions for the potential between adjacent grid points. The general geometric configura
tions of the electrolyte and the anodic/cathodic surfaces have been illustrated in Fig. 9. 

The model was bounded by the following cylindrical coordinates: 0.0 < R < 0.044 m, 0° 
< 6 < 36°, 0.0 < Z < 0.0095 m. The selection of the 36° wedge angle was governed mainly by 
the choice of the CWEDGE and CHEXA2 elements and the anodic area such that the total 
number of 3-D elements would be reasonable for computational purposes (Fig. 9a). The aspect 
ratios for the elements appeared reasonable, although somewhat greater discretization in the 
radial direction, especially in the anodic area, would have been more desirable. On all the 
surfaces of the model, the normal derivative of the potential function was assumed to be zero 
(insulated). This includes the surfaces 6 = 0° and d — 36° where the normal derivative is the % 
direction. 

The idea of dealing with a geometric singularity, such as a pit or a crevice, appeared to rule 
out the possibility of using any axisymmetric finite elements. Even though similar techniques, 
when applied to axisymmetric problems, appeared to provide reasonable results, axisymmetric 
finite elements are not adequate in addressing the geometric changes of pits or crevices evolving 
with time. Therefore, it was necessary to introduce three-dimensional elements that would ulti
mately be required to address general pitting and crevice corrosion. 

Furthermore, if three-dimensional elements, such as CWEDGE and CHEXA2, were used in 
a model development, the question of whether these elements are mathematically accurate 
enough to capture the various potential gradient changes, especially near the iron electrode, 
required attention. The CWEDGE and CHEXA2 elements use linear interpolation functions 
such that the potential is expressed as a linear algebraic equation in i?, S, and z. They have an 
additional advantage in that these three-dimensional elements do not suffer from singularity 
problems because of the local formulation of the interpolation function. As constructed, the 
model provides the continuous variation of </> as a function of z at /? = 0. 

Finally, it was desirable to attempt to control the current flow through the polarization layers 
by introducing surface-dependent nonlinear current-potential relationships (polarization 
curves), as shown in Fig. 9c. It is also anticipated that these polarization curves may vary with 
time. The current flow problem across the electrode-electrolytic interface appears to be conve
niently modeled using convection elements instead of conduction elements \9,13\. Like the 
convection boundary problem in thermal science the determining factors for electrode perfor
mance are surface area, film resistance location, and local potential difference. The boundary 
conditions on the electrode surfaces are constructed by assigning the anodic and cathodic 

•"NASTRAN is an acronym for the National Aeronautics and Space Administration Structural Analysis 
Computer Program. COSMIC/NASTRAN indicates that it is a Government Proprietary NASTRAN code. 
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potential in the interfaces to by assigning the uncoupled open-circuit corrosion potentials of the 
constituents. As depicted in Fig. 9c, two nonlinear film elements (CHBDY) are connected to the 
electrolyte. The bottom film elements are bounded by the measured open-circuit potentials for 
the anodic and cathodic surfaces physically described in Fig. 8 [4,11]. 

The additional requirement imposed in the model is that the divergence of the current density 
vector J must be equal to zero. In this investigation, special adjustments were made to the 
COSMIC/NASTRAN finite-element program to fulfill this condition. The COSMIC/ 
NASTRAN program and related postprocessing program are resident on a VAX-11/780 com
puter at the Naval Underwater Systems Center. 

A number of planes were identified in order to retrieve more easily current densities and 
voltage information from the elements and grid points, respectively. Since the measurements 
for the current density were performed at 650 and 1150 nm above the electrode surfaces, it was 
desirable to obtain calculated current density information at the centroids of the associated 
elements. The lowest plane was assumed to exist at z = 0. The centroid for the elements coin
cides with the elevation of the measured values (z = 650 ^m). Similarly, the other elements 
from the finite-element model have a centroidal vertical distance of z = 1125 ^m, while the 
experimental elevation value was 1150 /tm. The topmost plan (electrolyte/air interface) is loca
ted at z = 9500 fim. 

It was determined in the course of the analysis that the current density of the 0 direction was 
indeed zero normal to the R-z planes for 6 = 0° and 6 = 36°. Thus the boundary conditions 
were satisfied. Over the entire AO slice, the current density was identically zero, since the electri
cal potentials at 0 = 0° and at 6 = 36° were identical. However, within the finite-element model 
very small current densities (approximately less than 5% of theJ^ and 7,) in the 0 direction were 
evident. This amount of error is expected for the relatively simple interpolation functions 
chosen. Increased numerical resolution can be achieved by finer discretization in areas of high 
gradient variation and the possible introduction of higher order interpolation functions for the 
finite elements. 

Conclusions 

The three-dimensional current density structure in the nearfield of an iron-copper galvanic 
structure was characterized by finely measured scanning vibrating electrode techniques at 
incremental positions in an electrolyte in space at z = 650 /im and z = 1125 pim above the 
electrode surface. A corresponding finite-element current density field was calculated for simi
lar positions in space as those measured. Three-dimensional current density vectors/(J, ,/y,/J 
were calculated, measured, and subsequently plotted (Figs. 11 through 15) to create a point-by-
point comparison of vector variables in electrolytic space. The comparison, component-versus-
component was in excellent agreement for this relatively simple galvanic configuration. 

Based on the completed experimental electric field scans and the corresponding finite-
element field predictions, it appears that the finite-element technique presents a strong analyti
cal tool for calculating the near-field electric field distributions around active electrode surfaces 
in homogeneous media. The finite-element model described in this paper made reference to an 
a priori measured set of uncoupled nonlinear polarization curves for pure iron and pure copper 
(Fig. 8). Using a local tangent slope definition of the potential difference at a given position of 
the electrode surface, the current densities were calculated everywhere within the electrolyte and 
on the boundaries. 

The measurement technique described herein provides an exciting method to provide careful 
comparison with theory in the very near field of active galvanic cells. With further advances in 
understanding overall progress could lead to a method to predict the onset of crevice corrosion 
and pitting in field situations. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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ABSTRACT: Galvanic corrosion predictions for heat exchanger tube/tubesheet galvanic couples 
are presented and discussed. The predictions were performed using finite element analysis using 
two programs, WECAN and MARC, and by Wagner number analysis under conditions of second
ary and tertiary current distribution. Long-term electrochemical potentiostatic polarization data 
generated over 120 days in natural seawater were used to account for time effects. Results of the 
predictions are presented in the form of potential and galvanic current density as a function of 
distance from the tubesheet along the tube axis. 

Seawater exposures of some tube/tubesheet material combinations were performed to compare 
with the predictions. These exposures used segmented tubes connected in series through the use of 
zero resistance ammeters. Material combinations exposed included a Monel Alloy 400 tubesheet 
coupled to a 90-10 copper-nickel tube, a 90-10 copper-nickel tube coupled to a zinc anode at the 
position of the tubesheet, and a nickel-aluminum-bronze tubesheet coupled to an Alloy 625 tube. 
Tube/tubesheet data obtained from the literature were also compared to predictions. 

This study is directed towards determining not only the degree of accuracy of the predictions 
from the finite element and Wagner number analysis techniques, but also the sensitivity of the 
analyses to small changes in the electrochemical data used to obtain the predictions. The feasibil
ity of these two analysis techniques for accurate qualitative as well as quantitative galvanic cor
rosion prediction for the tube/tubesheet configuration is discussed. 

KEY WORDS: galvanic corrosion, solution resistivity, potential distribution, finite element anal
ysis, Wagner number analysis, primary current, secondary current, tertiary current, current dis
tribution, heat exchangers, tubing 

Prediction of the rate of galvanic corrosion by the use of galvanic corrosion rate tables or by 
techniques based on electrochemical polarization and mixed potential theory are useful but do 
not take into account current distribution effects. Thus, these methods are only directly appli
cable when the system of interest has a high conductivity electrolyte and a simple geometry with 
exactly known electrochemically active surface areas. These conditions are necessary to insure 
that the current is uniformly distributed over both the anode and cathode. For most actual 
components in service these conditions are not satisfied, resulting in the nonuniform distribu
tion of galvanic current, which makes the use of simple prediction methods such as those above 
impossible. 

A common geometric configuration that exists where dissimilar metals are used and where 
galvanic current distribution is not expected to be uniform is the tube and tubesheet config
uration in a condenser or heat exchanger. Higher galvanic current densities are expected on the 
tube surface close to the tubesheet, with the current falling to insignificant levels at some dis-

' Materials engineers, David Taylor Naval Ship Research and Development Center, Code 2813, Annap
olis, Md 21402. 
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tance away from the tubesheet. Prediction of the distance of galvanic interaction is most impor
tant since it changes the effective anode to cathode ratio, which has a significant bearing on the 
overall corrosion rate of the anode material. 

Two techniques are available to predict the extent and distribution of galvanic current in the 
tube-tubesheet configuration in seawater: finite element analysis and Wagner number analysis. 
The advantages and limitations of these techniques will be explored in this paper by a combina
tion of prediction, experimental verification, and literature review. Polarization characteristics 
of the tube and tubesheet materials used in the analyses described below were obtained from 
long-term potentiostatic polarization curves [1,2] in seawater to predict corrosion over an 
extended period of time with the greatest accuracy. 

The results of finite element analysis using two different programs, WECAN (Westinghouse 
Electric Computer Analysis) and MARC, are compared with current distributions reported in 
the literature and with an experimental verification that was performed using segmented tubes 
electrically coupled to tubesheets. Several tube/tubesheet material combinations were studied 
under quiescent and flowing (2.4 m/s) conditions: 90-10 copper-nickel tubing coupled to a 
Monel Alloy 400 tubesheet. Alloy 625 tubing coupled to a nickel-aluminum-bronze tubesheet, 
and 90-10 copper-nickel tubing coupled to anode zinc at the tubesheet position. In addition, 
several material combinations were studied under quiescent conditions only: a titanium (Ti-50) 
tube coupled to a nickel-aluminum-bronze tubesheet, and a 90-10 copper-nickel tube coupled 
to a simulated Muntz metal tubesheet represented by a fixed potential of —250 mV (versus 
Ag/AgCl). All material combinations investigated by finite element analysis are summarized in 
Table 1. Wagner number analysis was also performed on the above material combinations and 
compared with data from the experimental verifications or the literature. 

Previous Work 

The data from previous investigations used in the analyses are discussed briefly below. The 
findings of these studies are interpreted in terms of galvanic interaction distance in Table 2. 
This distance was estimated as the number of tube diameters where current density had 
decreased to within roughly 0.1 jtA/cm^ of the uniform value far from the tubesheet or where 
the potential was within 20 mV of the value far from the tubesheet. 

Gehring et al. [3-5] studied "simulated" Muntz alloy tubesheets by potentiostatic polariza
tion of tubes to —250 mV versus standard calomel electrode (SCE) at the tube inlet, actual 
Muntz alloy tubesheets as well as aluminum-bronze tubesheets coupled to more noble tube 
materials in flowing seawater at 7 ft/s (2.1 m/s). Noble tube materials included AL-6X austen-
itic stainless steel, AL-29-4 ferritic stainless steel, titanium 50A, 90-10 copper-nickel, and 

TABLE 1—Tube/tubesheet finite element predictions. 

Tube 
Material 

Alloy 625 
90-10 Cu-Ni 
Alloy 625 
90-10 Cu-Ni 
Alloy 625 
90-10 Cu-Ni 
90-10 Cu-Ni 
Ti-50 
90-10 Cu-Ni 

Tubesheet 
Material 

Ni-Al-bronze 
Monel alloy 400 

Ni-Al-bronze 
Monel alloy 400 

Ni-Al-bronze 
Monel alloy 400 

Anode zinc 
Ni-Al-bronze 

- 2 5 0 mV 

Polarization Data 

Velocity 

2.4 m/s 
2.4 m/s 
2.4 m/s 
2.4 m/s 

quiescent 
quiescent 
quiescent 
quiescent 
2.4 m/s 

Time, Days 

120 
120 

1 
1 

120 
120 
30 

1 
1 

Tube 
Diameter, 

cm 

2.66 
1.34 
2.66 
1.34 
2.66 
1.34 
1.34 
1.34 
2.66 Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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TABLE 2—Summary of tube/tubesheet galvanic corrosion literature. 

Investigators 

Gehring, Kuester, 
and Maurer 

Gehring 
Gehring and Kyle 

Astley 

Material Combination 

Anode Tubesheet 

- 2 5 0 mV SCE 

Muntz 

Muntz 
Muntz 

Al-bronze 
Ni-Al-bronze 

- 6 0 0 mV SCE 

Cathode Tube 

AL-6X 
AL-29-4 
Ti-50A 

90-10 Cu-Ni 
Al-brass 
Ti-50A 
AL-6X 
Ti-50A 

Titanium 
70-30 Cu-Ni 

Galvanic Interaction 
Distance, diameters 

120-480 
120-480 
120-480 

12-24 
12-24 

120-240 
120-240 

60 
50 
18 
35 

Velocity, 
m/s 

2.1 

2.1 
2.1 

1 
0 
1.5 
1.5 

Time 

1 day 
2 h 

13 h 

aluminum-brass. For both simulated and actual tube/tubesheet studies, cathodic polarization 
of more noble tube materials along the length of the tube to a distance of 120 to 480 tube 
diameters was observed for the AL-6X, AL-29-4, and Ti-50A tubes. For couples involving both 
90-10 copper-nickel and aluminum-brass coupled to a Muntz metal tubesheet, cathodic polar
ization down the length of the tube was only observed for a distance of 12 to 24 tube diameters. 

Astley studied a titanium tube coupled to a nickel-aluminum-bronze plate in seawater flow
ing at 1 m/s [6] . The length of titanium tube that was cathodically polarized was 60 tube 
diameters. In a separate study, a 70-30 copper-nickel tube was potentiostatically polarized to 
—600 mV at the tube inlet, simulating cathodic protection. Under quiescent conditions the 
length of tube receiving cathodic polarization after 1 h was 50 tube diameters. At a 1.5-m/s flow 
rate, 2 h, the length of tube receiving cathodic polarization was 18 tube diameters but increased 
to 35 diameters after 13 days. 

In summary, the galvanic interaction distance from all studies was found to vary from several 
tube diameters to several hundred depending upon the materials polarization behavior, the 
geometry, and the electrolyte. 

Experimental Procedure 

The details of the experimental verification used to generate some of the data used in the later 
analyses are discussed below. 

Tube/Tubesheet Exposure Apparatus and Procedure 

Two tube/tubesheet combinations were tested, both at quiescent and under flowing (2.4 m/s) 
conditions. The tubesheet was simulated by a ring of material mounted around, but insulated 
from, the tube end. This ring was coated on all surfaces except that surface that would face the 
waterbox in a real condenser. The tube was cut into insulated segments, which were shorter 
closer to the tubesheet. The inside of the tube segments were ground using 600 grit sandpaper. 
The tube segments were electrically connected to each other and to the tubesheet ring by means 
of zero-resistance ammeters. Holes were drilled through the tube wall periodically to facilitate 
installation of micro-reference electrodes for potential measurements. Natural seawater, fil
tered and maintained at 25°C, was placed in contact with the inside of the tube and the 
uncoated face of the tubesheet. Current and potential profiles were recorded regularly over a 
120-day period. At the conclusion of the quiescent exposure of the copper-nickel tube, this tube Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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was connected to a sacrificial zinc anode and the new current and potential profiles monitored 
over an additional 30 days under quiescent conditions. The experimental setup is illustrated in 
Figs. 1 and 2. The two material combinations used were Alloy 625 tube with Ni-AI-bronze 
tubesheet and 90-10 Cu-Ni tube with Monel Alloy 400 tubesheet. Dimensions of the tubes and 
tubesheet rings are listed in Table 3, and the dimensions of the tube segments are listed in 
Table 4. 

Polarization Data Generation Procedures 

Polarization data indicative of the long-term behavior of condenser materials in natural sea-
water were generated as described elsewhere [1,2] by holding individual samples at a constant 
potential for 120 days. Applied currents were monitored for the duration of the exposure. Sur
face finish on the samples was the same as that on the inside of the tubes, ground with 600 grit 
sandpaper. In the case of the 2.4-m/s flowing seawater polarization data, a Reynolds number of 
30 500 was obtained, identical to that in a 1.34-cm diameter tube with 2.4-m/s flow, and indic
ative of turbulent conditions similar to those in a 2.66-cm-diameter tube with the same flow. 

Finite Element Analyses 

Use of finite element and boundary element techniques has shown great promise for predic
ting potential and current distributions for galvanic corrosion, crevice corrosion, and cathodic 
protection [7-14]. These techniques are computationally intense, and require powerful com
puting capabilities for all but the most simple geometries. They require as input the geometry of 
the configuration of interest and the conductivity of the electrolyte through which current flows. 
Boundary conditions on free or insulated surfaces are that current cannot flow through the 
surface, creating a "reflection" effect. At metal surfaces, the polarization characteristics of the 
metal involved at the appropriate flow and exposure duration are used as the boundary condi
tions. Output from these analyses are potential and current density as a function of position 
along the structure. 

For this study, finite element analyses were conducted by John Fu, formerly of Westinghouse 
Research, using a program called WECAN on both material combinations in the experimental 
verification, but for quiescent conditions only. An element mesh shown in Fig. 3 was designed 
using axi-symmetrical (cylindrical) elements to reduce the three-dimensional situation to a two-
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FIG. 1—Schematic of segmented Tube galvanic corrosion experiment. 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



140 GALVANIC CORROSION 

-*-TUBE SHEET 

END 
SURFACE 
OF TUBE 

I 
TUBE Zi 

S U R F A C E ^ J INSULATED' 
SURFACE 

! 

WATER BOX 
AREA 

ymm2m:i2zmz^^ 

m 

i 

TUBE SHEET 
' SURFACE 

INSULATED 
INTERFACE 

CLOSED END 
OF TUBE 

(OPEN FOR 
FLOWING 

CONDITIONS) 

Vy 

FIG. 2—Experimental tube/tubesheet arrangement. 

dimensional analysis. WECAN models electrochemical polarization data by a series of straight 
lines connecting points on a polarization resistance curve derived from the polarization curve 
for the material involved at the appropriate flow rate. The polarization resistance is the over-
potential divided by the current density at that overpotential and thus looks like a secant line on 
the polarization curve connecting the current at the freely corroding potential to the current at 
the potential of interest. 

TABLE 3—Dimensions of tubeItubesheet simulated condensers. 

Condenser 
Tube: Alloy 625 

Tubesheet: Ni-Al-Bronze 
Tube: 90-10 Cu-Ni 

Tubesheet: Monel 400 

R 
T, 
T2 
L, 
L, 

1.328 cm (0.52 in.) 
0.0889 cm (0.035 in.) 
0.5715cm (0.225 in.)" 

304.8 cm (10 ft) 
335.28 cm (lift) 

0.6693 cm (0.2635 in.) 
0.1245cm (0.049in.) 
0.2374 cm (0.0937 in.)* 

304.8 cm (10ft) 
335.28 cm (lift) 

"Calculated based on a tube center to center distance of 3.9624 cm (1.56 in.) on a 
triangular pitch. 

'Calculated based on a tube center to center distance of 2.062 cm (0.812 in.) on a 
triangular pitch. 
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TABLE 4—Segmented tube sections for tube/tubesheet galvanic corrosion analysis. 

Tube: 
Tubesheet; 

Distance from 
Tubesheet, cm 

0 
1.0 
3.0 
6.0 

11.0 
16.0 
41.0 
91.0 

154.8 
229.8 

Alloy 625 
: Ni-Al-Bronze 

Length, cm 

1.0 
2.0 
3.0 
5.0 
5.0 

25.0 
50.0 
63.8 
75.0 
75.0 

Tube: 90-10 Cu-Ni 
Tubesheet: 

Distance from 
Tubesheet, cm 

0 
3.0 
6.0 
9.0 

12.0 
16.0 
20.8 
25.8 
30.8 
35.8 
43.8 
51.8 
59.8 
68.8 
78.8 
88.8 
98.8 

108.8 
134.8 
164.8 
194.8 
234.8 

Monel 400 

Length, cm 

3.0 
3.0 
3.0 
3.0 
4.0 
4.8 
5.0 
5.0 
5.0 
8.0 
8.0 
8.0 
9.0 

10.0 
10.0 
10.0 
10.0 
26.0 
30.0 
30.0 
40.0 
70.0 

Finite element analyses were also conducted for this study by Raymond Munn at the Naval 
Underwater Systems Command using a program called MARC. A variety of material combina
tions from the experimental verification and from the literature were modelled under both qui
escent and flowing conditions. These analyses used a slightly different axi-symmetric mesh, but 
with roughly the same number of elements as the WECAN analyses. For the MARC analysis, 
polarization behavior is input by fitting an analytical expression to the actual polarization data. 
The program then uses the potential at the nearest integration point to substitute into this 
expression to calculate the current density at any given point on the surface. This current den
sity is then used as the boundary condition for the next iteration in the solution of the problem. 

The finite element analyses are compared to the experimental verification and literature data 
for each material combination below. The data for all materials are summarized in Table 5. 

Alloy 625/Ni-Al-Bronze 

The WECAN analysis for the 120-day quiescent case is compared to 120-day measured data 
in Fig. 4. There is considerable scatter in the current densities measured, probably because of 
crevice corrosion of the Alloy 625 observed at the conclusion of the test. Considering the scatter, 
agreement is good between predicted and measured current densities. There is some difference 
between the actual potentials observed and those predicted. This is because the polarization 
data utilized in the analysis does not have the same open circuit potential for the Alloy 625 as the 
tube material, thus shifting the whole predicted curve below the measured data. Figure 5 illus
trates the open circuit potential versus time behavior for Alloy 625 in quiescent seawater. Note 
the fluctuations possible even for one sample in quiescent seawater. These fluctuations were 
considered to be due to the localized corrosion. The difference between predicted and measured 
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FIG. 3—Axisymmetric finite element mesh of tube/tubesheet arrangement. 

TABLE 5—Distances of galvanic interaction. 

Tube 

Alloy 625 

90-10 Cu-Ni 

90-10 Cu-Ni 

Ti-50 

90-10 Cu-Ni 

Tubesheet 

Ni-Al-bronze 

Monel 400 

zinc 

Ni-Al-bronze 

- 2 5 0 mV 

Technique 

measured 

WECAN 
MARC 

measured 
WECAN 
MARC 

measured 
measured (Astley) 

MARC 
measured (Astley) 

MARC 
measured (Gehring) 

MARC 

Interaction 
Quiescent 

60 

60 
60 

100 
8 

100 

50 
40 
50 
60 

100 

Distance, Diameter 
2.4 m/s 

15 
25 

15 
15 

100 

20 
20 

15 (2.1 m/s) 
15 

Time, 
Days 

120 
1 

120 
120 

1 
120 
120 
120 

1 
30 

1 h 
30 

30 
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FIG. 4—Alloy 625 tube coupled to Ni-Al-bronze after 120 days, WECAN analysis. 

potentials indicates the importance of using the correct open circuit potentials in the finite 
element analysis. Even with the discrepancy in potentials, the important parameter, interaction 
distance, is similar between the predicted and measured data. This distance is about 150 cm, 
which is about 60 tube diameters. Therefore it can be concluded that a large area of cathode is 
present in this case. A large corrosion rate was predicted for the Ni-Al-bronze, and this finding 
was actually observed once the cell was disassembled. 

The MARC analysis for the 120-day quiescent case is shown in Fig. 6. Since the same polar
ization data were used in this analysis, the same results were found as in the WECAN analysis, 
good prediction of interaction distance, and less accurate prediction of potentials. 
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FIG. 5—Time dependence of corrosion potentials in quiescent seawater. 
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FIG. 6—Alloy 625 tube coupled to Ni-Al-bronze after 120 days, MARC analysis. 

E 
3 
E 
X 
(0 

E 

c « 
o 
« 

I -

z 
UJ 

^ 

Only MARC was used to analyze this material combination under flowing (2.4 m/s) condi
tions. Analyses were run using polarization data after 1 day as well as 120 days. The 120-day 
data is shown in Fig. 7 and the 1 day data in Fig. 8. Current density predictions were not 
supplied with the MARC analyses, so no conclusions can be drawn about the prediction 
accuracy with regards to current distribution. As with the quiescent data, the freely corroding 
potential of Alloy 625 used in the analysis at either 120- or 1-day exposure appears not to match 
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FIG. 7—Alloy 625 tube coupled to Ni-Al-bronze tubesheet after 120 days. Flowing seawater, MARC 
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FIG. 8—Alloy 625 tube coupled to Ni-Al-bronze tubesheet after 1 day. Flowing seawater, MARC analy-

that actually observed. Figure 7 shows that the interaction distance has decreased to about 15 
diameters because of the flow, and that this distance has adequately been predicted by MARC. 
Figure 9 shows the observed tube/tubesheet potential profiles as they develop over time. The 
tube polarization is initially low (day one) when the potential difference between the Ni-Al-
bronze and Alloy 625 is small (Fig. 10), and accordingly the galvanic current is low. When the 
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FIG. 10—Time dependence of corrosion potentials inflowing seawater. 

open circuit potential of Alloy 625 increases, the interaction distance increases until it reaches a 
maximum after 70 days. This points out the necessity for careful consideration of time effects. 
Small interaction distances under flowing conditions can still lead to greater galvanic corrosion 
than under quiescent conditions since the cathodic limiting current density on Alloy 625 is 
greater under flowing conditions than in the quiescent case. 

90-10 Cu-Ni/Monet Alloy 400 

The WECAN analysis of this material combination under quiescent conditions at 120 days is 
presented in Fig. 11. The analysis of this material combination is complicated by the similarity 
in freely corroding potentials of the two materials. Inlet end current density are adequately 
predicted, but the predicted interaction distance based on current density is about 8 diameters, 
versus a measured interaction distance of 100 diameters. This discrepancy should be considered 
in light of the fact that all of the current is at least a factor of 3 below the average general 
corrosion current for freely corroding 90-10 Cu-Ni, and all current values in the figure are 
insignificant. The difference between predicted and observed potentials appears large, as with 
the earlier material combination. All potentials lie within the observed range of freely corroding 
potentials for the copper-nickel, and thus the differences are insignificant. In summary, when 
an insignificant galvanic corrosion problem is expected, WECAN was successful in predicting 
this fact but was not in predicting the details of the galvanic interaction. 

The MARC analysis for quiescent 120-day conditions in Fig. 12 predicts potentials similar to 
the WECAN analysis, but an interaction distance more in agreement with that actually mea
sured. The reason for the difference between the two analyses is not known, but MARC was 
successful in predicting the interaction distance. 

Figures 13 and 14 present the MARC analyses and measured potentials under flowing condi
tions. Potentials were different between predictions and measurements in both cases. In addi
tion, predicted interaction distances were around 20 diameters after both 120 and 1 days, 
whereas the observed distance after 1 day was negligible and at 120 days was close to 100 diame-
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FIG. U—90-10 Cu-Ni tube coupled to Monel 400 after 120 days, WECAN analysis. Quiescent seawater. 

ters. As in the quiescent case, despite these differences, an insignificant amount of galvanic 
corrosion between these alloys was predicted as might be expected from the small open circuit 
potential differences and the area ratio favorable to the anode material. 

In Fig. 15 the measured tube material potential profiles can be seen as they develop over time. 
The potentials start out low at one day then increase so that with the exception of the 60-day 
data all potentials are above the initial value. The reason for this can be seen in Fig. 10. The 
freely corroding potentials for both alloys increase over the first few days of the test. The small 
potential difference at the beginning few days of the test leads to an insignificant galvanic 
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FIG. 13—90-10 Cu-Ni tube coupled to monel 400 tubesheet after 120 days. Flowing seawater, MARC 
analysis. 

couple as observed and predicted for the 1-day case. This was reflected in the measured tube 
potentials after one day, where no interaction distance could be observed. Like the quiescent 
prediction, MARC was successful in predicting a lack of significant galvanic effect under these 
circumstances, although this could be predicted without the finite element analysis. Again, 
exposure time effects are shown to be quite substantial. 
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90-10 Copper-Nickel/Zinc 

Figure 16 illustrates the results of the MARC analysis for 90-10 copper-nickel tubing coupled 
to sacrificial zinc anode material after 30 days. This prediction is compared to the measured 
values from this study, keeping in mind that the measurements were on copper-nickel that had 
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already been exposed for 120 days, while the analysis was based on polarization data from only a 
30-day exposure. This figure also contains measured data from Astley [6] on a 1.1-cm-
diameter 70-30 copper-nickel tube cathodically protected at the end to —600 mV. Although the 
predicted potentials are higher than those measured in both cases, interaction distances were 50 
diameters for the prediction, 50 for the measurements from this study, and 40 for Astley's work. 
This is excellent agreement considering the differences in the various studies. 

Titanium/Ni-Al-Bronze 

Figure 17 illustrates a potential profile predicted for a 1134-cm-diameter titanium tube 
coupled to a Ni-Al-bronze tubesheet. The MARC prediction is based on quiescent polarization 
behavior after 30 days, and the experimental measurements are from Astley's 1.46-cm-diameter 
tube with 1-m/s flow. Predicted potentials are quite different from those measured. The pre
dicted interaction distance is over 100 diameters whereas the measured distance was 60 diame
ters. These discrepancies are probably caused by a large change in conditions to a flow of 1 m/s. 
Qualitatively, a large cathode to anode area ratio is predicted, and galvanic corrosion of the 
bronze was observed to be severe. 

90-10 Copper-Nickel/Muntz 

Figure 18 shows experimental measurements on a 1.34-cm-diameter 90-10 copper-nickel 
tube at 2.1 m/s coupled to a constant potential source of —250 mV, simulating a Muntz metal 
tubesheet [ J ] . The polarization data used for the MARC prediction in the figure was at 
2.4-m/s flow for one day. The measured current distribution data are from work by Gehring 
[3-5], who did not report potential distribution. Although no direct comparisons can be made 
between predicted and compared. The predicted interaction distance and the measured dis
tance are essentially identical at about 15 diameters. In this case galvanic corrosion is limited to 
the tube entrance despite the presence of the large cathodic tube surface. 
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FIG. 18—90-10 Cu-Ni tube coupled to Muntz Metal alloy tubesheet after I day, MARC analysis. 

Prediction by the Use of Finite Element Analysis 

As described in the preceeding section, agreement between predicted and measured potential 
profiles is generally not very good. This may be due to sensitivity in the computer analysis to 
small changes in the shape of the polarization curves used for boundary conditions. The 
potential-history-dependence of passivity of some materials and the high polarization resis
tances encountered in passive regions may also have contributed to the problems with the poten
tial predictions. Also, the discrepancy may be due to the variable nature of the freely corroding 
potential of a material in seawater, which can lead to a displacement of the potential profiles, 
but seems to affect the shape of these profiles only slightly. 

On the other hand, with only a few exceptions, measured and predicted interaction distances 
were very close for the wide variety of situations studied, and two of these exceptions occurred in 
the tube/tubesheet combination where the total amount of galvanic interaction was extremely 
small because of similarity in the materials' freely corroding potentials and the passive behavior 
of these alloys in seawater. Thus the finite element technique is a good way to predict the inter
action distance down tubes, and thereby the effective area ratio of a tube/tubesheet galvanic 
couple. This was the case over a range of material combinations, exposure periods, flow veloci
ties, computer programs, and data sources. 

There is insufficient information in this study to make any statement about prediction 
accuracy for galvanic corrosion rates. 

Wagner Number Analyses 

The Wagner number [15,16] can be used to evaluate the relative degree of uniformity of 
current distribution such as galvanic current. This parameter describes the ratio of the interfa-
cial or polarization resistance, here called kinetic, to the resistance to ionic conduction in the Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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electrolyte separating the anode and the cathode, here called ohmic, as follows 

kinetic resistance 
W ^ 

ohmic resistance 

When the Wagner number gets very large, a uniform current distribution over the anode and 
cathode is promoted. When the Wagner number gets very small, a nonuniform current distri
bution is promoted. The Wagner number can be changed by modifying either the polarization 
characteristics of the anode and cathode materials involved, or the solution conductivity, or 
both, thus changing the uniformity of current distribution. 

The Wagner number analysis can be applied to primary, secondary, or tertiary current distri
bution, as shown in Table 6. For the primary case, only the solution conductivity and a charac
teristic length between anode and cathode are considered 

W = K/L 

where K is the solution conductivity, andX is a characteristic length. For secondary and tertiary 
current distribution, linear, Tafel, or concentration type polarization conditions are considered 
through the following relationship 

W = K(dE/di)i^,jL 

In the secondary current distribution case a large Tafel coefficient B or B' causes a large 
Wagner number, permitting uniformity of current distribution. In the case of tertiary current 
distribution, currents near the limiting current density promote large Wagner numbers. Fig
ures 19 and 20 show the effect of the relative size of the Wagner number on galvanic current 
distribution for both the case of an anode as the tube material and a cathode as the tube mate
rial. The exact magnitude of the galvanic current is not determined from this type of treatment. 
The quantitative solution to these types of problems requires the use of numerical methods as 
discussed above. 

Alloy 625/Ni-Al-Bronze 

Figure 21 is a schematic cathodic polarization curve for Alloy 625 in quiescent seawater. The 
anodic curve for nickel-aluminum-bronze intersects this curve in the diffusion limited region, 
which would indicate that the Wagner number of the cathodic tube should be large, approach
ing infinity. A large Wagner number should indicate current uniformity, which should result in 
a large interaction distance on Alloy 625. Observed interaction distances are in fact quite large, 
60 diameters. Under flowing conditions, the diffusion limited portion of the cathodic curve for 
Alloy 625 should occur at more electronegative potentials, causing the Wagner number at any 
given potential, and thus the resultant interaction distance to shrink. This was actually 

TABLE 6— Wagner polarization number determination. 

Current Overpotential-Current Polarization Wagner 
Distribution Relationship Resistance Term Number 

Primary 
Secondary E = Bi (linear) 
Secondary E = B' In(I'/io)(Tafel) 
Tertiary E = -RT/nFin(l - i7i,) (diffusion) 

B 
B'/i 

RT/nF I/(i, --i) 

K/L 
KB/L 

KB'liL 
KRT/nF{i, - i)L Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 19—Schematic galvanic current versus distance plot for an anode tube coupled to a cathode 
tubesheetfor various magnitudes of the Wagner polarization parameter. 

observed as the interaction distance was only 15 to 25 diameters at 2.4-m/s flow. The Wagner 
number gives a good qualitative indication in this case of the amount of tube surface that has a 
significant effect in the galvanic couple. 

90-10 Copper-Nickel I Monel Alloy 400 

The couple between a Cu-Ni tube and a Monel Alloy 400 tubesheet will result in a low Wagner 
number, as illustrated schematically in Fig. 22. This should result in galvanic current being 
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tubesheetfor various magnitudes of the Wagner polarization parameter. 
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FIG. 21—Schematic polarization plot describing galvanic corrosion behavior of Alloy 625 coupled to Ni-
Al-bronze. 
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FIG. 22—Schematic polarization plot describing galvanic corrosion behavior o/Monel 400 coupled to 90-
10 Cu-Ni. 
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limited to the entrance of the anodic tube. Low interaction distances are predicted in this case, 
but in this study the observed interaction distances are very large, 100 diameters at 120 days. 
This behavior is thought to occur as a result of the passive film formation on the anodically 
polarized 90-10 copper-nickel near the tubesheet. Thus the Wagner number was unsuccessful 
in predicting this material combination, possibly because of the use of incorrect polarization 
curves for the situation observed. 

90-10 Copper-Nickel/Zinc 

Figure 23 is the cathodic polarization and Wagner analysis of copper-nickel in quiescent 
natural seawater. A galvanic couple between a zinc anode at the position of the tubesheet and a 
Cu-Ni tube would produce a large Wagner number, since cathodic currents on the tube are near 
the limiting current density for oxygen reduction. Large interaction distances are predicted by 
large Wagner numbers and were observed at 40-50 diameters both in this study and by Astley, 
as seen in Table 5. 

Titanium /Ni-Al-Bronze 

Since titanium has similar polarization characteristics to Alloy 625, similar behavior should 
be observed with couples using titanium tubes, resulting in large interaction distances. As Table 
5 illustrates, Astley measured a large (60-diameter) interaction distance on titanium tubes 
coupled to nickel-aluminum-bronze tubesheet. The Wagner analysis was successful in predict
ing the behavior in this situation. 

90-10 Copper-Nickel/Muntz 

A Cu-Ni tube coupled to a Muntz metal or similar brass tubesheet would result in a low 
Wagner number since the cathodic current on the Cu-Ni is far below the limiting current density 
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FIG. 23—Polarization plot and Wagner polarization analysis for 90-10 Cu-Ni in quiescent seawater. 
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and the Tafel slope is modest. This is seen in Fig. 23, where the Wagner number is relatively low 
at potentials of —250 mV or above. Table 5 shows that Gehring reported only a 15 diameter 
interaction distance under these circumstances. Again the Wagner number prediction is accu
rate for this situation. 

Other Material Combinations from the Literature 

The experimental results from the literature reported in Table 2 can also be analyzed using 
the Wagner number. Following the same logic used above, a large interaction distance is pre
dicted for all studies in this table except those involving copper-nickel or brass. With no excep
tions the interaction distances were all observed to be from 60-480 diameters, in agreement with 
the prediction. The copper-nickel and brass couples all are predicted to have short interaction 
distances, and all were reported in the range of 12-35 diameters, except for one short duration 
exposure, which had a 50-diameter interaction distance. 

Prediction by the Use of Wagner Number Analysis 

The above analyses indicate how good a predictor the Wagner number is for interaction 
distance in the tube/tubesheet galvanic couple. Although quantitative prediction is not possible 
using this analysis, qualitative predictions of interaction distance appear to be quite accurate. 

Conclusions 

Quantitative predictions of galvanic corrosion by finite element methods can be extremely 
accurate in predicting distances of galvanic interaction down the inside of heat exchanger tubes 
in seawater, provided that long-term electrochemical polarization data and open circuit poten
tial behavior are carefully considered and incorporated into such analyses. Predictions of poten
tials are not very accurate because of the time dependence of open circuit corrosion potentials in 
seawater. Qualitative indications of galvanic corrosion interaction distances may be obtained 
with confidence by using Wagner number analysis. This method does not give quantitative 
data, however. 
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ABSTRACT: The test method for assessing galvanic corrosion that is described in this paper is 
applicable to bare metals. Its main advantages over existing techniques are that the results are 
quantitative and require only a short exposure period—typically 90 days—in the environment of 
interest. The test units are quite simple in concept, and experience has shown that the results are 
reliable and reproducible. Because the results are quantitative they are less subject to bias by the 
evaluator. The test units involve winding a wire of the anodic component of the galvanic couple 
onto the threads of a bolt of the cathodic member of the couple. The weight loss of the wire after a 
short exposure period relative to that of a similar wire wound onto a threaded plastic bolt gives a 
measure of the galvanic activity at any given location. The basic idea for the test unit was 
developed at Bell Telephone Laboratories over 30 years ago, but it has not achieved widespread 
acceptance as a test method. The present authors adopted the technique several years ago and 
have improved the laboratory procedures for assembling the test units and determining the weight 
losses of the wires. Many thousands of specimens have been exposed at a variety of locations 
around the world. The main emphasis in these tests was to measure the marine or industrial 
corrosivity components of the atmosphere, or both. Several technical papers have been written on 
the results of this application of the technique. In the present paper emphasis will be placed on the 
use of the technique to measure the amount of galvanic corrosion between different combinations 
of metals rather than its use to measure the corrosivity of the atmosphere. Because the work has 
been prepared by an aluminum producer, where galvanic corrosion is, naturally, a sensitive issue, 
there was emphasis on the behavior of aluminum in contact with several metals. 

KEY WORDS; atmospheric corrosion testing, galvanic corrosion, quantitative assessment 

Galvanic corrosion is the adverse influence that one metal may have on another when they are 
coupled together in any given environment. The extent of galvanic corrosion depends on the 
nature of the environment and on the metals that are involved. This study was limited to atmo
spheric environments and bare metals. Extensive work has been done by others in the study of 
the galvanic behavior of various combinations of metals particularly under conditions of immer
sion in saltwater. From this work a "galvanic series" indicating the order of the corrosion ten
dencies of the various metals has been established [ / ] . Although it was thought likely that the 
metals would behave in similar order in different industrial, rural, or other atmospheres, there 
was a need to develop a technique for obtaining a quantitative measure of the extent of galvanic 
corrosion. 

The results of work by ASTM Subcommittee VIII using riveted specimens and disks bolted 
together have been reported [2] . An ASTM test method for assessing galvanic corrosion caused 
by the atmosphere based on the use of plates is currently at the approval stage. 

Inspiration for the technique used in the present work was taken from work by Compton et al. 
[3] of Bell Laboratories. Included in their methods to obtain a quantitative assessment of the 
extent of galvanic corrosion between any two metals was a bolt and wire type galvanic couple, 

'Joint researchers, Alcan International Research Centre, P.O. Box 8400, Kingston, Ontario K7L 4Z4, 
Canada. 
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162 GALVANIC CORROSION 

which permitted weight loss determination of the anodic member (wire) of the couple. Quanti
tative data were thus obtainable for design engineers and others who might have to cope with 
various combinations of metals under different service conditions. 

At Alcan the Bell method has been developed to determine not only quantitative data on 
galvanic couples but also to characterize the corrosivity of the atmosphere at the test locations. 
Over 13 000 individual tests in various parts of the world have been carried out, and several 
technical papers have been published on this aspect of the test [4-6]. In order to avoid cum
bersome descriptions of the test it has been termed the CLIMAX test and the test units 
CLIMAX units. Xhe test period is only 90 days. Despite this short period the fact that the 
exposures are carried out in the natural environments significantly improves the credibility of 
the results. A correlation of CLIMAX data with service experience has been previously pub
lished [5] . 

Procedures 

Basic Test 

Xhe bimetallic test unit consists of fine wire, 0.89 mm (0.035 in.) tightly wound onto a 10 cm 
length of a 1.27-cm-diameter threaded rod with approximately 5 threads/cm ('/2-UNC). About 
100 cm of wire of the anodic metal of the galvanic couple are wound onto one end of about half 
the length of the rod and joined electrically to the rod at binding posts set into the rod. An 
apparatus for winding the wire ensures uniform tension. Xhis tension is maintained by tightly 
securing the ends of the wires to the two binding posts. Xhe wires are carefully weighed before 
assembly, and if any wire is snipped off during assembly it is weighed and subtracted from the 
weight. For control purposes similar wires are wound onto plastic rods. Xhe assembled 
CLIMAX units are mounted vertically in Plexiglas® holders for ease of exposure as shown in 
Fig. 1. It should be emphasized that great care is taken in cleaning the components before 
assembly and in avoiding contamination during assembly. 

Xhe units are exposed for 90 days to the weather at the location under test. Precautions are 
taken to ensure bold exposure and to avoid shelter, for example, from buildings or trees. Stan
dard record forms are completed for each site. Where possible, information is obtained on 
experience with dissimilar metal combinations in the test area. Such background information 
helps in interpreting the results of the tests. 

After the test period the units are returned to the laboratory where they are disassembled. 
Xhe wires are cleaned free of corrosion products and dirt using methods that are appropriate for 
the metals involved according to ASXM Recommended Practice for Preparing, Cleaning, and 
Evaluating Corrosion Xest Specimens (G 1). Xhe losses in weight and the "percent weight 
losses" are then calculated making suitable corrections including adjustment for the exposure 
period of 90 days, where necessary. Xhe "percent weight losses" in 90 days are termed CLIMAX 
indices in order to simplify presentation of the data. A useful feature in presenting the data as 
percent weight losses is that the results for different metals are directly comparable provided 
that the wire diameter is the same for each metal. 

Experimental Work 

Preliminary Program 

Initially an extensive program was carried out to determine the galvanic influence on 
aluminum of several common metals when exposed to marine, industrial, and rural atmo
spheres. In all cases aluminum wire (AA1050) was employed. Xhe rods were mild steel, copper, 
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FIG. 1—CLIMAT test specimens. Above: 3-unit holder. Below: components. 

lead, graphite, Monel, Type 304 stainless steel, chromium plated steel, and galvanized steel. 
Nylon rods were used for control purposes. Ten exposure sites were employed as follows: 

(1) Chebucto Head, Nova Scotia, Canada, severe marine, 
(2) Cape Beale, British Columbia, Canada, severe marine, 
(3) Kure Beach, NC, 25 m, severe marine, 
(4) Kure Beach, NC, 250 m, marine, 
(5) Durban, South Africa, marine industrial, 
(6) Halifax, Nova Scotia, Canada, industrial, 
(7) Montreal, Quebec, Canada, industrial, 
(8) Toronto, Ontario, Canada, industrial, 
(9) Vancouver, British Columbia, Canada, industrial-marine, and 

(10) Kingston, Ontario, Canada, semi-rural. 

These sites were selected because they were being used for other atmospheric exposures and 
were known to vary widely in corrosivity. 
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164 GALVANIC CORROSION 

Industrial Corrosivity 

The sensitivity of CLIMAT units for measuring small changes in the corrosivity of atmo
spheres has been used as an important tool to monitor the atmospheres around industrial 
plants, storage areas, and so forth. As just one example of this application of the test a program 
was carried out at two similar industrial plants in order to determine their effect on the environ
ment in the vicinity of the plants. Many of the buildings in the vicinity of the plants were covered 
with galvanized steel. The CLIMAT units selected for exposure at the plants and for distances 
up to 16 km in different directions were zinc wires on plastic and steel rods, and aluminum wires 
on plastic, steel, and copper rods. 

Railway Tunnel, British Columbia, Canada 

After a relatively short period of time, it was discovered that bare copper conductors in a long 
railway tunnel through the Rocky Mountains were suffering quite severe corrosion. It was 
extremely wet in the tunnel, and sulfur gases and ammonia were present. A program was 
developed to examine the interactions of different metals using the following CLIMAT units: 

(1) aluminum wire on plastic rod, 
(2) aluminum wire on Type 304 stainless steel rod, 
(3) aluminum wire on graphite rod, 
(4) zinc wire on plastic rod, 
(5) zinc wire on mild steel rod, 
(6) copper wire on plastic rod, and 
(7) copper wire on graphite rod. 

The CLIMAT units were placed at intervals through the tunnel for 90 days. 

Results 

Preliminary Program 

The CLIMAT indices (percent weight losses in 90 days) for aluminum wires wound onto mild 
steel, Type 304 stainless steel, monel, lead, copper, galvanized steel, chrome plated steel, and 
graphite rods at ten locations are shown in Figs. 2 through 9. The indices were adjusted by 
subtracting the small amount of corrosion that occurred on aluminum wires wound onto plastic 
rods at each site. Thus the results reflect the increase in the amount of corrosion caused by 
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FIG. 2—CLIMAT indices at Vancouver, British Columbia, industrial marine. 
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FIG. 3—CLIMAT indices at Chebucto Head, Nova Scotia, marine. 
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FIG. 4—CLIMAT indices at Halifax, Nova Scotia, industrial. 
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FIG. 5—CLIMAT indices at Montreal, Quebec, industrial. 
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FIG. 6—CLIMAT indices at Toronto, Ontario, industrial. 
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FIG. 7—CLIMAT indices at Kingston, Ontario, semi-rural. 
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FIG. 8—CLIMAT indices at Cape Beale, British Columbia, marine. 
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FIG. 9—CLIMAT indices at Durban, South Africa, marine and industrial. 

galvanic influences. Incidentally some of the aluminum wires broke during the exposure period, 
and it was decided to standardize on a thicker gage (0.89 mm) for all subsequent work. 

When the data on these bar graphs were studied it was obvious that marine conditions pro
duced much more galvanic corrosion than industrial conditions. Looking at Figs. 10 and 11, for 
example, for Kure Beach it is interesting to note the rapid reduction in the severity of galvanic 
corrosion in going from 25 to 250 m from the ocean. The ranking of corrosion severity by the 
cathodic member is exactly the same for the 25- and 250-m environments. It is also interesting 
that graphite and steel cause more galvanic corrosion than copper. Monel, although composed 
of 67% nickel and 31.5% copper has little galvanic influence at 250 m from the ocean. The high 
nickel content is probably responsible for this behavior. This helps explain how monel fasteners 
are frequently used successfully for joining aluminum and steel structures. 

From a practical point of view it can be appreciated that it is a valuable tool to measure how 
far inland marine influences penetrate from the ocean. Several examples of this application of 
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FIG. 10—CLIMAT indices at Kure Beach (25 m), marine. 
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FIG. 11—CI/AMr indices at Kure Beach (250 m), marine. 

the test method have been previously published [4-6]. After examining all the results it can be 
seen that mild steel causes quite severe galvanic corrosion of aluminum at all the marine sites, 
but there is negligible effect at the Toronto, Montreal, and Halifax industrial sites. Hence, 
CLIMAX units consisting of aluminum wires on steel rods are a sensitive tool for measuring 
marine influences. 

The results confirm that zinc is very compatible with aluminum in all atmospheres, in several 
cases showing that aluminum was actually cathodically protected by zinc. 

The detrimental influence of copper in all atmospheres, particularly in marine atmospheres, 
shows that copper and aluminum should not be used together without careful consideration of 
the environment. 

The good behavior of aluminum in contact with chromium plated steel in all atmospheres 
may have practical implications for this combination of metals. 

The behavior of lead is consistent with the successful application of lead washers on nails for 
fastening aluminum roofing and siding in all but severe marine atmospheres. 

Industrial Corrosivity 

The results of testing the environment around two industrial plants are shown in Fig. 12 
through 16 for aluminum and zinc wires on plastic and mild steel rods and also for aluminum 
wire on copper rods. Note that the same scale is used for all the results using aluminum wires, 
but that because of the higher weight losses of the zinc wires different scales were used. 

So far as the initial intent of the work was concerned the results showed that Plant A created 
much more pollution than Plant B and that the CLIMAT indices decreased rapidly with dis
tance from the center of the plants. As would be expected the corrosive influence was greater to 
the leeward side of the plants. The zinc wires on mild steel rods were the most sensitive to these 
particular environments. 

Railway Tunnel, British Columbia, Canada 

The results of testing aluminum wires on plastic. Type 304 stainless steel and graphite rods, 
zinc wires on plastic and mild steel rods, and copper on plastic and graphite rods are shown in 
Table 1. 

The CLIMAT data from the tunnel showed very clearly that copper was subject to severe 
corrosion caused by sulfur gases and ammonia whereas aluminum was quite resistant. The Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
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FIG. 12—Al-plastic results from Plants A and B. 
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FIG. 14—Al-Cu results from Plants A and B. 
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FIG. 15—At-plastic results from Plants A and B. 
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FIG. 16—Zn-Fe results from Plants A and B. 

results also showed that zinc behaved relatively well. Graphite did not stimulate much galvanic 
corrosion, and stainless steel demonstrated good polarization characteristics in the tunnel. 

Overall, it was possible to obtain an excellent idea of the galvanic performance of the combi
nations of metals that were of interest and also the basic behavior of zinc, copper, steel, and 
aluminum. 

Discussion 

The CLIMAT test has been shown to be an excellent method for assessing galvanic corrosion 
between two metals in the atmosphere. It is applicable whenever the anodic member of the 
couple can be produced in wire form. Sometimes a preliminary test may be necessary to estab
lish which metal is anodic. The results of tests with aluminum wire on zinc rods (Fig. 4) showed 
that zinc was anodic to aluminum by the negative index shown for the aluminum. One of the 
features of the CLIMAT test not emphasized in this paper is its sensitivity. Early unpublished 
work (Table 2) showed that the results were sufficiently reproducible so that it was decided to 
use only single units for any given location. Also it was learned that tests could be carried out 
indoors in industrial plants by weighing the wires on more sensitive balances. 

The CLIMAT numbers for galvanic corrosion do require a certain amount of interpretation. 
The data for a different 90-day period in some other season would likely consist of a different set 
of numbers. Sometimes it might be necessary to repeat the tests to take seasonal variations into 
account. However the test can always provide a clear indication of the relative galvanic behavior 
of different combinations of metals. 

This paper is presented with hope that it might stimulate interest in having the CLIMAT test 
standardized for widespread use for assessing galvanic corrosion in the atmosphere. The sim-
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TABLE 2—An example of ranges of CLIMA T indices obtained for ten replicates at each of two sites. 

Industrial Site Marine Site 
Unit Halifax, Nova Scotia Chebucto Head, Nova Scotia 

Aluminum wire on mild steel rod 1.2 to 2.0 8.9 to 11.3 
Aluminum wire on copper rod 4.0 to 4.7 12.2 to 14.4 

plicity of the test, the production of quantitative data, and the reliability of the test have much 
to recommend it. 
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ABSTRACT: Corrosion and design are synergistic. Design affects the type and amount of cor
rosion that is likely to occur, and corrosion affects the functionality of a given design. As galvanic 
corrosion can result in rapid localized attack, its effects are often severe. 

The general relationship between open circuit potential, polarization, electrolyte resistivity, 
area ratio, and galvanic corrosion is well understood by corrosion engineers but is often not con
sidered during design. Control of galvanic corrosion is most often accomplished by identifying 
probable sites for galvanic attack and either eliminating the possibility of galvanic corrosion 
through elimination of the dissimilar metals or by other means. 

Where atmospheric exposure is encountered, mitigation of galvanic effects can be accom
plished by eliminating design features that trap and hold moisture, the use of sealants, or the use 
of welded versus bolted joints. The selection of fastener materials must also consider galvanic 
compatibility. 

In applications where the surfaces subject to galvanic attack are submerged, electrical isolation 
of dissimilar metals, control of the relative anodic and cathodic areas, the use of protective 
coatings, and the application of cathodic protection should be considered. 

The technology to control galvanic corrosion is well known to corrosion engineers but is often 
not considered during the design process. It is the responsibility of corrosion engineers to insure 
that corrosion control technology is incorporated into the design process. This may be achieved 
either by education of design engineers regarding galvanic corrosion or by the inclusion of a cor
rosion engineer in the design team. 

KEY WORDS: corrosion, galvanic corrosion, corrosion prevention, design, designers, design cri
teria, value engineering 

Design and corrosion are interactive, and both affect the ability of structures or equipment to 
meet their intended use. Design can affect corrosion in many ways. Corrosion, both the type and 
extent, can affect the suitability of a given design for a specific service environment. A success
ful design is one where there is an optimum combination of those features, which result in 
reduction of corrosion with appropriate allowances for the corrosion that is likely to occur. 
Corrosion should be a consideration throughout the design process. 

As most structures and equipment are constructed of a combination of materials, there is a 
potential for the electrochemical interaction of these dissimilar materials when exposed to the 
service environment. The term "galvanic corrosion" is used to describe this electrochemical 
interaction. Galvanic corrosion is an important form of corrosive attack because it can occur at 
high rates and is often localized. Localized corrosion caused by galvanic corrosion can have 
extremely detrimental effects on function as it often occurs at joints or interfaces between com
ponents where a small amount of corrosion can have a large effect on function. 

'Metallurgist, Naval Civil Engineering Laboratory, Port Hueneme, CA 93043. 
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Galvanic Corrosion Control Technology 

Identification of potential sites for galvanic attack is fairly straightforward as is the predic
tion, at least qualitatively, of the amount and location of attack to be expected. Factors, such as 
the open circuit potential of the metals to be combined, their long-term polarization behavior, 
the effects of electrolyte resistivity, and the effect of area ratio on the rates of galvanic corrosion 
are well known at least qualitatively, and methods for their quantitative prediction appear to 
show promise [1,2]. Once the potential sites for galvanic corrosion have been located, the 
impact of the likely attack must be assessed. The most obvious method for preventing galvanic 
corrosion is to eliminate the possibility of galvanic attack by changing the materials selected so 
that the same material is used throughout the system. This is most often not practical, particu
larly for complex systems, and other methods for the mitigation of the galvanic corrosion must 
be used. 

The methods selected for the mitigation of galvanic corrosion often depend upon the service 
environment. For atmospheric exposure, the effects of galvanic corrosion are normally limited 
to the interface between the dissimilar metals or to the immediate vicinity of the interface. 
Design features that trap and hold moisture in such areas should be avoided. The use of seal
ants to eliminate the possibility of moisture entering the interface between the dissimilar metals 
or the use of gaskets to prevent direct metal to metal contacts in such situations is often success
ful in mitigating galvanic corrosion in atmosphere environments. Penetration of moisture into 
metal to metal interfaces through seal welding or the use of metallurgically bonded bi-metallic 
transition joints should also be considered where appropriate. Fasteners of material dissimilar 
to the materials being fastened together are commonly a source of galvanic corrosion in atmo
spheric environments. Through judicious selection of fastener materials, galvanic corrosion can 
often be reduced to acceptable levels and may often be further reduced through the use of 
sealants or insulating gaskets. 

Where the suspected galvanic couple is to be submerged, galvanic corrosion is likely to occur 
not only at the interface between the dissimilar metals but can be expected to occur at some 
distance from contact site. In this case, complete electrical isolation of the couple is often the 
best means of preventing galvanic attack. In many cases, particularly where there are large 
numbers of connections or where mechanical or electrical considerations make isolation 
impractical, control of relative surface areas through the application of protective coatings or 
the use of cathodic protection to mitigate the effects of galvanic corrosion may be applicable. 

Many of the papers in this symposium as well as material presented in most texts on corrosion 
are directed to these and other aspects of the prediction and control of galvanic corrosion. 
Pludek [3] has devoted an entire text to the topic of design and corrosion control. The technol
ogy to control galvanic corrosion is well known to corrosion engineers. However, the question is 
not whether corrosion engineers understand galvanic corrosion and its control but whether this 
knowledge is used in the design process. 

Integration of Galvanic Corrosion Control Technology into the Design Process 

The corrosion engineer is, or should be, responsible for implementing effective corrosion 
control measures during the design process. There are two main avenues for integrating cor
rosion control technology into the design process. The first is the inclusion of a corrosion engi
neer in the design team. The second is the education of the engineers in the design team 
regarding corrosion. The optimum solution is often a combination of the two. 

Inclusion of a corrosion engineer in the design process can be effective only if the corrosion 
engineer can communicate effectively with the other members of the design team and if the 
recommendations of the corrosion engineer are considered in an interactive manner throughout 
the entire design process. In order for the corrosion engineer to communicate effectively with 
other members of the design team it is necessary that the other members of the design team Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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know enough about corrosion to understand what the corrosion engineer is saying. This can 
often be accomplished through meetings between the corrosion engineer and a particular 
member of the design team on a case by case basis but can often be more effectively accom
plished through a more structured group training program. 

A training program of 10 to 20 h is often all that is required for most engineers to learn 
enough about corrosion technology to communicate effectively with a corrosion engineer. While 
such programs are available through a wide variety of technical societies and training groups, it 
is often more effective for the corrosion engineer to train the other members of the design team 
directly. This usually results in improved communication within the design team as a whole 
through the interaction between engineers with different fields of expertise. No matter how the 
training is accomplished, it is, or should be, the responsibility of the corrosion engineer to 
insure that all members of the design team can communicate effectively with regard to corrosion 
control. 

Education of the engineers in the design team regarding corrosion control to the level that 
they can directly integrate corrosion technology into the design process is also an effective 
means of integrating corrosion control into the design process. In general, engineering educa
tion in the fields responsible for design does not emphasize corrosion control. In many schools, 
corrosion control is not even included in the program. In some schools, corrosion control is 
offered as an elective subject, and in a few progressive schools, corrosion is included in the 
required curriculum. Overall, it is safe to assume that the education of engineers regarding 
corrosion control is inadequate. How then can engineers learn about corrosion, and who is 
responsible for their education? There are many sources for the education of engineers regard
ing corrosion including technical societies, technical training experts, and academic institu
tions. A combination of "in-house" training by a staff corrosion engineer or consultant with 
more formal training in corrosion is often the most optimum method of developing the direct 
capability within the design team to integrate corrosion control into design. 

A combination of training design team members and the inclusion of a corrosion engineer in 
the design process is often the best optimum method of integrating corrosion control technology 
into the design process. A well trained engineer will be able to identify most potential corrosion 
problems and solve many of them directly. The well trained design engineer will also be able to 
recognize those instances where further assistance from a corrosion engineer is required and will 
be able to make effective use of either a staff corrosion engineer or consultant in solving the 
problem as the description of both the problem and the possible solutions can be effectively 
communicated. 

During the design process, the recommendations of the corrosion engineer should always be 
presented in a constructive manner. The corrosion engineer should take the approach that there 
are no "bad" designs, only ones that offer an opportunity for improvement. Major redesigns to 
incorporate corrosion control are always disruptive to the design process and can be avoided 
only if corrosion control is considered early on in the design process. As galvanic corrosion is 
often associated with interfaces between dissimilar metals, it often occurs because of inadequate 
consideration of metal combinations made during the assembly of an overall system from com
ponents that are themselves adequately designed. Thus, galvanic corrosion in particular must 
be considered in all stages of design including configuration management, which considers the 
final overall assembly and interfacing between major system components. 

Conclnsions 

The technology to control galvanic corrosion is well developed but is often not effectively 
applied to engineering design. It is the professional responsibility of corrosion engineers to 
insure that corrosion control technology is effectively applied. Whatever must be accomplished 
in order to integrate the application of corrosion control technology into the design process, Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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whether it be training for the purpose of improving communications between design engineers 
and corrosion engineers or direct training of design engineers in corrosion control, is the respon
sibility of the corrosion engineer. If corrosion engineers fail to do what is necessary to insure that 
corrosion technology is effectively applied, who will? 
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ABSTRACT; Galvanic corrosion of buried external metallic surfaces can be controlled and miti
gated by proper design, installation, and maintenance of the cathodic protection system. The 
design criteria typically used by corrosion engineers have been well documented and are supported 
by successful field applications. Design considerations discussed include selecting the appropriate 
type of cathodic protection system, electrolyte resistivity, coating quality, and types of anodes 
available. 

KEY WORDS: cathodic protection, magnesium anodes, underground corrosion, underground 
corrosion control 

Corrosion is all around us. It is a phenomenon that occurs naturally, but one that can often 
be controlled once understood. "Energy cannot be created or destroyed; it may be transformed 
from one form into another, but the total amount of energy never changes" [1]. Therefore, 
energy added to iron ores during processing into finished steel products is released when the 
finished metal product is placed back in the earth. The release of this energy is called corrosion. 
The relative position of some metals in terms of the energy required to convert an ore to the 
metallic state is listed in Table 1. 

For the corrosion process to occur, four items must be present. These items are (1) an anode, 
(2) a cathode, (3) an electrolyte, and (4) a metallic path connecting the anode and cathode. 
ASTM Definitions of Terms Relating to Corrosion and Corrosion Testing (G 15) defines an 
anode as "the electrode of an electrolytic cell at which oxidation is the principal reaction. (Elec
trons flow away from the anode in the metallic path, or external circuit. It is the electrode where 
corrosion occurs and [usually where] metal ions enter solution)." Cathode is defined as "the 
electrode of an electrolytic cell at which reduction is the principal reaction. (Electrons flow 
toward the cathode in the [metallic path or] external circuit.)" An electrolyte is an ionic con
ducting substance in which the anode and cathode are immersed, and the metallic path is the 
external circuit that connects the anode to the cathode and permits the flow of electrons between 
the two. In general, if all four items are present the metal that required the most energy to 
produce will corrode at a faster rate than one that required less. 

A galvanic series of metals has been established that lists the potential of several metals and 
alloys in seawater with reference to a saturated calomel half-cell reference electrode. A practical 
galvanic series was also established that lists metal potentials normally observed in water and 
neutral soils with reference to a copper/copper sulfate reference electrode. If a metallic path is 
installed between any two metals listed in the series and the two metals are placed in the same 
electrolyte, the metal with the more negative potential will be anodic and corrode more rapidly 
whereas the less negative metal will be cathodic and corrosion will be reduced or eliminated. For 
a corrosion reaction to occur, the reaction must be thermodynamically possible. The reaction 

'Project engineer, CORRPRO Companies, Inc., P.O. Box 72187, Roselle, IL 60172. 
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TABLE I—Position of metal in terms of energy 
required to convert ore to a metallic state. 

Most energy required potassium 
magnesium 
aluminum 
zinc 
chromium 
iron 
nickel 
tin 
copper 
silver 
platinum 

Least energy required gold 

will be spontaneous if the change in energy is from a higher state to lower state as stated by 
Gibb's free energy equation [3] 

AG = -nFE 

where 

AG = the change in Gibb's free energy, 
n = number of equivalents, 
F = Faraday's constant, and 
E = cell EMF, V. 

The spontaneity of the reaction can be determined as shown in Table 2 [3]. The cell EMF is 
determined using the Nernst equation; however, the metal ion concentration is difficult to 
determine, in practical situations, especially when surface oxide films are formed. The Nernst 
equation states [3] 

E = E° + (RT/nF)\nQ 

where 

E° = EMF under standard conditions, 
R = universal gas constant, 
n = number of equivalents, 
T = temperature, K, 
F = Faraday's constant, and 
Q = quotient of metal ion concentrations. 

The practical galvanic series is quite useful when selecting materials for new construction and 
when repairing an existing structure. A typical example is the repair of an old ferrous metal pipe 

TABLE 2—Chart for determination of spontaneity 
of reaction. 

AG E Cell Reaction 

+ spontaneous 
— nonspontaneous 
0 at equilibrium Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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by installing a new ferrous metal pipe section. A metallic connection between the buried new 
and old pipes creates a galvanic corrosion cell in which the new pipe will be the corroding anode, 
the old pipe will be the protected cathode, the metallic path is the pipe itself, and the electrolyte 
is the soil. Galvanic corrosion of the new pipe will proceed. A more obvious problem is created 
when copper pipe or tubing is directly connected to steel. The steel will corrode to protect the 
copper (Table 3) [4]. In addition to bimetallic couples and the connection of old ferrous pipe to 
new ferrous pipe, corrosion cells can also be caused by dissimilar soil conditions. These dissim
ilar conditions could be created by mixtures of different soils, differences in oxygen concentra
tion, soil pH, or partial encasement in concrete. Galvanic corrosion will also occur any time a 
refined metal is placed in an electrolyte. The time to corrosion failure will vary according to the 
metal and the environment. These facts have been established and are recognized by the engi
neering community. 

Title 49 of the Code of Federal Regulations, Part 195, Subpart F requires that, "After March 
31,1973, no operator may operate a [natural gas] pipeline that has an external surface coating 
material, unless that pipeline is cathodically protected" [5]. Also, "Each operator shall, at 
intervals not exceeding 15 months, but at least once each calendar year, conduct tests on each 
underground facility in its pipeline systems that is under cathodic protection to determine 
whether the protection is adequate" [6]. 

Federal Law (P.L.) 98-616 Hazardous and Solid Waste Amendment of 1984 requires that, 
"After May 7, 1985, no person may install an underground storage tank unless: (1) it will 
prevent releases resulting from corrosion or structural failure for the life of the tank; (2) it is 
cathodically protected against corrosion, constructed of non-corrosive material, steel clad with 
non-corrosive materials, or its equivalent; and (3) the materials of the tank or liner are compat
ible with the stored substances" [7]. Galvanic corrosion of buried steel tanks will with time 
result in perforation of the tank wall. Once perforated, the stored product is free to leak into the 
surrounding environment polluting ground water and soil. Corrosion failure is costly; the public 
liability risks are even greater. These leaks can be virtually eliminated if a properly designed 
cathodic protection system is installed and maintained. 

The Federal Highway Administration has taken an aggressive stance in promoting cathodic 
protection as an economical means for mitigating galvanic corrosion of reinforcing steel in 
chloride contaminated bridge decks [8]. Many states, including Pennsylvania, New York, 

TABLE 3—Practical galvanic series typical potential normally 
observed in neutral soils and water, measured with respect to 

copper/copper sulfate reference electrode. 

Metal Volts 

Commercially pure magnesium — 1.75 
Magnesium alloy (6% Al, 3% Zn, 0.15% Mn) - 1 . 6 
Zinc - L I 
Aluminum alloy (5% zinc) — L05 
Commercially pure aluminum —0.8 
Mild steel (clean and shiny) —0.5 to —0.8 
Mild steel (rusted) - 0 . 2 to - 0 . 5 
Cast iron (not graphitized) —0.5 
Lead - 0 . 5 
Mild steel in concrete —0.2 
Copper, brass, bronze —0.2 
High silicon cast iron —0.2 
Mill scale on steel —0.2 
Carbon, graphite, coke -1-0.3 Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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Missouri, and Florida, have installed cathodic protection systems on bridge decks that were still 
structurally sound but were deteriorating due to galvanic corrosion of the reinforcing steel. 

Chicago's O'Hare International Airport, currently undergoing a billion dollar expansion pro
gram, has made cathodic protection or corrosion monitoring, or both, of all newly installed 
underground metallic structures a requirement. The decision was one of economics based on 
past history of utility failures caused by galvanic and electrolytic corrosion. 

Some Design Considerations 

If corrosion will have a detrimental impact on the environment, result in increased or unac
ceptable maintenance/repair costs, or impact the structural stability, the question becomes, 
"How do we prevent corrosion from occurring or at least slow it down to an acceptable rate?" A 
properly designed and maintained cathodic protection system can extend indefinitely the life of 
a facility. When designing a cathodic protection system several questions need to be answered. 
Among the questions are the following: 

1. What is the structure to be protected? 
2. What are the soil characteristics? (resistivity, pH, chemistry, moisture content, and so 

forth) 
3. What is the intended life of the structure and desired life of the cathodic protection 

system? 
4. What other facilities are in the area? Are the other facilities cathodically protected? If so, 

what type of system is being used? 
5. Is the structure coated with a high quality coating? 
6. How much current is required to achieve cathodic protection? 
7. What type of system should be installed? Galvanic or impressed? If an impressed current 

system is required, is AC power readily available? 
8. What time of year will construction take place? 
9. What would be the environmental impact of a corrosion failure? 
10. If the structure is existing, how was it installed? 
11. Is the structure electrically continuous? 
12. What provisions should be made to facilitate future testing? 

To provide the best suited cathodic protection system, the design engineer needs to determine 
the clients' expectations and needs. It can then be determined how the needs can best be met. 

Designing Catliodic Protection Systems 

Whether designing a cathodic protection system for new or existing structures, certain tests 
must be conducted. The results of these tests will determine which system, impressed or gal
vanic, is the best engineering choice. If the system is being designed for an existing structure, 
the first test will be to determine the amount of DC current required to achieve protection. This 
test is commonly called a current requirement test. 

Conducting a current requirement test requires several pieces of equipment. These items 
include the following: 

• temporary anode 
• direct current (DC) source current interrupter 
• hunts 
• high impedance voltmeter 
• reference electrode 
• wire reel 
• cable Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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The intent of the test is to actually install a temporary impressed current cathodic protection 
system, interrupt the current, and record both the structure to electrolyte potential at each test 
point when the current is on and off. This will provide information pertaining to electrical 
continuity and discontinuity and approximate current distribution. Polarization tests are run to 
determine how readily the structure can be polarized, and to determine how much current will 
be required to achieve cathodic protection. The results of the polarization tests and past experi
ence with similar structures will provide the designer with the information necessary to design 
an appropriate protection system. 

If the system is being designed for a new structure, several items in addition to those already 
stated must be known: 

1. Dimensions of the structure to be protected. 
2. Type of coating. 
3. Location of structure with reference to other structures. 

This information will assist the designer in determining the approximate current required. 
Table 4 [9] lists some approximate numbers. 

Soil Resistivity 

The next test to be conducted is determining the soil resistivity in the area where the cathodic 
protection anodes are to be placed. Soil resisitivity is typically measured according to ASTM 
Method for Field Measurement of Soil Resistivity Using the Werner Four-Electrode Method (G 
57). Soil resistivity is a determining factor when calculating the current output of a galvanic 
anode or the voltage required for an impressed current cathodic protection system. After the 
anode type, size, and shape is selected the resistance of the anode to earth is calculated. If the 
resistance is too high, another size and shape may be required. 

To determine the current output of a single anode installed vertically, the anode resistance-
to-earth is calculated using Dwight's equation [10] 

(O.OOSimSR) 
R, = [2.3 log(8L/d) - 1] 

TABLE 4—Approximate current requirements for cathodic 
protection of steel. 

Environment 

Sulfuric acid pickle (hot) 
Seawater 

Cook Inlet 
North Sea 
Persian Gulf 
U.S. West Coast 
Gulf of Mexico 
Indonesia 

Soil 
Poorly coated steel in soil or water 
Well coated steel in soil or water 
Very well coated steel in soil or water 

mA/ft' 

35 000 

35 to 40 
8 to 15 
7 to 10 
7 to 8 
5 to 6 
5 to 6 
1 to3 

0.1 
0.003 
0.0003 or less 

mA/m^ 

380 000 

380 to 430 
90 to 160 
80 to 110 
80 to 90 
50 to 60 
50 to 60 
10 to 30 

1.0 
0.03 
0.003 or less 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



TURNER ON CONTROLLING GALVANIC CORROSION 183 

where 

R, = resistance of vertical anode to earth, Q, 
SR = resistivity of electrolyte (or earth), fi-cm, 

L = length of anode, ft, and 
d = diameter of anode, ft. 

Similar calculations are used for determining the resistance of multiple anodes and anodes 
installed horizontally. 

For galvanic anode systems the theoretical current output for each individual anode will be 

open circuit anode potential — expected polarized potential 

anode resistance (Q) 

The total resistance is derived by adding together total anode-to-earth resistance, wire resis
tance, resistance to earth of the pipeline, and back voltage between the anodes and pipe. The 
current required is determined by conducting current requirement tests, polarization tests, or 
by calculating the total exposed surface area. The theoretical voltage required is calculated 
using Ohm's Law {E — IR). 

Soil Chemistry 

The design life of a cathodic protection system is dependent on the amount of current driven 
from the anode, and the size and composition of the anode. As a structure polarizes, less cur
rent is required from the anode to maintain the polarized potentials, and the anode life will be 
increased. Electrolyte chemistry will often determine the ease with which a structure can be 
polarized. For this reason, an analysis for substances, such as chlorides, sulfides, moisture 
content, pH, and soil moisture hardness, are often suggested. 

Electrolyte chemistry will also dictate which anode material to use. Zinc anodes are often 
used in low resistivity soils and marine environments. Aluminum anodes are used in seawater, 
but do not operate well in soil. Magnesium anodes are used in both high and low resistivity soils. 
There is no anode that is suitable for all applications. The sacrificial anode must be chosen with 
regard to its performance characteristics in a particular environment. 

Impressed Current Systems for Piping Systems in Soils 

Selecting an impressed current cathodic protection system leads us to other decisions: 

1. What type of anode material should be used? 
2. How long should the anode material last? 
3. What type of lead wire connection should be used? 
4. Should the anodes be prepackaged or bare? 
5. Is special insulation required for the lead wire? 
6. What type of rectifier should be used? 
7. What type of groundbed geometry should be used? Distributed, remote (conventional), or 

deep? 
8. Where should the groundbed be located? Is there sufficient right-of-way? 
9. Does the possibility of stray current interference exist? 
10. What type of test points and monitoring devices are needed? 

Each question results in its own investigation and analysis in order to provide the most economi
cal and practical design. 
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Impressed Current Anodes 

There are several types of impressed current anodes available to the designer. The anode 
selection must be based on the desired life of the system and the manner in which the anode will 
be installed. The most common impressed current anodes are graphite and high silicon cast 
iron. These anodes can be treated or untreated, and the lead wire can be connected to the 
longitudinal center. The anode lead wire connection is a critical factor when determining the 
useful anode life. More recent entries into the impressed current anode are the precious metal 
oxide coated rod and wire. These anodes are specified and purchased according to the desired 
current output and life of the anodes. 

Lead Wire Insulation 

All lead wire used to connect the anode to the rectifier must be installed to prevent damage to 
the insulation. Any nick in the cable insulation that exposes the wire core will allow current to 
discharge from the cable, thus causing premature failure of the cable. Once the cable is severed, 
one or more anodes (depending on where the insulation damage occurred) will no longer be a 
part of the system. This has some rather obvious ramifications. 

The typical wire and cable insulation specified for cathodic protection installations is a high 
molecular weight polyethylene (HMWPE) made to ASTM Specification for Polyethylene Plas
tics Molding and Extrusion Materials (D 1248). In severe environments, insulations, such as 
polyvinylidene fluorides or fluorpolymers, may be necessary. 

Backfill 

Special backfill material is used around impressed current anodes placed in soil. This mate
rial is low resistivity, in the range of 50.0 to 0.1 Q-cm, and consists of metallurgical or calcined 
petroleum coke. The particle size can range from dust to % in. (10 m) and larger. The backfill 
material lowers the anode-to-earth resistance and provides a homogenous environment for the 
anode. This permits uniform current distribution from the anode surface. The ionic energy 
transfer between an impressed current anode and earth theoretically takes place at the anode 
backfill earth interface and thus extends the anode life. 

Impressed current anodes can be purchased in prepackaged canisters. The canister is fab
ricated from steel of sufficient length and diameter to contain the anode and required amount of 
coke backfill. The ends of the canister are sealed with wooden or plastic plugs. The anode lead 
wire is extended through the plug at one end for connection to the rectifier or a header cable. If 
the installation procedure does not specify a prepackaged anode, the backfill material must be 
purchased separately and installed around the anode at the job site. 

Rectifiers 

Every impressed current cathodic protection system requires an external direct current power 
source to force current to flow from the anodes to the structure being protected. This direct 
current power source is provided by a rectifier. 

Rectifiers are typically powered by AC (some installations require solar power sources, wind 
generators, thermoelectric units, and so forth, because of availability of an AC power source.) 
The alternating current is rectified to direct current by diodes that allow current to flow in only 
one direction. 

Rectifiers can be purchased to meet a multitude of design parameters. They can be ordered 
with automatic potential control, constant voltage, constant current, solid state with no tap 
settings, or standard tap settings to adjust the output. These can also be supplied with a variety 
of optional features, such as lightning protection for the AC input or DC output, or both. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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indicator lights, efficiency filters, and slide out racks. Rectifiers can be air cooled, oil cooled, oil 
cooled-explosion proof, fan air cooled, or forced oil cooled. Transformers, AC input, and the 
type of cabinet to house the rectifier must also be selected. 

Because of the wide range of available components, rectifiers are normally custom built. 

Groundbed Geometry 

A groundbed in cathodic protection jargon refers to the anode(s) when they are placed in the 
earth relative to the structure being protected. Anodes can be distributed (Fig. 1), concentrated 
(Fig. 2), or a point source (Fig. 3). A point source is often termed a deep anode system. Each of 
the three systems have advantages and disadvantages, but the geometry selected is often dic
tated by existing conditions. 

A distributed anode system is most useful when protecting large surface areas, which are 
either poorly coated or bare, where shielding caused by congestion may be a problem, or where 
sufficient right-of-way is not available to accommodate a concentrated groundbed. Also a dis
tributed system is more difficult to maintain when installed in areas where future construction 
could damage the anode collector cable. The collector cable, sometimes referred to as a header 
cable, is used to connect the anode lead wires to a main cable, which is then terminated at the 
rectifier positive connection (Fig. 1). 

A concentrated groundbed is most useful on well coated structures regardless of the amount 
of surface area requiring protection. The cost of installing this type of system would probably be 
less than the equivalent distributed system. Damage resulting from future construction would 
be minimized since the anode header cable would be remote from the structure (Fig. 2). 

A point source or deep anode groundbed has many advantages over either the distributed or 
conventional groundbed designs. The system can be installed in areas where open trenches and 
excavations must be kept to a minimum and right-of-way is restricted. The location of the 
system can be close to the structure being protected when minimizing the probability of future 
damage is desirable. One disadvantage of this type system is its higher installation cost com
pared to that of concentrated groundbeds (Fig. 3). 

Galvanic Anode Systems 

A variety of galvanic anodes are available to the engineer for use in a galvanic anode cathodic 
protection system. Selection of the appropriate anode is important in order to provide a system 
that will meet the specified design life and protection levels. In addition to the questions posed 
under Design Considerations, the following questions must also be investigated: 

1. What type of anode material should be used? 
2. What size anode will give the desired system life? 

PiPELlMt 

RtCTlFIER.-
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FIG. 2—Concentrated groundbed. 

3. What geometry is best suited for the system? 
4. What electrical isolation is required to assure a properly functioning design? 
5. What type of monitoring devices and test points are necessary? 

Galvanic Anode Material 

For steel and iron structures, the choices for galvanic anodes are more limited than for the 
impressed anodes. There are three types of galvanic anodes: magnesium, zinc, and aluminum. 
Magnesium anodes are by far the most widely used galvanic anode in soil. Zinc is used in low 
resistivity soils and in seawater, whereas aluminum is used primarily in seawater or brackish 
water. 

Magnesium anodes are available in several grades, but those typically used are the high 
potential and the H-1 alloy. One of the significant differences between the two anodes is their 
solution potential. The potentials as referenced to a copper/copper sulfate reference electrode 
are approximately -1 .7 and -1 .5 V, respectively. The difference in potential between the 
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FIG. 3—Point source groundbed. 
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structure being protected and the anode, plus the soil resistivity adjacent to the anode, deter
mines the amount of current available from the anode for protection. 

Zinc anodes are more efficient than those made of magnesium, however zinc's driving voltage 
is '/3 that of the high potential magnesium. Because of this, zinc is primarily used in low resistiv
ity soils. 

Aluminum anodes will passivate if buried in soil. Therefore, they are used only in seawater 
and brackish environments. 

Geometry 

Galvanic anodes are either individually connected to the pipe being protected or placed on a 
collector (header) cable, which is then connected directly to the pipe or through a test station. 
The lead wire insulation on a galvanic anode system does not require the strength and durability 
of the impressed current anodes. This is because any nick in the galvanic anode lead wire insula
tion will normally be protected by the anode provided that the protective current reaches the 
exposed conductor. In practice, care should still be taken to preserve the integrity of the insu
lation. 

Monitoring 

Regardless of the type of protection system selected, it is important to provide a means for 
measuring performance. This is accomplished by installing test stations. A test station can be 
used to monitor several facets of a cathodic protection system. Some examples where test sta
tions prove beneficial are as follows: 

1. To monitor the actual current output of a galvanic anode and to provide means for inter
rupting their output during testing of the system effectiveness. 

2. To monitor the potential of the structure in an area that is not accessible to a portable 
reference electrode. 

3. At crossings between pipelines protected by different cathodic protection systems. 
4. To provide periodic connections to a structure, so that potential measurements can be 

made without needing to use hundreds or thousands of feet of wire. 
5. At buried insulators. 

Test stations come in a variety of sizes and shapes. The type of test station specified will need 
to endure the environment in which it is placed. 

Installation Procedures 

Once the cathodic protection system design has been accepted by the client, the system needs 
to be installed. The need for qualified technical supervision or inspection services during con
struction cannot be over emphasized. Many times a cathodic protection system installed with
out such supervision or inspection requires extensive post installation troubleshooting. The 
hours and money spent investigating and then correcting a malfunctioning system will often far 
exceed the time that would have been spent supervising the installation. Qualified technical 
supervision during installation will help assure a properly functioning cathodic protection 
system. 

Scope of Work 

The inspector will require certain information to assure that the system is being installed 
according to the design parameters. Among the required information will be the design report. 
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The design report should contain information on the anticipated anode backfill material (in this 
context, backfill refers to the soil in which the packaged anode will be buried), the structures to 
be protected and structures to be isolated, the expected coating quality, and the theoretical 
current required per square foot or pertinent current requirement calculations. With this infor
mation, the inspector or supervisor knows precisely what to expect in terms of system perfor
mance. He will also know when field conditions are encountered that were not anticipated 
during the design. 

Galvanic Anode Installation 

During new construction, galvanic anodes are often selected to provide the cathodic protec
tion. The earth in which the packaged anode is placed will determine the amount of current 
available from the anode. Galvanic anodes, installed in an electrolyte with higher resistivity 
than anticipated, will not be able to provide the amount of current required to meet the cathodic 
protection criteria. This situation is typically encountered in areas that are undercut or where 
footings are installed before pipe installations. 

Sacrificial anodes must be placed in an electrolyte whose resistivity is within the design toler
ances. 

Impressed Current Anodes 

Conditions surrounding the installation of impressed current anodes are similar to those of 
galvanic anodes. The design will be based on the impressed current anodes being placed in a 
certain resistivity environment, but because the current from impressed current anodes can be 
adjusted there is more flexibility. A significant variation in anticipated backfill will, however, 
affect the rectifier voltage output. 

Electrical Isolation 

Electrical isolation of the structure being protected is often a critical aspect of a cathodic 
protection installation. Cathodic protection systems are typically designed to protect a finite 
surface area. This surface area takes into account the quality of the coating and maintaining 
electrical isolation where needed. Failure to assure electrical isolation will increase the amount 
of surface area requiring cathodic protection. Galvanic anodes will typically not be able to 
provide the additional protective current required. Impressed current systems may have suffi
cient capacity to protect the additional surface area, but the increased current output of the 
system will have an impact of the system life. Examples of shorted conditions are as follows: 

1. Where reinforcing steel contacts underfloor piping risers. 
2. Where a cased pipe comes in metallic contact with the casing. 
3. Where above grade piping is connected to an electrical ground. 
4. Where pipe penetrates walls or manholes and comes in contact with the steel sleeve or 

reinforcing steel. 
5. At crossings between buried pipelines (often referred to as foreign line crossings). 

The possibilities are endless, but if the system is being monitored during installation, the exis
tence of such conditions can be detected and corrected before they become a serious problem. 

Electrical Continuity 

Just as electrical isolation is a necessity between protected and unprotected structures, it is 
usually imperative that the facility being designed for cathodic protection be electrically contin-
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uous throughout. Mechanical connections, bell and spigot joints, sections of buried pipes, or 
other buried metallic structures must be electrically continuous with each other if they are to be 
protected. Electrical continuity is accomplished by thermite brazing an insulated conductor 
between the structures and across each mechanical or bell and spigot joint. Failure to assure 
continuity will result in pipe not being cathodically protected or pipe that will suffer accelerated 
corrosion from electrolytic corrosion. 

When designing impressed current systems, close attention must be paid to the bond resis
tance across joints and between structures. Insufficiently sized bond cables can have the same 
effect as an electrical discontinuity. 

During the installation, continuity tests must be conducted as sections of pipe are laid and 
backfilled. Continuity tests during installation will assure that all improperly bonded joints are 
located before job completion. 

Discontinuities can be located after the installation is complete, but the task is very time 
consuming and expensive, especially if the pipe is under concrete. Having heavy equipment 
return to a job site for excavation of open bond wires is quite frustrating, costly, and 
unnecessary. 

Coating Inspection 

During transportation and handling, pipe coating often becomes damaged. Coating quality 
is an important parameter of the cathodic protection design and should be specified in the 
contract documents. If the contractor is unfamiliar with the coating material, the manufacturer 
of the field coating should be required to visit the job site and instruct the workers in the proper 
procedure for coating joints and repairing coating damage. Valves and other irregular fittings 
are typically coated with a brush applied mastic or sprayed with an epoxy coating. The need for 
proper surface preparation must be emphasized in order to assure proper bonding of the 
coating to the pipe. 

All coated pipe should be field tested to locate the areas where coating has been damaged 
during transport and handling. Coating flaws, also known as holidays, are detected using a high 
voltage, low amperage power source. The electrode of the instrument is passed over the pipe 
surface and emits an audible signal and visual spark when it passes over a coating flaw (holi
day). The damaged area must be marked and properly repaired. 

Monitoring Test Stations 

Test stations are installed to facilitate future testing of the cathodic protection system. Some 
uses for test stations are as follows: 

1. To measure the amount of current drain from one structure to the next. 
2. To determine the effectiveness of isolating flanges or dielectric unions. 
3. To determine if a cased pipeline is shorted to the casing. 
4. To provide an electrical connection to the pipe for measuring pipe-to-soil potentials. 

Test stations are an important part of a cathodic protection installation, and care must be taken 
to assure that the lead wires are not damaged during construction. This point cannot be over 
stressed when site construction is underway simultaneously with the cathodic protection instal
lation. Test wires should be protected immediately after installation, otherwise they may require 
replacement. 

Attention must also be given to the test station wiring. If permanent reference electrodes are 
installed, they must be terminated separately from all other wires. If a reference electrode is 
wired to an anode or the pipe it may be polarized to the extent that it no longer provides a useful 
means for testing. There are two basic types of test stations, flush mounted and post mounted. 
Each can be purchased with a variety of hardware. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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Conclusion 

Whether designing a cathodic protection system for an existing or new structure, several field 
tests must be conducted. The results of these tests and information obtained during conversa
tions with the client will provide the designer with the information necessary to select the 
required cathodic protection system. 

During installation, the system components must be protected from damage caused by con
struction activities. The testing agency must assure that all system components are installed 
where shown on the contract drawings, and as required in the specifications. Revisions to the 
structure layout may have a detrimental impact to the design of the cathodic protection system. 
A qualified testing agency will have the knowledge to modify the cathodic protection system to 
assure that the system meets or exceeds the specified criteria. 

Summaiy 

Corrosion is a phenomenon that occurs naturally to all metals not in their natural state. 
Corrosion can be mitigated by installing a properly designed cathodic protection system and 
maintaining the system. Tests must be conducted in order to determine which of the two ca
thodic protection systems, galvanic or impressed, is the best engineering choice. 

With proper design, installation, and maintenance, a cathodic protection system will extend 
indefinitely the life of a buried or submerged metal structure. 
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ABSTRACT; Galvanic corrosion current measurements carried out on stressed Type 301 stainless 
steel coupled to zinc at six underground test sites over a period of four years indicate that the 
galvanic current is controlled by soil resistivity or oxygen availability in the soil. In well aerated 
soils, resistivity plays a dominant role, but in poorly aerated soils, oxygen controls the corrosion 
process. Furthermore, at a certain depth, approximately 1 m, soil resistivity is strongly influenced 
by soil temperature and only slightly affected by soil moisture. Finally, Type 301 stainless steel in a 
half-hard or full-hard condition is susceptible to hydrogen embrittlement failure in soil when 
exposed to potentials capable of causing hydrogen evolution. 

KEY WORDS: corrosion, soils, galvanic corrosion, hydrogen embrittlement, metallic corrosion, 
soil resistivity, soil temperature 

It is recognized that the resistivity of a soil plays a critical role in the corrosion performance of 
a metal in an underground environment [1]. The effects of polarization resistance at the metal 
surface and electrolyte media resistance on galvanic currents have been described [2] . The 
various factors that affect soil corrosivity have also been discussed in some detail [ J ] . Many of 
these discussions include reference to the role of oxygen; however, only recently has a field study 
shown the effects of oxygen diffusion on the corrosion of metals in soil [4]. 

This study is part of a program described previously, which reported on the corrosion behav
ior of a variety of stainless steels with various treatments and conditions of exposure at six 
underground test sites [5,6]. The results of galvanically coupling several stressed stainless 
steels to iron, zinc, and magnesium in these soil environments have also been reported before 
[ 7] . However, the effect of the soil environment on these galvanically coupled specimens has 
not been described previously. This report will be limited to a description of the results of Type 
301 stainless steel coupled to zinc, but the effects described apply to all the galvanically coupled 
stainless steels in this study. The investigation, carried out over a period of four years at six 
underground test sites included examination of the behavior of two galvanically coupled and 
two uncoupled stainless steels for every system at each site. Every time that corrosion measure
ments were made, the soil environment was characterized by measurements of soil resistivity, 
soil temperature, and soil pH in the vicinity of the specimens. 

Material and Environment 

Austenitic Type 301 stainless steel was exposed in both a half-hard (HH) and a full-hard (FH) 
condition. Table 1 lists the materials and their chemical composition, and Table 2 is a summary 

'Metallurgist, Corrosion Group, National Bureau of Standards, Gaithersburg, MD 20899. 

193 

Copyright® 1988 by ASTM International www.astm.org 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.

http://www.astm.org


194 GALVANIC CORROSION 

TABLE 1—Chemical composition of stainless steels. 

Component 

Cr 
Ni 
C 
Si 

s 
p 
Mn 
Mo 

Material, 

301 HH 

17.43 
7.14 
0.10 
0.34 
0.016 
0.030 
1.02 
0.22 

wt% 

301 FH 

16.98 
7.23 
0.13 
0.54 
0.013 
0.020 
0.86 

of the mechanical properties and applied stresses. The high strength of Type 301 is obtained 
through the formation of martensite during cold rolling. The stainless steel specimens were 
galvanically coupled to a 30-cm-long zinc bar extruded over a 0.3-cm-diameter iron core. The 
diagonal dimensions of the diamond cross-sectional bar were 1.5 by 2 cm. 

The specimens were buried at six underground test sites in the United States, all of which are 
located on federally owned land. The advantages of using such grounds is that the sites are 
accessible and use of the land is closely controlled. This second factor is important for long-term 
studies of this kind. Soil properties at the six test sites are given in Table 3, and a brief descrip
tion of each of the sites follows. 

Site A 

Sagemoor sandy loam is located in an arid (annual precipitation less than 25 cm/year) section 
of the state of Washington. It is an alkaline soil with a normally high resistivity of over 10 000 
fi-cm. When water saturated however, its resistivity drops to very low values. 

Site B 

Hagerstown loam is an acid soil typical of those found in large areas of the eastern United 
States. It is a permeable soil supporting an abundant growth of vegetation. Average annual 
precipitation is 110 cm. 

Site C 

This is a clay pit with very low permeability and is located within 100 m of the ocean. The area 
has an average precipitation of 140 cm/year and is the most acid of the six sites. 

TABLE 2—Mechanical properties and applied stresses." 

Material 

301 HH 
301 FH 

Tensile 
Strength, 

ksi 

162 
203 

Yield 
Strength, 

ksi 

116 
175 

% 
Elongation 

5.08 cm 
Gage 

25 
9 

Hardness 
Rockwell 

C 

34 
44 

Applied 

% Yield 

36 
22 

Stress 

ksi 

42 
38 

"To convert from ksi to MPa, multiply by 6.9. 
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TABLE 3—Properties of soils. 

Site 

A 
B 
C 
D 
E 
G 

Soil 

Sagemoor sandy loam 
Hagerstown loam 

clay 
Lakewood sand 

coastal sand 
tidal marsh 

Location 

Toppenish, WA 
Loch Raven, MD 

Cape May, NJ 
Wildwood, NJ 
Wildwood, NJ 
Patuxent, MD 

Range ot 
Resistivity, 

fl-cm 

400 
12 600 to 37 300 

400 to 1 150 
13 800 to 57 500 
13 200 to 49 500 

400 to 15 500 

Average 
Resistivity, 

fl-cm 

32 990 
660 

33 550 
23 780 
4 520 

pH 

8.8 
5.4 + 0.27 
4.3 + 0.21 
5.6 + 0.35 
7.1 + 0.32 
5.6 + 0.77 

Site D 

Lakewood sand is a white loose sand located on the land-side of sand dunes about 4000 m 
from the ocean. The site supports a lush growth of beach grasses and brush with an average 
precipitation of 120 cm/year. 

Site E 

This coastal sand site is within 60 m of the ocean and is a typical white beach sand. It is on the 
ocean-side of the sand dunes and is occasionally under water. 

Site G 

This tidal marsh is located in an estuary along a creek that empties into the Chesapeake Bay 
near the southern tip of Maryland. The area supports a very lush growth of plants and a high 
concentration of soil bacteria. Precipitation averages 125 cm/year in this area. 

Procedure 

Specimen Preparation 

The stainless steel specimens were sheared from 0.162-cm-thick sheet. Each specimen was 
stamped with a number identifying the material, burial site, and specimen number. Those 
coupled to the zinc electrodes were 2.54 by 30.5 cm with the rolling direction parallel to the long 
axis of the specimen. An oblong hole, 0.63 by 1.3 cm, was punched near each end to allow 
bolting of the specimen in a U bend configuration. A 0.24-cm hole was drilled near one corner 
for electrical attachment of an electrical conductor providing contact to the specimen. The 
specimens were then preformed around a 3.2-cm-diameter mandrel to facilitate final stressing 
and bolting. Before final stressing, the specimens were passivated in a 30% by volume solution 
of nitric acid at 60°C for 25 min, rinsed, and dried. A 14 gage insulated copper wire was then 
soldered to the small hole by the corner of the specimen, and the solder area coated with coal tar 
epoxy. Finally, the specimens were stressed to the applied load identified in Table 2. Specimens 
that were stressed but not galvanically coupled to zinc were treated in the same manner as those 
that were galvanically coupled. 

Electrical contact to the zinc was made by soldering 14 gage insulated copper wire to the iron 
wire core and coating the solder joint. All wires were carefully labeled for identification. 
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Exposure 

At each test site, two specimens from each system were buried approximately 30 cm apart in a 
trench 0.8 m deep and 0.6 m wide. Each stainless steel specimen to be galvanically coupled was 
placed in the trench approximately 30 cm from its corresponding zinc electrode with the electri
cal leads, carefully labeled, extending above ground level. These wires were attached to wood 
posts before backfilling. After backfilling, the electrical leads were connected to terminal strips 
on the post, and the couples were then electrically connected together at the terminal strip. 

Electrical Measurements 

The galvanic current of each couple was measured every few months using a zero-impedance 
ammeter circuit [ 7] . The measurement was made by first connecting the ammeter to the two 
leads of the coupled specimens and then removing the shorting connection between the couple 
causing the current to flow through the ammeter circuit. This current measurement was useful 
in that it provided a measure of the galvanic corrosion current and the direction of current flow. 
The direction of current flow indicated which of the two electrodes was acting as a cathode or 
anode. 

Soil Measurements 

The soil was characterized each time galvanic current measurements were made at all sites 
except for Site A. This characterization took the form of soil resistivity measurements using the 
Wenner four-pin method [8], soil temperature measurements at the depth of the specimens 
using a thermocouple sheathed in a stainless steel tube, and pH measurements at the depth of 
the specimens. 

Soil resistivity measurements were made using a commercial soil resistivity meter and follow
ing the ASTM Method for Field Measurement of Soil Resistivity Using the Wenner Four-
Electrode Method (G 57). Four metal pins are inserted into the soil surface in line 1 m apart. 
The instrument is used to apply a 100-Hz alternating square wave current to the outer pins and 
measure the voltage drop across the inner pins. Soil resistivity was then calculated taking into 
consideration the pin spacing and the measured soil resistance in the manner described by 
Wenner. 

The soil temperature was measured using a thermocouple at the end of a 0.63-cm-diameter 
stainless steel probe 1 m long. The probe was inserted to the depth of the specimens, and the 
temperature was measured. 

Soil pH was measured at the sites using the ASTM Test Method for pH of Soil for Use in 
Corrosion Testing (G 51). Briefly, the sequence is as follows. First, an auger is used to bore a 
hole into the soil to the depth of the specimens. A probe, holding the electrode for measuring 
the pH (glass electrode) and a calomel electrode, is lowered into the boring, and the pH of the 
soil is measured. Temperature compensation of the equipment is set to the temperature of the 
soil. 

Results and Discussion 

The interaction of the various factors determining the extent of galvanic corrosion under
ground is certainly complex, and in this study an attempt is made at consolidating the observa
tions made over a period of four years. It is known that the potential between the galvanically 
coupled electrodes provides the driving force to the couple and is directly related to the magni
tude of the galvanic current and its direction of flow. The resistance of the soil between the 
coupled electrodes limits the amount of current that the driving potential can produce in 
accordance to Ohms law and is the reason that the average soil resistivity at a given site is an Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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important parameter. One might guess that changes in soil resistivity from day to day would 
affect the magnitude of the galvanic current. The results of this study indicate that this is gener
ally not the case. The data reveal that soil temperature plays a very important role and affects 
soil resistivity and oxygen concentration in a manner that tends to inhibit the magnitude of their 
effect on the galvanic current. Thus, as the soil temperature increases, the resistivity of the soil 
decreases, which tends to favor an increase in galvanic current. However, an increasing temper
ature also causes the solubility of oxygen in the soil to decrease, resulting in a decrease in 
galvanic current. Since oxygen controls the cathodic reaction, its availability as a soluble speci
men is critical to the rate of the corrosion reaction. The net effect of these competing processes, 
oxygen concentration versus soil resistivity, on the galvanic current is thus reduced. Indeed, the 
data reveal that changes in soil resistivity and soil temperature, with one exception, have practi
cally no effect on galvanic current. Oxygen concentration was not measured, but it is assumed 
that temperature affects its solubility in soil in the same way that it affects its solubility in water. 
That is, there is an increase of approximately 25% in dissolved oxygen with each 10°C decrease 
in temperature from 25 to 0°C [9]. 

It must be emphasized that the average soil resistivity at a given site has a very important 
effect on the galvanic corrosion observed. In general the lower the soil resistivity, the higher the 
galvanic current. This is especially true immediately after burial when oxygen is available 
because of disturbance of the soil. During this period of oxygen availability, the galvanic cur
rent is controlled by the resistivity of the soil. Figure 1 illustrates a plot of this initial galvanic 
current as a function of soil resistivity between Type 301 stainless steel and zinc at five of the 
underground corrosion test sites. The initial galvanic current measurements were made within 
48 h of burial of the specimens. An examination of this plot reveals a direct relationship between 
the soil resistivity and initial galvanic current over several decades of resistivity and current. 

As oxygen is depleted over a period of months the galvanic currents, in general, decrease. 
This effect is shown in Fig. 2 where the galvanic current for the same system at five sites is shown 
as a function of time. Note that the galvanic current at Site E decreases the most rapidly. This is 
attributed to the fact that Site E is within a few metres of the ocean in saltwater saturated sand 
with the specimens below sea level. Oxygen concentration immediately after burial is high, but 
within a few months the concentration drops causing the galvanic current also to decrease. In 
contrast to this, the galvanic current for the couple at Site D increases with time. This is attrib-

E 

s 

^ 2 

15 

10 20 30 

Soil Resistivity, KQ-cm 

FIG. 1—A plot of initial galvanic current as a function of soil resistivity at five sites illustrating that when 
oxygen is available resistivity controls the galvanic current. 
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FIG. 2—A plot of galvanic current as a function of time at the five sites showing that soil resistivity at a 
given site determines the magnitude of the galvanic current. Oxygen depletion decreases galvanic current at 
all sites except Site D where exceptionally good aeration in the presence of chloride leads to increasing 
galvanic current. 

uted to the exceptionally good aeration of this soil and the presence of chloride ions. This site is 
located within a few 100 m of the ocean with the specimens well above the waterline in sand 
where water is readily available. This figure also demonstrates the general observation that the 
low resistivity soils (Sites C and G) cause the highest galvanic currents, and the high resistivity 
soils (Sites B and D) cause low currents. 

Though soil resistivity has an important effect on galvanic current from one site to another, as 
demonstrated, changes in soil resistivity within a site over a period of time have a minimal effect 
on this current. Figure 3 is a plot of soil temperature, soil resistivity, and galvanic current versus 
time at Site B. Note that changes in galvanic current are not related to changes in soil resistivity 
in any obvious way even though resistivity changes by almost an order of magnitude. Similarly, 
the galvanic current is independent of soil temperature. However, soil temperature has a dra
matic effect on soil resistivity. Note that as the temperature increases, the resistivity decreases, 
and visa versa. These same comments can be made for the data from Site C as illustrated in 
Fig. 4. 

The results obtained at Sites E and G, illustrated in Figs. 5 and 6, also show that changes in 
soil resistivity have no obvious effect on galvanic current. This is expected in these poorly aer
ated water saturated soils located within a few metres of water. Site E is a sandy beach border
ing the Atlantic ocean, and Site G is part of an estuary where high tides bring in saltwater from 
the Atlantic ocean and low tides allow freshwater from an adjacent stream to flow to the ocean. 
In fact, both of these sites may be under water when tides are exceptionally high. The unusual 
feature of these two sites is that soil resistivity is not affected by soil temperature as observed at 
the other sites. It is not clear why this is so, but there is a strong possibility that the nature of the 
soil actually changes with time. That is, the chloride concentration of the soil may change as 
freshwater or saltwater is introduced to the sites. Sandy soil is particularly prone to leaching out 
of salts during a heavy rain resulting in an increased soil resistivity. 

Site D is unlike the other sites in that the galvanic current for couples at this location does 
show a relationship to changes in soil resistivity with time, as might be expected in this well 
aerated sand and as illustrated in Fig. 7. Corrosion at this site is not limited by oxygen avail
ability but by soil resistivity. Over the four years of exposure, the resistivity of this soil gradually 
decreased with a corresponding increase in galvanic current. Thus, of the five sites described 
only at this well aerated site were galvanic current controlled by soil resistivity. Galvanic cur-
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FIG. 3—Galvanic current, soil resistivity, and soil temperature as a function of time at Site B. 
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FIG. 4—Galvanic current, soil resistivity, and soil temperature as a function of time at Site C. 
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FIG. 5—Galvanic current, soil resistivity, and soil temperature as a function of time at Site E. 
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FIG. 6—Galvanic current, soil resistivity, and soil temperature as a function of time at Site G. 
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FIG. 7—Galvanic current, soil resistivity, and soil temperature as a function of time at Site D. 

rents at the other four sites, with relatively poor aeration, were controlled by oxygen concen
tration. 

Moisture content of the soil was not measured during the course of this project, and there is 
no doubt that moisture of the soil was changing during the four-year period of exposure. Exami
nation of the data did not reveal any changes in galvanic current or soil resistivity that could be 
attributed to seasons of the year. The number above each data point on the galvanic current 
curves (Figs. 3 through 7) corresponds to the number of the month that the measurement was 
made. 

All galvanic currents discussed here are cathodic to the stainless steel and effectively 
protected the U-bend specimens from any corrosion attack. Examination of the specimens on 
retrieval revealed that practically all the cathodically charged specimens had failed, and only 
those in an alkaline soil resisted failure. Table 4 summarizes the results of the number of fail
ures and the current density at the six sites. Of the stressed specimens that were not cathodically 
charged, not one failure occurred. 

TABLE 4—Average galvanic current and number 
of failures. 

Site 

A 
B 
C 
D 
E 
G 

301 HH 

/lA/cm^ 

2.58 
1.43 

20.0 
0.94 
1.14 

10.3 

- Zn 

Failures 

0 
2 
2 
2 
2 
2 

301 FH 

/iA/cm^ 

4.17 
1.51 

20.5 
1.23 
0.98 

14.7 

- Zn 

Failures 

0 
2 
2 
2 
2 
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These results strongly suggest that the mode of failure was by hydrogen embrittlement. The 
lack of any failures in the alkaline environment supports this since the potential of the stainless 
steel zinc couple was approximately —0.8 V versus the hydrogen electrode, which is above the 
hydrogen evolution potential for steel at a pH of 8.8. The results, as described in an earlier 
publication, show that at this higher pH, failure occurred only when the stainless steel was 
coupled to magnesium at a potential of approximately —1.3 V versus the hydrogen electrode, a 
potential well within the hydrogen evolution potential [10]. Thus, the results indicate that 
when the potential of the stainless steel specimens was sufficiently negative to cause hydrogen 
evolution, failure by hydrogen embrittlement took place. 

Summary and Conclusions 

1. In soils that are well aerated, soil resistivity has a strong influence on the magnitude of 
galvanic corrosion current. 

2. In poorly aerated soils, oxygen controls the magnitude of the galvanic corrosion current. 
3. At a depth of 1 m, the resistivity of a soil is strongly influenced by soil temperature, and 

only slightly affected by seasonal moisture changes. 
4. 301 stainless steel stressed above the yield point in a half-hard or full-hard condition is 

susceptible to hydrogen embrittlement failure in soil when exposed at potentials capable of 
causing hydrogen evolution. 
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ABSTRACT; Galvanic corrosion of several alloys has been examined before in simple acids or saH 
solutions, and good predictive capability has been achieved using numerical solution of appro
priate Tafel equations. In this paper, more complex solutions, containing an acid and an oxidiz
ing agent, are examined. Galvanic current measurements and gravimetric (weight-loss) corrosion 
measurements indicated that galvanic current measurement is not always a reliable method to 
determine the difference in corrosion rate of an alloy between the coupled and uncoupled condi
tions. Sometimes an alloy showing a cathodic current showed an increase in corrosion rate while 
another alloy showing an anodic current showed a decrease in corrosion rate. Graphical superpo
sition of polarization curves in the oxidizing solutions did result in correct prediction of galvanic 
potential and current in most cases. However, in order to predict the change in corrosion rate of an 
alloy on coupling to another, polarization curves of the coupled alloys in both the oxidizing solu
tion and the solution without the oxidizing agent have to be superimposed. 

KEY WORDS: galvanic corrosion, oxidizing solutions, acids, zero resistance ammeter, nickel-
base alloys, duplex stainless steels, titanium, graphite, austenitic stainless steels, corrosion poten
tial, polarization, current, coupling, active-passive regions 

Galvanic corrosion in corrosive media can occur in chemical and other industries because 
many alloys are used along a process stream, depending on temperature, pressure, acidity, and 
so forth. Because of a dearth of galvanic corrosion data in such environments, the corrosion 
potentials (open-circuit potentials, OCP) are often used to gage the compatibility of various 
alloys. The inadequacies of such measurements have been demonstrated amply [1-3]. In 
simple environments, for materials showing a Tafel behavior in the potential region of interest, 
it has been shown [1,4] that numerical solutions of the Tafel equations for the anode and 
cathode can be used to predict galvanic corrosion rate. However, this procedure is invalidated 
when active-passive behavior and additional redox reactions are involved. The additional redox 
reactions are often found in practical situations because of impurities such as iron from cor
rosion of steel parts. They can also be intentionally introduced in some processes. 

This paper examines the galvanic corrosion of alloys exhibiting varying degrees of active-
passive behavior in environments containing varying amounts of redox reagents. The objective 
of the paper is to determine what techniques can be used reliably to measure and predict gal
vanic corrosion under these circumstances. 

Experimental Procedures 

A potentiostat was used as a zero-resistance ammeter to determine galvanic current between 
two alloys in a solution. The alloys were polished to a 600-grit finish, degreased, dried, and 
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mounted in a Stern-Makrides holder. The solutions were purged 30 min before and during the 
test with 1-atm pressure hydrogen. The open-circuit potentials (OCPs) were determined on 
separate samples for 48 h. Gravimetric corrosion rates were also determined on these speci
mens. The specimens for the galvanic corrosion tests were similarly weighed before and after 
exposure to determine their corrosion rates. The galvanic corrosion tests were conducted for 48 
h, the potentials of the two electrodes and the galvanic current being recorded by a computer. 
Anodic and cathodic potentiodynamic polarization curves were run separately on alloys at a 
scan rate of 0.167 mV/s from the OCP. All specimens were visually inspected for crevice cor
rosion at the area of contact with the holder. In selected cases, specimens were polarized to 
various constant potentials for 48 h, and the weight-loss corrosion rates determined. All poten
tials were measured with respect to saturated calomel electrode (SCE). The alloys tested are 
shown in Table 1. All alloys were in the mill-annealed condition. 

Galvanic Corrosion Measurements 

It was shown in a previous paper [1] that, in simple acidic environments, the corrosion 
potentials (OCPs) were not good predictive tools. Similar results have been observed in the 
present investigation on more complex environments. This is illustrated in Fig. 1 where the 
difference in corrosion rate of an alloy between coupled and uncoupled condition (galvanic 
corrosion rate) is plotted against the difference in OCP between that alloy and the alloy it is 
coupled to. A variety of alloys and environments are included in this figure. There is a lack of 
correlation, not only with the magnitude of the galvanic effect, but, more surprisingly, with the 
direction of the galvanic corrosion. In some cases, the more active metal of the couple showed 
an increase in corrosion rate compared to its uncoupled state, but in other cases there was a 
decrease in corrosion rate of the active metal. Similarly, in some cases the alloy possessing a 
nobler OCP exhibited an increase in corrosion rate. These seemingly odd effects are examined 
in more detail in the following sections. 

Sulfuric Acid + Ferric Sulfate Mixtures 

The galvanic effects of a variety of alloys in 10% sulfuric acid without any ferric-ion addition 
were examined previously [1]. The weight-loss [ / ] corrosion rates of various alloys in this 
environment are shown in Table 2. In some cases, for example, Ti-2/B-2 and alloy 255/B-2 
couples, the cathodic alloy showed a reduction in corrosion rate. However, in other cases, for 
example, 304 stainless steel (SS)/alloy 255, the cathode material showed a great increase in 
corrosion rate compared to its uncoupled state. These results were explained [7 ] on the basis of 
superposition of polarization curves of the alloys coupled and on the basis of the effect of polar
ization on dissolution rate. 

If an oxidizing agent, such as, ferric sulfate, is added the OCPs of the various alloys change 
depending on the concentration of the oxidizing agent. Two levels of ferric-ion concentration 
were examined: 5.2 and 520 ppm. The galvanic effects in the boiling 10% sulfuric -I- 5.2 ppm 
ferric ion solution are shown in Table 3. The addition of 5.2 ppm ferric ion increased the OCP of 
graphite in the acid from -f-268- to +600-mV SCE. The alloy 255, which is a high chromium 
containing duplex stainless steel, also showed an increase in OCP from — 234 to +520 mV with 
the addition of 5.2-ppm ferric ions. The increase in OCP of alloy B-2, which does not passivate 
in this environment, was slight from —147 to —80 mV. The concentration of ferric ions was too 
small to shift the potential of Ti-2 into the passive region. In all these cases the OCP remained 
quite stable after an initial change. This is shown for alloys 255 and B-2 in Fig. 2. 

However, galvanic coupling of these alloys resulted in significant changes in potentials with 
time (Table 3). The galvanic potentials also seemed to depend on the initial conditions of 
immersion indicating active/passive instability in some alloys. For example, when alloys 255 Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 1—Open-circuit potentials versus galvanic compatibility of various alloys. 

and B-2 were coupled, in one test the galvanic potential shifted from — 68 to — 219 mV, whereas 
in another test, the potential shifted from —120 to —59 mV (Fig. 2). The galvanic corrosion 
rates reflected these differences (Table 3). In the first test, the corrosion rate of alloy 255 
increased from zero to 1.43 mm/year (57 mpy) whereas in the second test the corrosion rate did 

TABLE 2—Corrosion rates calculated from the 
•weight loss data of various galvanic couples in 

boiling 10% H2SO4. 

Couple 

Anode-Cathode 

Titanium-Alloy B-2 
Titanium-Alloy 255 
Titanium-AISI 304 SS 
Alloy 255—Alloy B-2 
AISI 304 SS-Alloy B-2 
AISI 304 SS-Alloy 255 
Uncoupled Alloy 255 
Uncoupled Alloy B-2 
Uncoupled 304 SS 
Uncoupled titanium 

Corrosion Rate, mpy 

Anode 

1376 
265 

1 040 
185 

6 800 
13 000 

230 
2 

2 300 
4 600 

Cathode 

3.7 
442 

25 000 
4.4 

19 
1 600 
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O - Alloy 255, OCP 

• - Alloy B-2, OCP 

• - 255/B-2 Galvanic 

I 20C-

FIG. 2—Variation of potential with time in sulfuric acid + 5.2 ppm Fe3+ solution. 

not change significantly from the OCP. The behavior of alloy B-2 was the opposite of that of 
alloy 255. The measured galvanic current density in the first test varied from —80 to +14 
/iA/cm^. The current density shifted abruptly from a cathodic current (on alloy 255) to anodic 
current at the same time the galvanic potential shifted from —152 to —219 mV (Fig. 2). These 
changes reflect the instability of the active/passive behavior in this alloy at such a low level of 
oxidizing agent. It must also be noted that the weight-loss corrosion rates are averaged over a 
period of 48 h and thus do not accurately reflect instantaneous corrosion current. In the case of 
Ti-2/B-2 couple, the shift in galvanic potential from —220 to —720 mV was much more grad
ual. Alloy B-2 was cathodic to Ti-2 and showed a decrease in corrosion rate compared to its 
corrosion rate at OCP (Table 3). In the case of alloy 255/Ti-2 couple, alloy 255 was the nobler of 
the two in OCP. However its corrosion rate increased from zero to 5.4 mm/year (216 mpy) on 
galvanic coupling in spite of the galvanic current being cathodic. Similar results were noted for 
the alloy 255/304 SS couple. This point will be amplified later. 

In the case of B-2/graphite couple, an increase in corrosion rate of alloy B-2 was anticipated 
because of the high potential of graphite compared to B-2. However, the galvanic corrosion rate 
was actually less than the OCP rate. The galvanic potential was also slightly below the OCP 
(—80 mV) in this solution but above the OCP in straight 10% sulfuric acid ( — 147 mV). 

If a much higher level of ferric ion is added, the results are different as shown in Table 4. Both 
Ti-2 and alloy 255 quickly attained high OCP indicative of stable passivity. The potential of 
alloy B-2, which does not show an active-passive transition in this environment, increased only 
slightly to —60 mV. Both Ti-2 and alloy 255 acted cathodic to alloy B-2 and showed a decrease 
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210 GALVANIC CORROSION 

in corrosion rate on coupling with alloy B-2. Coupling of alloy 255 to Ti-2 resulted in a slight 
decrease in corrosion rate of both alloys. Alloy B-2, which already showed a high corrosion rate 
in this environment, suffered a slight increase in corrosion rate on being coupled to graphite. 

Hydrochloric + Nitric Acid Mixtures 

The corrosion behavior of several Ni-base alloys in these acid mixtures have been examined 
before [5] . The addition of nitric acid to hydrochloric acid increases the OCP because of the 
high redox potential of the nitric acid reduction reaction. The higher chromium alloys generally 
show higher OCP and lower corrosion rate in the high nitric acid concentrations. At low nitric 
acid concentrations, a suitable combination of chromium and molybdenum is needed for high 
corrosion resistance [5]. Thus, alloy C-22, possessing 22% Cr and 13% Mo, performs better in 
4% hydrochloric acid (HCl) + 1% nitric acid (HNO3) solution than alloy C-276 (16% Cr and 
16% Mo) and G-30 (29.5% Cr and 5.5% Mo). The effects of galvanic coupling in these solu
tions are examined below. 

At low concentrations of nitric acid, similar to the case of low-concentration ferric ions in 
sulfuric acid, the OCP and galvanic potentials show a considerable variation with time for some 
alloys (Table 5). The OCP for alloy G-30 varied from —240 to +110 mV, indicating a slow 
passivation caused by the small amount of nitric acid addition. This is illustrated in Fig. 3. The 
OCP of alloy C-276 showed an initial rapid rise to +180 mV, then decreased to —40 mV, and 
remained constant at that potential. This decrease in OCP may indicate an unstable passivity. 
When alloys G-30 and C-276 were coupled, the galvanic potential followed the trend in OCP of 
alloy G-30 (Fig. 3). In contrast to these two alloys, alloy C-22 showed rapid passivation, with the 
OCP increasing to about +225 mV and thereafter remaining stable (Fig. 3). Coupling alloy 
C-22 to C-276 again resulted in stable galvanic potential of +250 mV after about 30 min. 
However, on coupling alloy C-22 to G-30, the galvanic potential initially followed the trend of 
the OCP of alloy G-30, but later increased to a higher potential than the OCP of G-30. 

Coupling alloy C-276 with C-22 decreased the corrosion rate of the former slightly reflecting 
the increase in potential from —40 to +250 mV. The corrosion rate of alloy C-22 increased 
slightly. Alloy C-22 would be expected to be the cathode because of its higher OCP. However, as 
seen in Table 5, the current density on the alloy is slightly anodic. Coupling alloy C-22 to G-30 
resulted in an increase in the corrosion rate of both alloys though the former is the cathodic alloy 
as indicated by the galvanic current measurement. Coupling alloy C-276 to G-30 resulted in a 
slight decrease in corrosion rate of the former while the corrosion rate of the latter was not 
affected. 

At high concentrations of nitric acid, the above patterns change quite drastically (Table 6). 
The OCPs of all three alloys were quite stable. Alloy G-30 showed the highest OCP and the 
lowest corrosion rate. Alloy C-276 showed a high corrosion rate, which did not change very 
much on galvanic coupling. Coupling alloy C-276 to C-22 resulted in a slight decrease in the 
corrosion rate of both alloys. Coupling alloy C-276 to G-30 resulted in a slight increase in cor
rosion rate of the latter even though it is cathodic. These small changes in corrosion rates may 
also be due to experimental scatter. 

Discussion 

Numerical solution of the Tafel equations cannot be attempted for the galvanic corrosion 
behavior observed in these environments because the potentials of interest are in the active/ 
passive region. Graphical superposition of the total anodic and cathodic curves has been used 
extensively in the literature [2,6]. This technique, with some modifications, will be used to 
rationalize the observed galvanic effects. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 3—Variation of potential with time in a HCl + HNOj mixture. 

Sulfuric Acid + Ferric Sulfate Solutions 

Because the presence of redox reactions can mask the underlying anodic curves, the anodic 
polarization curve in sulfuric acid without ferric ions has to be considered. The potentiody-
namic polarization curves for alloys B-2 and 255 are shown in Fig. 4. Curve lA is the polariza
tion curve for alloy 255 in boiling, 10% sulfuric acid (H2SO4). Curve 2A is the result of the 
addition of 5.2-ppm ferric ions to the acid. Note that the OCP has shifted to a more positive 
value while the passive current density has remained relatively unaffected. Curve 3A, which is in 
10% H2SO4 + 520 ppm Fe^" ,̂ is shifted further upwards. Curves 2C and 3C are the cathodic 
curves on alloy 255 in the 5.2 and 520 ppm Fê "*" solutions, respectively. They essentially reflect 
the ferric ion reduction reaction until a lower potential of about —200 mV is reached where the 
hydrogen ion reduction reaction takes over (note an inflection in curve 2C). Curves 4A and 5A 
are the anodic polarization curves for alloy B-2 in these solutions. In 10% H2SO4 solution, the 
anodic curve of alloy B-2 (not shown in the figure) essentially coincides with curve 4A. 

The galvanic corrosion between alloy 255 and B-2 in the 5.2-ppm Fe-'"'" solution would be 
expected to be predicted by the intersection of curves 2C and 4A (indicated in Fig. 4). If this 
were the case, the galvanic potential would be expected to be about —100 mV versus SCE and 
galvanic current-density about 80 fiA/cm^ on alloy B-2 ( — 80 /lA/cm^ on alloy 255). However, 
Table 3 and Fig. 2 indicate that the galvanic current density can change from —80 to +14 Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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10% H,SO, 
- ? — ^ 3 

10% H.SO, + 5 ppn Fe 

10% H,SO, + 520 ppm Fe 
2 4 

- Anodic, alloy 255 
- Cathodlc, alloy 255 
- Anodic, alloy B-2 

3+ 

Current Density (uA/cQ ) 

FIG. 4—Effect of ferric ions on the intersection of polarization curves of alloys 255 and B-2. Boiling, 10% 
H2SO4. H2purge. 0.167 mV/s. 

liA/cm^ on alloy 255. In addition, variable corrosion of alloy 255 was observed. The explanation 
for these discrepancies may lie in the underlying anodic curve of alloy 255 in 10% H2SO4 (curve 
lA). The passivation current peak in this curve depends on the scan-rate and the initial poten
tial from which the polarization curve is started. Hence at a slower scan-rate, which simulates 
the galvanic tests more closely [6] , the peak current density of curve lA may well be higher and 
may intersect curve 2C. In such a case, the intersection of the total cathodic curve (2C) with the 
total anodic curve (lA + 4A) may result in multiple intersection points. This would further 
entail a change in galvanic potential with time and initial immersion conditions. The galvanic 
current density can also shift from anodic to cathodic in such a case. Finally, because the poten
tial decreased from the passive region to the active-passive region of curve lA, an increase in 
corrosion rate of alloy 255 may be expected despite being cathodic. A classic analogy to this is 
the experiment performed by Lillie [ 7] in the 1920s on passivated iron in concentrated nitric 
acid. He found that an iron wire, passive in 60 vol% nitric acid, when activated by touching one 
end with zinc, propagated a wave of active corrosion along the wire. This was due to galvanic 
effect between the adjoining regions of passive and active iron, the former being polarized ca-
thodically into the active region and the latter anodically into passivity. 

If the ferric ion concentration was increased to 520 ppm, the galvanic corrosion would be 
predicted by the intersection of cathodic curve 3C with anodic curve 5A both of which approxi
mate closely the total anodic and cathodic curves. Note that this point of intersection is well 
away from the active-passive transition of curve lA. Hence the corrosion rate of alloy 255 would 
be expected to be low as indicated in Table 4. The galvanic potential predicted from Fig. 4 is 
about 0 mV as opposed to the measured value of —60 mV. The galvanic current density pre
dicted is 2000 ixA/cm^ whereas the measured galvanic current density decreases from 2000 to 75 
fiA/cm^. However, this may be due to the short-term nature of the polarization curves. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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The superposition of the polarization curves for alloy 255 and Ti-2 are shown in Fig. 5. Curve 
lA is the anodic curve of alloy 255 in 10% H. Curve 2A is the anodic curve of Ti-2 in 10% H + 
5.2 ppm Fê "̂ . The anodic curve of Ti-2 in 10% H (not shown here) slightly below curve 2A but 
has the same shape). Curve IC is the cathodic curve of alloy 255 in 10% H2SO4 + 5.2 ppm Fe'"*". 
The galvanic potential would be expected to be the point of intersection of curves IC and 2A, 
which is about —300 mV. This compares favorably with the measured galvanic potential of 
—250 mV shown in Table 3. The galvanic current-density predicted from Fig. 5 would be 1000 
/iA/cm^ whereas the measured galvanic current-density varied from 1100 to 630 f̂ A/cm^ The 
short time periods of the polarization-curve data may account for this difference. More signifi
cantly, alloy 255 showed an increase in corrosion rate from 0 to 5.4 mm/year (216 mpy) despite 
being a cathode. Referring to Fig. 5, the galvanic potential is at or slightly below the passivation 
peak of alloy 255 in 10% H2SO4 (curve lA). Hence at this potential alloy 255 can be expected to 
corrode at higher rate than at -f520 mV, which is in the passive region. Thus while the super
position of polarization curves in the ferric-ion containing solution will predict galvanic poten
tial and current-density, the actual corrosion rate of the anode or cathode can be predicted only 
by knowing the polarization behavior in the acid without ferric ion. The corrosion rate of Ti-2 
decreased on galvanic coupling because the potential was shifted upward from —650 to —250 
mV into the transition region. 

If the Fê "*" concentration is increased to 520 ppm, the cathodic reactions on alloy 255 and 
Ti-2 are represented by curves 2C and 3C, respectively (Fig. 5). Curve 3A is the anodic curve for 
Ti-2 in this solution. The anodic curve for alloy 255 is higher and is not considered here. The 
galvanic potential is given essentially by the intersection of curves 2C and 3A since curve 3C 
makes only negligible contribution to the total cathodic curve. The predicted galvanic potential 
in this case is about 450 mV and compares fairly well with the measured potential of 520 mV 
(Table 4). The predicted galvanic current density of about 11 /iA/cm^ agrees well with the 

Boillns 

2A, 
IC, 

_ 

lA 
3A 
2C 
3C 

., - 1 n"< II sn, T 
- 10% inSO, + 5 ppm Fe 

2 ^ 3+ 
- 10% H^SO, + 520 ppm Fe 

- Anodic, alloy 255 
- Anodic, Titanium 
- Cathodic, alloy 255 
- Cathodic, Titanium 

2 
Current Density (uA/cm ) 

FIG. 5—Effect of ferric ions on the intersection of polarization curves of alloy 255 and titanium in boiling 
sulfuric acid. H2purge. 0.167mV/s. 
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216 GALVANIC CORROSION 

measured current density of 10 /tA/cm^ (Table 4). The corrosion rate of both alloys are low 
because the galvanic potential is well within the passive region for both alloys in 10% sulfuric 
acid (curves lA and 2A). 

Hydrochloric + Nitric Acid Mixtures 

In these mixtures, it is instructive to examine the high concentrations of nitric acid first, as 
the behavior is more simple. The polarization curves for alloys C-276 and G-30 are shown in 
Fig. 6. Curves lA and IC are the anodic and cathodic polarization curves in 3.7% HCl at 90° 
for alloy C-276. Addition of 33% HNO3 shifted both the anodic and cathodic curves of this alloy 
to 2A and 2C, respectively. Curves 3C and 3A are the cathodic and anodic curves of alloy G-30 
in the 3.7% HCl + 33.3% HNO3 mixture. The anodic curve of alloy G-30 in 3.7% HCl is not 
considered here because it is below the curve 1A and hence is not expected to contribute signifi
cantly to the total anodic curve. The galvanic potential in this case is given by the intersection of 
curve 2A with the sum of curves 2C and 3C, curve 3A being too high to contribute to the total 
anodic curve. This predicted galvanic potential (Fig. 6) of about 500 mV is close to the mea
sured value of 470 mV (Table 6). The predicted galvanic current of 100 iiA/crn^ also agrees well 
with the measured current-density (Table 6) if the time dependency of the polarization curve is 
taken into account. The corrosion rate of alloy C-276 in the coupled condition is not signifi
cantly different from that in the open-circuit condition (Table 6), and this can also be under
stood from Fig. 6 because the galvanic potential is close to OCP and falls within the passive 
region of curve lA. Indeed, corrosion rate of alloy C-276 in this environment is relatively con
stant at potentials ± 150 mV from the OCP as indicated by Fig. 7. 

The galvanic behavior of C-22/C-276 couple can be deduced along similar lines of argument. 
As shown in Fig. 8, the predicted galvanic potential of about 490 mV is close to that observed 

_ j — 

10 10 

_ - 3.7% HCl 

.. - 3.7% UCl + 33.3% UNO 

U\ - C-276, anodic 
2ii - C-276, anodic 
3A - G-30, anodic 
IC - C-276, cathodic 
2C - C-276, cathodic 
3C - G-30 cathodic 

J I I 1 I I I 

Current Density, uA/cm 

FIG. 6—Superposition of polarization curves of alloys C-276 and G-30 in acid solutions. H2purge. 0.167 
mV/s. Temperature = 90''C. 
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A3.7% HCI • 33% HNO3 t o . 
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FIG. 7—Effect of polarization on actual (weight-loss) corrosion rate of alloy C-276 in UNO} + HCI 
mixture at 90°C (24-h test). 

- 3.7% UCl 

3.77. HCl+33.3% UNO 

lA - C-276, anodic 
2A - C-276, anodic 
3A - C-22, anodic 
IC - C-276, cathodlc 
2C - C-276, cathodlc 
30 - C-22, cathodlc 

Current Density CuA/cm ) 

FIG. 8—Superposition of polarization curves of alloys C-276 and C-22 nitric + hydrochloric acid solu
tions. H2purge. 0.167mV/s. Temperature = 90°C. 
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(Table 6). The predicted galvanic current density is 100 /iA/cm^ which is somewhat higher than 
the observed current density of 65 to 35 jiA/cm^ 

When one considers the galvanic behavior in the more dilute nitric acid solution, the super
position of curves becomes more complicated as indicated in Fig. 9. Here curves lA and 2A are 
the anodic polarization curves of alloys G-30 and C-276, respectively, in 3.7% HCl. Curves 3A 
and 4A are the anodic curves of C-276 and G-30, respectively, in the 4.3% HCl + 0.98% HNO3 
solution. Note that for alloy G-30 there is not only an upward shift in OCP but also an extension 
of the passive region on addition of nitric acid. On the other hand, in alloy C-276, which, owing 
to its high molybdenum content, shows an extensive passive region even in 3.7% HCl, the addi
tion of nitric acid merely shifts the OCP to a more positive value. Curve IC is the cathodic curve 
of alloy G-30 in 4.3% HCl + 0.98% HNO3. In this case, the galvanic potential can not be 
predicted by the intersection of the cathodic curve IC of alloy G-30 with the anodic curve of 
C-276, 4A, because it is below the anodic curve. It seems that, in this system, where alloy G-30 
shows a rather unstable passivity, galvanic potential is predicted by intersection of curve IC 
with curve lA + 2A. Thus, the galvanic potential is expected to change with time from 0 to 
— 230 mV, which is similar to the observed potential changes in Table 5. 

The galvanic current-density predicted from Fig. 9 would range from about 700 to 40 
^A/cm^, but the direction of this galvanic current is exactly opposite of what is observed (Table 
5). Superposition of alloys C-22 and G-30 also leads to the same type of results. Further work is 
needed in understanding the time dependency of polarization curves in this solution. 

Conclusions 

The galvanic corrosion of a number of alloys exhibiting varying degrees of active-passive 
behavior was investigated in two different acids with oxidizing agents. It was found that open-
circuit potential measurements do not indicate correctly either the magnitude or the direction of 
galvanic corrosion. Superposition of appropriate anodic and cathodic polarization curves en-
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FIG. 9—Superposition of polarization curves of alloys G-30 and C-276 in a nitric -\- hydrochloric acid 
mixture. Hjpurge. 0.167mV/s. Temperature = 90°C. 
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abled correct prediction of galvanic potential and current-density in most cases. More impor
tantly however, the change in dissolution rate on galvanic coupling could not be predicted by 
this technique in many cases. In such cases, not only did the polarization curves in the oxidizing 
acids have to be considered but also the polarization behavior in the acid without oxidizing 
agents. Measuring galvanic current density alone did not lead to correct prediction of the 
change in dissolution rate of the alloys in these solutions. Weight-loss measurements were 
needed to supplement the galvanic current data. When low concentrations of nitric acid were 
present, considerable instability in polarization and galvanic corrosion behavior was observed 
and superposition of polarization curves did not lead to successful prediction. 
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ABSTRACT: The effect on corrosion of composition and microstructure in a series of Fe-Cr-
10%Ni alloys with increasing chromium content has been investigated in reducing acids. In the 
range of 25 to 35% chromium there is a wide variation in the relative amounts of ferrite and 
austenite. In reducing acids (H2SO4 and HCl) there is preferential attack on the ferrite phases. 
However, the rate of attack on ferrite is considerably greater than expected on the basis of its 
chromium and nickel contents alone. This is because corrosion on the ferrite phase is significantly 
increased by galvanic action with the austenite in the microstructure. This galvanic effect is a 
function of the relative surface areas of the ferrite (anode) and the austenite (cathode). 

Previous investigators have derived equations for the effect of relative surface areas of anodes 
and cathodes on galvanic corrosion of two dissimilar metals in the form of parallel sheets of con
stant composition. However, in the alloys of this investigation there are simultaneous changes, not 
only in the areas of ferrite and austenite, but also in the compositions of these two phases. In the 
analysis of the data on the Fe-Cr-10%Ni alloys, the mathematical treatment developed for relative 
areas with constant compositions has been used to separate this factor from that of the varying 
composition of ferrite and austenite. The results may contribute to an understanding of the action 
of duplex microstructures in castings, weldmetal, and duplex stainless steels when these are 
exposed to reducing acids during pickling and plant service. 

KEY WORDS: galvanic corrosion, duplex alloys, austenite, ferrite, reducing acids 

In a study of the effect of chromium content on the corrosion resistance of Fe-Cr-10% alloys 
in boiling l.O N sulfuric acid (H2SO4), it was found that corrosion rates were a function of the 
microstructure [ 7 ] . As the chromium content is increased in the range of 20 to 40%, the micro-
structure changes from pure austenite to austenite/ferrite duplex and then to pure ferrite. In 
the austenite/ferrite duplex structures, the ferrite phase is preferentially attacked. The differ
ence in corrosion rates of austenite and ferrite phases suggests that there may also be galvanic 
action between these phases. Several investigators [2-5] have discussed the theory of galvanic 
corrosion in terms of the effect of cathode/anode surface-area ratios for two different metals of 
constant composition in the form of parallel plates of the same shape. It is the purpose of this 
study to investigate the applicability of macro-galvanic corrosion theory to the dissolution of 
microstructures consisting of austenite and ferrite whose volume fractions and compositions are 
changing simultaneously. 

Experimental Procedures 

A series of high purity laboratory heats of Fe-Cr-10%Ni alloys was made for this investigation 
(Table 1). The carbon and nitrogen contents were very low; therefore, their effects on both the 
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Chemical Engineering, University of Delaware, Newark, DE 19716. 
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TABLE I—Chemical analyses of Fe-Cr-10%Ni alloys. 

Alloy 

20%Cr 
25%Cr 
27%Cr 
28%Cr 
29%Cr 
32%Cr 
35%Cr 
40%Cr 

Cr 

19.99 
24.20 
27.00 
28.00 
29.00 
32.00 
34.87 
40.00 

Analysis, 

Ni 

9.86 
11.85 
10.00 
10.00 
10.00 
10.00 
9.75 

10.00 

wt% 

C 

0.006 
0.003 

nd 
nd 
nd 
nd 

0.004 
nd 

N 

0.033 
0.004 

nd 
nd 
nd 
nd 

0.004 
nd 

microstructure and corrosion resistance may be ignored. There was no intergranular attack in 
any of the corrosion tests of this investigation. In order to study the effect of heat treatment on 
microstructure and corrosion resistance, specimens were heated at 1066, 1200, and 1350°C 
(Table 2). The microstructures were examined on a light microscope and analyzed by scanning 
electron microscope (SEM) and an energy dispersive spectrometer (EDS) to determine the 
chemical compositions of the various phases. 

Immersion Tests 

Corrosion rates were determined from weight-loss measurements in boiling 1.0 iV H2SO4. 
Specimens, 1 by 0.5 by 0.1 in. (25.4 by 12.7 by 2.5 mm), were cut from mill-annealed sheets of 
the laboratory heats. Heat treatments were carried out in a three-zone Lindberg furnace in the 
presence of argon gas. All heat treatments were for 2 h followed by a water quench. The speci
mens were polished to a 6-/im finish, rinsed in distilled water and acetone. Their weight and 
dimensions were then measured. Corrosion tests were made in 1-L Erlenmeyer flasks with an 
Allihn drip tip condenser. The specimens were held in a glass cradle with several holes to permit 
circulation of the acid solution. Specimens with chromium contents higher than 25% were 
passive in the boiling 1.0 iV H2SO4 solution. Contact with an iron rod was used to activate these 
specimens. After 4 min of immersion, which seems to be the optimum time interval for appre
ciable weight-loss without too much change in the austenite/ferrite surface-area ratios, the 
specimens were taken out, rinsed in distilled water and acetone, dried, and weighed. 

TABLE 2—Analyses of a and y in Duplex Fe-Cr-10%Ni alloys treated at I066°C. 

Alloy 

25% Cr 
27% Cr 
29% Cr 
32% Cr 
35% Cr 

Austenite 

Cr 

23.3 
23.7 
25.0 
26.0 
26.2 

(7) 

Ni 

12.4 
12.8 
12.7 
14.3 
15.4 

Concentration , wt%'' 

Ferrite (a) 

Cr 

32.5 
32.9 
34.9 
36.8 
37.7 

Ni 

6.5 
6.9 
6.6 
7.3 
8.4 

A = a 

Cr 

-1-9.2 
-1-9.2 
-1-9.9 

-1-10.8 
-1-11.5 

- T 

Ni 

- 5 . 9 
- 5 . 9 
- 6 . 1 
- 7 . 0 
- 7 . 0 

"Determined by EDS analysis. 
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222 GALVANIC CORROSION 

Metallographic Examination 

After the immersion tests, the specimens were examined on a metallograph for identification 
of preferential attack. For SEM and EDS analyses, the specimens were polished to a (y-ixm 
surface finish and then electrolytically etched in 10% solution of oxalic acid at room tempera
ture to delineate the grain boundaries. Both the line-scan and spot analysis techniques were 
used to determine the compositions (iron, chromium, and nickel) of the austenite and ferrite in 
the duplex structures. 

Results 

Figure 1 shows concentration profiles for iron, chromium, and nickel in an austenite island 
and in the ferrite matrix for the Fe-35%Cr-10%Ni alloy. While the austenite island has 15.4% 
nickel, which is 7.3% higher than that in the ferrite matrix, it has only 26.2% chromium, which 
is 11.5% lower than that in the ferrite. The variation in the concentration of iron between 
ferrite, 54.1%, and austenite, 58.4%, is relatively small. 

Table 2 summarizes the results of EDS analyses and gives the concentrations of chromium 
and nickel in the austenite and the corresponding ferrite phases for all alloys. Note that the 
ferrite has about 9% higher chromium, but 6% lower nickel than the corresponding austenite. 
The composition data for 1066°C have been plotted (Fig. 2) on a phase diagram for the 

— 58 .4% 
— 54.1 % 

37.7 % 

26.2 % 

>K'vr. 
Ni '*lrfS4CV,V •M fftlMn^^mis 

15.4% 

8.1 % 

FIG. 1—Concentration profiles for iron, chromium, and nickel in duplex Fe-35%Cr-10%Ni alloys. 
Specimen heated 2 h at I066°C: SEM X2500: oxalic acid etch, austenite islands in ferrite matrix. 
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Cr 
• BULK CONCENTRATION 

0 COMPOSITIONS OF yAND a 

1100 C ISOTHERMS 

0.5 Ni 

FIG. 2—Equilibrium phases in Fe-Cr-Ni alloys at 1066°C (I100°C isotherms obtained from Metals 
Handbook [6] A 

Fe-Cr-Ni ternary system at 1100°C taken from the Metals Handbook [6]. Even though there is 
a 34°C difference between our data at 1066°C and the equilibrium diagram at 1100°C, Fig. 2 
shows that there is good agreement between our data and the diagram. 

The volume fraction of ferrite/, which is equal to the surface-area fraction of the ferrite on a 
cross section [ 7] , can be calculated from the tie lines connecting the equilibrium concentra
tions of the austenite and the corresponding ferrite. Assuming that the densities of the austenite 
and the ferrite are equal, then, by a mass balance, the volume fraction of the ferrite can be 
calculated by the following equation 

/cr + (i-/)cj = c? (1) 
where Cf and C] are the weight-percentages of alloying element /, iron, chromium, or nickel, in 
the ferrite and the austenite, respectively; and C* is the bulk concentration of the rth component 
in weight percent. The calculated volume fractions of ferrite are listed in Table 3. 

Ferrite is more stable at higher temperatures. Thus, as the temperature of heat treatment is 
raised from 1066 to 1200°C, more ferrite is formed. As a result, for alloys with chromium 
contents between 32 and 35%, the duplex structure converts to pure ferrite at this temperature. 
For chromium contents between 25 to 29%, the structure remains in the duplex range and the 
volume fraction of ferrite increases. These volume fractions of ferrite, as estimated on photomi
crographs by linear analysis, are also listed in Table 3. At an even higher temperature, 1350°C, 
alloys with chromium contents of 27% or more are pure ferrite. 

Thus, the microstructures of Fe-Cr-10%Ni alloys are a function of the chromium contents 
and the temperatures of heat treatments. The volume fractions of ferrite in duplex structures 
increase with increasing chromium content and temperature of heat treatment, as shown in 
Fig. 3. 

The corrosion rates of the alloys depend not only on the chromium contents but also on the 
microstructures (Fig. 4). The corrosion rate of the Fe-20%Cr-10%Ni alloy, which has a pure 
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224 GALVANIC CORROSION 

TABLE 3—Effect of chromium content and annealing temperature on the 
microstructures of Fe-Cr-10%Ni alloys. 

Structure: Surface Area (or volume), % 

Annealing Temperature 

Alloy 

20%Cr 
25%Cr 
27%Cr 
28%Cr 
29%Cr 
32%Cr 
35%Cr 
40%Cr 

1066°C" 

a 

0.0 
9.5 

29.0 
47.3 
42.1 
58.5 
84.3 

100.0 

7 

100.0 
90.5 
71.0 
52.7 
57.9 
41.5 
15.7 
0.0 

1200°C 

a 

0.0 
23.5 
54.0 
76.7 
73.2 

100.0 
100.0 
100.0 

b 

1 

100.0 
76.5 
46.0 
23.3 
26.8 
0.0 
0.0 
0.0 

1350°C 

a 7 

100.0 0.0 

100.0 0.0 

"Calculated by Eq 1 from EDS analysis. 
'Calculated by linear analysis from photomicrographs. 
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1200 ' C 
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FIG. 3—Effects of chromium content and annealing temperature on the surface-area fraction offerrite 
in Fe-Cr-10%Ni alloys. 
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FIG. 4—Effect of chromium content and annealing temperature on corrosion of Fe-Cr-10%Ni alloys in 
boiling 1.0 N sulfuric acid. 

austenitic structure, is very low regardless of the heat treatments. When the chromium content 
exceeds 20% and there is ferrite formation, the corrosion rates increase, particularly for speci
mens heat treated at 1066°C. They reach a maximum for the alloy with about 32% chromium, 
which has 58.5% ferrite. Above 32% chromium, corrosion rates decrease with further increases 
of chromium content up to 40%. In the austenite/ferrite duplex structures, high corrosion rates 
are a result of preferential attack on ferrite. The austenite is essentially free of attack (Fig. 5). 

As the temperature of heat treatment is raised from 1066 to 1200°C, the microstructures of 
alloys with chromium contents higher than 32% are converted to pure ferrite. Heating at 
1350°C produces pure ferrite in alloys with chromium content higher than 27%. The corrosion 
rates of the specimens that are pure ferrite are all relatively low. The maximum for specimens 
heated at 1200°C is only 2.5 g/dmVh. It occurs at 27% chromium and 54% ferrite (Fig. 4). 

In the completely ferritic Fe-Cr-10%Ni alloys, the corrosion rates increase with increasing 
chromium content (dotted line in Fig. 4). If the microstructure does not change with tem
perature, the corrosion rate is essentially independent of the temperature. For example, the 
corrosion rates of the completely ferritic Fe-40%Cr-10%Ni alloy and completely austenitic Fe-
20%Cr-10%Ni alloy remain constant as the temperature of heat treatment is raised from 1066 
to 1200°C. Thus, even though in duplex structures attack occurs preferentially on the ferrite 
phase, alloys that are 100% ferrite or which have more than 60% ferrite have relatively low 
corrosion rates. This suggests that the presence of austenite in the microstructure increases the 
rate of dissolution of the ferrite phase. However, this effect of microstructure is much greater for 
specimens heated at 1066°C than for those heated at 1200°C. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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Discussion 

Figures 5 and 6 show that the high corrosion rates of duplex structures are a result of prefer
ential attack on ferrite in boiling 1.0 iV sulfuric acid, that is, there is essentially no attack on 
austenite and the polishing lines can still be seen. Two possible reasons may account for this: 

(1) the concentration effect, that is, the high chromium and low nickel contents in ferrite 
increase its corrosion rate and 

(2) the galvanic effect, caused by the composition difference between the austenite and the 
ferrite phases, which increases the corrosion rate of the ferrite and decreases that of the aus
tenite. 

It is known [1,8] that addition of chromium to either Fe-Cr alloys or Fe-Cr-10%Ni alloys 
having completely ferritic structures increases corrosion rates in boiling l.O N sulfuric acid. In 
the case of the alloys with 10% nickel, corrosion rates are all much lower than those of the Fe-Cr 
alloys (Fig. 7). Thus, increases in chromium and decreases in nickel contents of ferrite phases in 
duplex structures increase their corrosion rates in boiling 1.0 N sulfuric acid. Because there is 
almost no corrosion of austenite in the duplex structure, the corrosion rate of the ferrite can be 
estimated by dividing the average corrosion rate by the surface-area fraction of the ferrite 
(assuming that all the weight-loss comes from dissolution of the ferrite). This has been done in 
Fig. 7 for the curve "ferrite in duplex Fe-Cr-10%Ni." Note that in four cases ferrite in duplex 
structures has corrosion rates even higher than those of the nickel-free Fe-Cr alloys. Because the 

4. ^ * * ^ y 

^m'k:^ 

FIG. 5—Effect of microstructure of duplex Fe-Cr-10%Ni alloys on their corrosion in boiling 1.0 N 
H2SO4. Specimen heated 2 h at 1066°C, 4-min exposure, X400. Surface area fractions were calculated 
from EDS analysis, (a) Fe-20%Cr-IO%, 0% a. (b) Fe-25%Cr-lO%Ni, 9.5% a. (c) Fe-27%Cr-10%Ni. 
29.0% a. (i) Fe-28%Cr-10%Ni, 47.3% a. 
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FIG. 6—Effect of microstructure of duplex Fe-Cr-10%Ni alloys on their corrosion in boiling 1.0 N 
H2SO4. Specimens heated 2 h at 1066°C. 4-min exposure, X400. Surface area fractions were calculated 
from EDS analysis, (a) Fe-29%Cr-10%Ni. 42.1% a. (b) Fe-32%Cr-10%Ni, 58.5% a. (c) Fe-
35%Cr-10%Ni. 84.3% a. (d) Fe-40%Cr-10%Ni. 100% a. 

ferrite phases in the duplex region have about 6 to 8% nickel (Table 3), their individual cor
rosion rates should fall between the curves of Fe-Cr and ferritic Fe-Cr-10%Ni alloys. Alloy 
concentration effects alone are not likely to cause such high corrosion rates in duplex structures. 
Thus, there must be some other reason for the high corrosion rates of the ferrite phases. 

The corrosion potentials of iron, chromium, and nickel in l.O^sulfuric acid are in the order: 
f̂ orr < £'corr < E^m [ ̂  ] • It secms reasouable to assume that the high chromium and low nickel 
contents in ferrite make it anodic to the corresponding austenite with its lower chromium but 
higher nickel contents. The resulting galvanic effect would be expected to increase the corrosion 
rates of ferrite phases and, perhaps, to decrease the dissolution of austenite phases. This 
assumption is supported by galvanic currents measured between Type 304 (18%Cr-8%Ni) and 
Type 430 (16%Cr) stainless alloys exposed in boiling 1.0 A'' sulfuric acid [1] and between ferri
tic Fe-5%Ni and austenitic Fe-60%Ni alloys in 0.001 and 10.0 Â  sulfuric acid as reported by 
Economy et al. [9] . 

A schematic polarization diagram for galvanic corrosion of duplex Fe-Cr-10%Ni alloys in 
boiling I.ON sulfuric acid is shown in Fig. 8. Here, it is assumed that the only significant anodic 
reaction is the dissolution of ferrite, and the only significant cathodic reaction is the reduction of 
hydrogen ions on austenite. Both assumptions are not entirely correct when the surface-area 
fraction of ferrite is close to 1, and the reduction of hydrogen ions in local cells on ferrite has to 
be taken into account. Also, as shown in Figs. 5 and 6, there is some attack on the austenite 
phases. Nevertheless, the assumptions may be useful as a first approximation. 
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FIG. 7—Comparison between the corrosion rate ofFe-Cr and Ferritic Fe-Cr-10%Ni alloys and ferrite in 
duplex Fe-Cr-10%Ni alloys in boiling /.ON sulfuric acid. 
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FIG. 8—Schematic polarization diagram for galvanic corrosion of duplex Fe-Cr-10%Ni alloys in boiling 
1.0 N sulfuric acid. 
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If both the anodic and the cathodic reactions are under activation-polarization control, the 
intersection of these two polarization curves (Fig. 8) gives the galvanic corrosion potential Eg, 
and the galvanic corrosion current density C. Stern [2] and Mansfeld [3] have provided a 
mathematical analysis for the effect of anode and cathode surface areas on galvanic corrosion. 
For this treatment, they assumed two dissimilar metals of constant composition in the form of 
macroscopic parallel plates with various ratios of the surface areas of the cathode and the 
anode. 

E, = W:E:^ + &iE:^)f(&: + /??) + &:&:/(&: + m (log ^ - ^ + log %^) (2) 

logC = M l o g ^ - — ^ + ; V (3) 

where 

M = ^:m: + n̂ (4) 

iV = M log Ĵ orr + (1 - M ) l 0 g C „ + (ELrr " ^ ^ J / C ^ , " + fil) (5) 

In the following discussion this mathematical treatment is applied to the microstructures of the 
Fe-Cr-10%Ni alloys in which the ferrite and austenite component are about 20 /̂ m in diameter, 
(Figs. 5 and 6) and in which both the area ratios and the compositions of these phases vary with 
the alloy composition. The constant M can be calculated by Eq 4 from the Tafel slopes of the 
anodic and cathodic reactions. It has been found [/ ] that fi] is about 120 mV/decade for a wide 
range of materials, including stainless steels of various compositions. The constant fil for the 
anodic metal dissolution reaction has been found [/ ] to be 40 mV/decade for a wide range of 
stainless steels. Thus, it may be assumed that these values remain constant for various composi
tions of ferrite and austenite in the microstructures of the alloys of this investigation. When 
these values are substituted in Eq 4 above, M is found to be 0.75. The constant N, given by Eq 5, 
varies with the composition of ferrite and austenite, which also determines the free corrosion 
potentials, E'^on and El^, and the free corrosion current densities, ^corr and j7orr. of the ferrite 
and the corresponding austenite phases. Thus, the first term in Eq 3 is the effect of the surface-
area ratio on the galvanic corrosion current density, and the second term N reflects the effect of 
changing composition of the two phases. Because none of these values for the corrosion poten
tials and corrosion current densities in Eq 5 is available, it is not possible to calculate N or the 
galvanic corrosion current density i" for comparison with the corrosion rates determined from 
weight-loss data. However, values of iV have been derived by the procedures shown in Fig. 9 for 
Eq3 . Values of log/" obtained by weight-losses have been plotted against log(l —/)//derived 
from data in Table 3. 

In the plot of log i° versus log(l —/)/ / (Fig. 9), a set of parallel lines with a slope of 0.75 is 
drawn through each of the weight-loss data, and the constant N is given for each of them by the 
intercept at 1.0 on the log scale. If the surface area ratio were the only factor determining the 
galvanic current density, these values would fall on the straight lines. As the austenite/ferrite 
surface-area ratio is decreased with increasing bulk chromium content, there is an increase in 
the galvanic effect caused by the increasing difference in the composition between the ferrite 
and the corresponding austenite (Table 2). The free corrosion potential is decreased by increas
ing chromium concentration and also by decreasing the concentration of nickel. If it is assumed 
that a 1% increase in chromium is equal to a 1% decrease in nickel, we can add algebraically 
the differences between the composition of ferrite and austenite. As shown in Fig. 10, the value 
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7/0 Surface Area Ratio, (l-f)/f 

FIG. 9—Effect of austenite/ferrite surface-area ratio and offerrite composition onferrite corrosion cur
rent density. The diagonals show the effect of surface-area ratio only. 
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FIG. 10—Effect of the absolute sum of composition difference in chromium and nickel on the constant N 
in Eq 3. 
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of the constant N increases as the composition difference, ACr+ I ANi I, increases. However, in 
the duplex structures studied, the galvanic corrosion current density increases as the auste-
nite/ferrite surface-area ratio increases (Fig. 9). Thus, the effect of the surface-area ratio is 
greater than that of the variations in composition in determining the total corrosion current 
density on the ferrite phases. 

The total galvanic corrosion current ig, is given by the product of the anodic (ferrite) surface-
area fraction/ and the galvanic corrosion current density i". Thus 

'. =/C (6) 

and using Eq 3 for i" 

\ogig = logf+Mlogil-f)/f + N (7) 

As the surface-area fraction of the austenite increases, the galvanic effect increases, but the area 
(ferrite) available for preferential corrosion decreases. The competition between these two 
effects results in a maximum of the galvanic corrosion current ig at a ferrite surface-area frac
tion of 1 - M [3]. 

The impact of changes in alloy composition on the ferrite corrosion current density can also 
be seen from Fig. 9. For example, when the Fe-27%Cr-10%Ni alloy is chosen as a reference 
point, the theoretical line, with a slope of 0.75, for pure surface-area ratio effect gives a value of 
— 0.957 for the constant N. Equations 3 and 7 then become 

log i" = 0.75 logd - / ) / / - 0.957 (8) 

log ig = log / + 0.75 logd - / ) / / - 0.957 (9) 

Equations 8 and 9 are for the ideal case of coupling two alloys having the compositions of ferrite 
and austenite in the duplex Fe-27%Cr-10%Ni alloy in the form of parallel plates of the same 
shape. The difference between this theoretical line and the measured ferrite corrosion current 
density gives the effect of changes in alloy composition on galvanic corrosion current density. 
For example, for a galvanic couple with the compositions of those in the duplex Fe-27%Cr-
10%Ni alloy, Eq 7 gives a galvanic corrosion current density of 0.312 amp/cm^ at an auste-
nite/ferrite surface-area ratio of 0.186, which is equal to that of the Fe-35%Cr-10%Ni alloy. 
However, because the composition difference between austenite and ferrite in the duplex Fe-
35%Cr-10%Ni alloy is larger than that in the Fe-27%Cr-10%Ni alloy, the measured galvanic 
corrosion current density gives a higher value of 0.73 amp/cm^. To verify this and to separate 
the composition and surface-area effects, galvanic corrosion measurements are proposed on two 
single phase alloys with a range of surface area ratios, one completely ferritic, Fe-32.9%Cr-
6.9%Ni, and the other completely austenitic, Fe-23.7%Cr-12.8%Ni. These two compositions 
were found in the ferrite and the austenite phases of the duplex Fe-27%Cr-10%Ni alloy in this 
investigation. 

The effect of alloy composition on the galvanic corrosion current is shown in Fig. 11. The 
dotted line represents the ideal case of constant alloy composition for the Fe-27%Cr-10%Ni 
with a maximum at a ferrite surface-area fraction of 0.25. For alloys with chromium contents 
higher than 27%, the differences of chromium and nickel contents between the ferrite and the 
austenite increase, and therefore the galvanic effects should be stronger as revealed by the 
higher galvanic corrosion currents, ig. 

The corrosion potentials in boiling 1.0 Â  sulfuric acid for alloys with various heat treatments 
are shown in Fig. 12. For pure metals, the corrosion potentials [1] areJE'cr = —700mV,£'F5 = 
—490 mV, and^Ni = —150 mV. Heat treatment at 1066°C results in a corrosion potential of 
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FIG. 11—Comparison of pure surface area effect with measured data on total of surface-area plus com
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—404 mV (versus SCE) on austenitic Fe-20%Cr-10%Ni. For alloys with chromium contents 
between 25 and 35%, which have an austenite/ferrite duplex structure, the "mixed" potential 
of the ferrite and austenite (Fig. 8) is almost constant at about —480 mV. Thus, this potential is 
mostly determined by the potential of the ferrite phase and is not affected by the area of the 
ferrite. Only when the ferrite area exceeds 50% is there a change in corrosion potential toward 
that of the 40% chromium alloy with 10% nickel. For the pure ferritic Fe-40%Cr-10%Ni alloy, 
the corrosion potential is —456 mV. It might have been expected that this potential would also 
be near —480 mV. The move in the noble direction for the ferritic alloy with 40% chromium is a 
result of its higher nickel content. Without any nickel the corrosion potential of a Fe-40%Cr 
alloy was found to be —611 mV in boiling l.OiV sulfuric acid. Addition of 10% nickel increases 
the corrosion potential by 155 mV. As shown in Table 3, the nickel content of the ferrite in the 
duplex structures is about 7%. The corrosion potential for this nickel content can be estimated 
by interpolation as —503 mV. This is even more active than the "galvanic" or "mixed" cor
rosion potentials of the duplex structures, whose nickel contents are in the range of 6 to 7% 
(Table 2). 

The high corrosion rates resulting from preferential attack of ferrite in duplex structures have 
also been observed in several other reducing acids. As shown in Table 4, the corrosion rate of 
the Fe-32%Cr-10%Ni alloy with a pure ferritic structure is always lower than that with duplex 
structure. For example, the corrosion rate of the duplex alloy formed by heating at 1066°C is 
3.4 g/dmVh in boiling 1.2 Â  HCl. When the microstructure is converted to pure ferrite by heat 
treating at 1200°C the corrosion rate decreases to 0.83 g/dm^/h. 

Thus, the galvanic effect in duplex structures may contribute to preferential attack in cast
ings, in ferrite-bearing weld metal, for example. Type 308L and in the new duplex stainless 
steels, during exposure to reducing acids in pickling baths and during exposure in plant service. 
Such preferential attack of ferrite in cast stainless steels and in welded austenitic stainless steel 
tubing has been reported by Gurry et al. [10] and Bialosky [ / / ] . 

Conclusions 

1. On Fe-Cr-10%Ni alloy material that has a duplex, austenite-ferrite structure, there is 
preferential attack on the ferrite phase in reducing acids. The corrosion rate of ferrite increases 
with increasing chromium and with decreasing nickel content. 

2. Attack on ferrite in duplex structures is increased by galvanic action between the anodic 
ferrite and the cathodic austenite. 

3. The magnitude of the galvanic effect is a function of the ratio of the surface area of ferrite 
to austenite. Increasing the chromium content from 20 to 40% in alloys with 10% nickel 
(heated at 1066°C) converts the structure from pure austenite at 20% chromium to duplex 
structures with increasing amounts of ferrite in the range of 25 to 35% chromium, to pure 
ferrite at 40% chromium. 

TABLE 4—Corrosion of duplex and pure ferritic Fe-32%Cr-10%Ni 
alloy in boiling reducing acids. 

Solution Pure a, g/dmVh a + 7 Duplex", g/dm^/h 

8.80 
10.60 
3.37 
0.38 

"The specimen corrodes in the active state, and the weight-loss of the 
duplex structure is from ferrite dissolution. 

1.0NH2SO4 
5.8 N HCl 
1.2 W HCl 
12.0WHCOOH 

1.20 
7.10 
0.83 
0.06 
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4. In the duplex alloys, not only the ratio of ferrite to austenite surface area changes with 
increasing chromium content, but also the composition of the ferrite and austenite phases. 
Previously developed mathematical treatments for macroscale galvanic corrosion have been 
used to separate the pure surface area ratio effect from the combined effect of relative areas and 
changes in compositions of phases. Converting duplex structures to 100% ferrite by high tem
perature heat treatments reduces corrosion rates to relatively low values. 

5. The effect of the surface area ratio (galvanic effect) is greater than that of the variation in 
the compositions of the ferrite phases. 

6. The above results may be applicable to studies of duplex structures in stainless steel cast
ings. Type 308L weld metal and to the newer duplex stainless steels. 
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ABSTRACT: A program for evaluating the corrosion resistance of various dissimilar welded 
nickel-base alloy combinations is outlined. Alloy combinations included Alloy ALLCORR, Alloy 
C-276, Alloy 72, and Alloy 690. The gas tungsten arc weld (GTAW) process involved both high 
and minimum heat input conditions. Specimens were evaluated in the as-welded condition, as well 
as after having been aged at various conditions of time and temperature. These were judged to be 
most representative of process upset conditions, which might be expected. Corrosion testing eval
uated resistance to an oxidizing acid and a severe service environment in which the alloy combina
tions might be used. Mechanical properties are also discussed. 

KEY WORDS: galvanic corrosion, welding, nickel-base alloys, radioactive waste 

A facility, at the Department of Energy's Savannah River Plant, is under construction to 
immobilize high-level radioactive waste by combining it with a special glass frit and vitrifying it 
into a borosilicate glass. The molten glass will be cast into stainless steel canisters for permanent 
storage. 

The high-level radioactive waste has a pH of 12-1- and is stored in carbon steel tanks. Process
ing the waste with formic acid is required for combining it with the frit before vitrification. This 
acidic environment contains halides, nitrites, nitrates, copper, mercury, and many other ele
ments and compounds. While Type 304L stainless steel has demonstrated suitability for some 
chemical and utility services, extensive testing [1,2] indicated this and other stainless steels had 
unsatisfactory resistance to pitting and stress corrosion cracking in the waste treatment process. 
Testing also indicated that mercuric and cupric ions reacted synergistically with halides to 
increase pitting and crevice corrosion [3]. This same testing indicated that special nickel-base 
alloys containing significant amounts of chromium and molybdenum were required to resist 
general, as well as localized corrosion. A variety of alloys was required to meet the specific 
requirements of several chemical compositions, temperatures, and pH values. The high-level 
radioactivity has made hands-on maintenance and replacement of equipment extremely diffi
cult. Because crevice corrosion is a major concern, flanged and gasketed connections must be 
minimized. Several different alloys, exposed in adjoining process locations, have to be welded 
together rather than flanged. Each individual base alloy had been extensively corrosion tested 
and selected for the specific process exposure. Fusion welding of two base alloys produces zones 
of variable compositions. Little is known about their corrosion resistance or mechanical prop
erties. 

For this project alloys and alloy combinations have to resist a variety of process exposures, 
including the following: 

• High-temperature corrosive environments from 400 to 900°C. 

' President and vice-president respectively. Corrosion Testing Laboratories, Inc., Newark, DE 19711. 
^Maintenance engineer, E. I. du Pont de Nemours & Co., Inc., Wilmington, DE 19898. 
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236 GALVANIC CORROSION 

• Rapid cooling with condensation of melter off-gas from 400°C down to 90°C. 
• Extremely corrosive and complex condensate at about 90°C, which can cause chloride 

stress corrosion cracking in Type 304L stainless steel and severely pit Alloy 20. 

Wrought alloys used in this study were ALLCORR^", Hastelloy^" Alloy C-276, and Inco-
neF*^ Alloy 690. Filler metals used to join these alloys and combinations included ALLCORR, 
Hastelloy Alloy C-276, Inconel Alloy 72, and Inconel Alloy 690 weld wires. Wrought alloy and 
filler metal compositions are found in Table 1. 

Welding Processes 

Extensive welding experience was already available for the individual alloys both from 
lengthy laboratory testing, as well as from fabrication of pilot plant and some full-scale process 
equipment. Equipment design for the project was far enough advanced so that a range of thick
nesses for vessels and pipe could be estimated. With this information, joint detail, plate thick
ness, filler metal diameter, and the gas tungsten arc weld (GTAW) process, combination of 
alloys were selected. 

Because the plant process equipment in question was expected to have a wall thickness range 
between 6.4 and 12.7 mm, the weld test specimens were made from a 9.5-mm-thick plate. Each 
weld specimen was made from two pieces of plate approximately 76.2 by 152.4 mm double 
beveled to approximately 371/2 ± 2'/2° with a 1.6-mm land. This weld sample configuration was 
chosen so as to provide a reasonably large weld area and at the same time approximate the type 
of weld used in vessel fabrication. Filler metals were either 1.6- or 2.4-mm-diameter bare wire. 
For the most part, the 1.6-mm wire was used for root passes while the 2.4-mm wire was used to 
fill out the remainder of the weld. Figure 1 shows the weld specimen joint detail, and Fig. 2 
shows the layout of the typical test plate. Each test plate was fabricated by welding two 76.2- by 
152.4-mm plates together to form a finished 152.4- by 152.4-mm plate. The GTAW process was 
used for all welding. All plates and weld wires were solvent cleaned using Dupont Freon® 113 
before starting the welds. Depending on whether the coupons were high or low heat input, the 
current range was 100 to 130 amps at 10 to 14 V. Welding grade argon, at 1.1 m-'/h was used 
with a gas lens torch having a 19.1-mm cup. Argon was also used as the backing gas. About 
3.2-mm electrode "stick-out" from the gas cup was found to be important in making the quality 
welds required for this study. Quality was also maintained by mechanically removing about 3.2 
mm of the oxidized end of the used filler wire before restarting the welding process. 

For each combination of alloys, sample plates were prepared using both high and low levels of 
heat input during welding. For the low heat-input plates, six narrow stringer beads per side 

FIG. 1—Typical weld test plate. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
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TEST BARS 
2 Tensile 31.8mm Wide 
2 Bend 9.5mm Wide 
4 Corrosion d.Smm Wide 

FIG. 2—Typical layout of weld test plate showing various test bars. 

were used at the low end of the current range. Each pass was permitted to cool before starting 
the next. The plate temperatures never exceeded 120°C. To help insure that the temperature 
stayed below 120°C, the plate was held firmly in a special water cooled aluminum fixture. This 
fixture also permitted back purging of the weld with argon. 

For the high heat-input plates, three wide weaving passes per side were used at the high end 
of the current range. The plates were held at about 260°C during the entire welding process. By 
using weaving passes and the higher current setting, the 260°C plate temperature was easily 
maintained. While the same aluminum fixture was used to hold the plates in place, no cooling 
water was used during the high heat welding process. 

The temperature of the specimen plates was checked frequently during welding using either 
thermocouples or temperature indicating crayons. A stainless steel power brush was used to 
remove weld oxidation as required, but generally the welds were bright and needed no clean-up 
between welding passes. Root passes were dye penetrant inspected. 

In general, the plates were fitted up with a minimum of gap. One side was first welded out 
completely; then the specimen was turned over, and the exposed root pass ground out. The weld 
was then completed. Alloy plate and filler metal combinations are shown in Table 2. 

TABLE 2-

Plate "A" 
Alloy 

C-276 
C-276 
C-276 
C-276 
690 
690 
690 
690 
ALLCORR 
ALLCORR 
ALLCORR 

-Alloy and filler metal combinations. 

Plate " B " 
Alloy 

690 
690 
690 

ALLCORR 
ALLCORR 
ALLCORR 

690 
ALLCORR 

C-276 
C-276 

ALLCORR 

Weld Filler 
Metal "C" 

C-276 
690 
72 
72 

690 
ALLCORR 

72 
72 

C-276 
ALLCORR 

72 Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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Depending on the alloy combinations and tlie expected process exposure, different post weld
ing heat treatments were given some specimens. All alloy combinations were prepared and 
tested in the as-welded condition. Since a possible process upset in the plant could, in an 
extreme case, expose alloys and welds to temperatures as high as 870°C, sets of each welded 
alloy combination were aged at this temperature for 24 h. For most of the alloys involved in this 
test program, suppliers and fabricators alike agreed that exposure at this temperature was 
likely to have significant adverse effects on both corrosion resistance and mechanical properties. 
They also agreed that there would be the same and perhaps more severe adverse effect on the 
welded dissimilar combinations. As the test program progressed, the expected adverse effects 
were confirmed. Review of these preliminary results prompted a re-evaluation of the projected 
upset conditions. As the result of this re-evaluation, other lower temperatures and shorter times 
were included in the test program. 

Weld Specimen Preparation 

Each weld specimen plate was mechanically cut into eight individual specimen bars with the 
weld in the center of each bar (Fig. 2). For tension tests two bars approximately 32 mm wide 
were cut. Adjacent to each of the tensile bars two 9.5-mm-wide specimens for bend testing were 
also taken. Four bars for corrosion tests were cut approximately 9.5-mm-wide. Sufficient mate
rial from each side of the weld specimen plate was discarded to remove unwanted weld end 
effects. 

Corrosion Testing 

Each corrosion test bar was cut to produce three individual coupons. One from each end of 
tne test bar, away from the weld, represents the base alloy. The third coupon came from the 
middle of the corrosion test bar to include the entire weld fusion zone, as well as some of the 
base alloy on each side of the weld (Fig. 3). Coupons were wet finished with 120 grit paper. 

Coupon Acceptance Testing 

One of the requirements for building this facility was the corrosion evaluation of alloys used 
in the radioactively hot process cells. Therefore, before accepting any metal shape for fabrica
tion into process equipment, specimens representing each individual mill heat, heat treatment 
lot, size or thickness were required to pass an appropriate corrosion evaluation acceptance test 
to demonstrate its resistance to intergranular attack (IGA). Therefore, all wrought material for 
this test program was corrosion evaluated for IGA resistance. Suitable tests (that is, ASTM 
Practices for Detecting Susceptibility to Intergranular Attack in Austenitic Stainless Steels [A 

Corrosion Coupon Alloy A 

^ • ^ • . ' 7 

Corrosion Coupon C 
Weld With Filler Metal 

Plate Alloy A-

Corrosion Coupon Alloy B 

, - - • . < ^ 

T I 
Weld Filler Metal C 

FIG. 3—Typical corrosion test bar. 

Plate Alloy B 
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262], ASTM Test Methods of Detecting Susceptibility to Intergranular Attack in Wrought, 
Nickel-Rich, Chromium-Bearing Alloys [G 28], and so forth) were performed as a quality 
assurance check to confirm proper chemical composition and correct heat-treatment. 

Test Procedure 

To determine the effect of welding, heat treatment, filler metal, and alloy composition combi
nations on corrosion resistance, two different test solutions were selected. To represent an acidic 
oxidizing condition, a boiling 50% sulfuric acid plus 42 g/L ferric sulfate solution was chosen to 
evaluate general corrosion resistance susceptibility to second phase attack and IGA caused by 
heat treatment. A second solution was chosen after extensive prior testing [1,2] had developed 
a composition and temperature (90°C), which was judged to represent the worst case for process 
stream corrosion (Table 3). These two solutions were used to corrosion evaluate each base alloy, 
as well as the weld zone and weld metal. 

A serrated Du Pont Teflon® washer (of design recommended in ASTM Guide for Crevice 
Corrosion Testing of Iron-Base and Nickel-Base Stainless Alloys in Seawater and Other 
Chloride Containing Aqueous Environments [G 78]) was bolted in place to determine if crevice 
corrosion might be a problem. Coupons in the synthetic process solution test were generally 
exposed for 7 to 10 days depending on intermediate visual observations. In ferric sulfate-
sulfuric acid tests coupons were exposed for 24 h. Coupons were immersed in apparatus similar 
to Fig. 1 in ASTM G 28 and held at test temperature. A condenser on each flask returned 
condensable vapors and maintained the correct test solution composition. 

In addition to an initial visual inspection after exposure, all coupons were carefully inspected 
at magnification X20. To more clearly define any suspicious or locally attacked areas, higher 
magnifications were used. Specific corrosion information obtained included: 

• general corrosion rates, 
• galvanic corrosion, 
• pitting, 
• crevice corrosion, and 
• end grain attack. 

Corrosion Test Results 

A major goal of this study was to determine if there was significant galvanic corrosion 
between two alloys of different compositions when joined by welding and exposed in a typical 
process stream. Other work [4] indicated that galvanic corrosion might be expected. In that 
work, coupons were mechanically coupled and used dissimilar alloy combinations, as well as 
different process exposures. 

TABLE 3—Composition of synthetic melter off-gas 
condensate solution (pH 2.2, 90°C). 

Ion 

Cr (as HgClz and NaCl) 
F~ (as NaF) 
r (as Nal) 
SO4- (as NaiSO,) 
NO3 (as NajNOj) 
Hg++(asHgCl2) 
Water 

Weight, % 

0.25 
0.03 
0.003 
0.08 
0.10 
0.10 
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Ferric Sulfate-Sulfuric Acid Test—The boiling ferric sulfate sulfuric acid test is an oxidizing 
solution and was used to screen for harmful second phase precipitates in the nickel-base alloys. 
This solution was also used to evaluate chemical composition, heat treatment, and resistance to 
IGA. 

Test results indicated no significant attack occurred on any alloy combination except those 
containing Alloy C-276. As a guide, if the corrosion rate of Alloy C-276 in this test is more than 
12 mm/year [5] it usually indicates an increasing tendency toward intergranular attack or 
other related corrosion phenomenon. Any coupon containing Alloy C-276 that was aged for 24 h 
at 870°C had a very high corrosion rate in the acidified ferric sulfate test indicating severe 
intergranular corrosion. Corrosion rates on all as-welded and aged combinations of Alloy 690, 
Alloy ALLCORR, and Alloy 72 were acceptably low in this test. 

Typical corrosion rates for alloy combinations exposed in this test are shown in Table 4. 
Process Test Solution—The real test for alloys to be used in plant equipment involves expo

sure to the synthetic process solution. This solution represents the most aggressive environment 
expected, either in regular service or under upset conditions. While the solution used for this 
test does not appear aggressive, extensive testing [1,2] had determined that Type 304L stain
less steel would generally corrode at 0.8 to 1.0 mm/year, stress corrosion crack in a matter of a 
few hours, and develop crevice corrosion as deep as 0.6 mm in 14 days. In these same tests Alloy 
20 also suffered from severe crevice corrosion. 

In this study, no significant general corrosion, galvanic corrosion, end grain attack, or pitting 
was seen on any of the test alloys. Weld heat input and post weld heat treatment appeared to 
have no significant effect on the corrosion rates of the galvanically coupled alloys in the syn
thetic process solution. Earlier testing programs determined the general acceptability of all the 
high alloy nickel-base materials in the synthetic process solution. They also indicated a poten
tial problem with crevice corrosion of Alloy 690, particularly at 90°C. This was expected con
sidering that Alloy 690 contains no molybdenum and the low-pH, high chloride nature of the 
testing solution. While Alloy 72 filler metal also contains no molybdenum, its high chromium 
content (44%) provided increased resistance to crevice corrosion. When Alloy 72 filler metal 
was used with Alloy 690 base metal, crevice corrosion was generally concentrated on the Alloy 
690 component. This made Alloy 72 a possible candidate for joining plate alloy combinations. 

TABLE 4—Corrosion of welded dissimilar nickel-base alloy combinations in boiling acidified ferric 
sulfate solution." 

A 

C-276 
C-276 
C-276 
C-276 

690 
690 
690 
690 

ALLCORR 
ALLCORR 
ALLCORR 

Alloy Combination' 

C 

C-276 
690 
72 
72 

690 
ALLCORR 

72 
72 

C-276 
ALLCORR 

72 

b 

B 

690 
690 
690 

ALLCORR 
ALLCORR 
ALLCORR 

690 
ALLCORR 

C-276 
C-276 

ALLCORR 

A 

4.32 
4.57 
4.57 
4.57 
0.19 
0.16 
0.14 
0.14 
0.25 
0.23 
0.23 

Corrosion Rate, mm 

As Welded 

C 

3.30 
1.73 
1.68 
1.82 
0.20 
0.17 
0.14 
0.15 
3.81 
1.91 
0.17 

B 

0.15 
0.17 
0.17 
0.25 
0.23 
0.22 

0.22 
4.57 
4.32 

/year 

Aged 24 h at 87 

A C 

48.26 
45.72 
40.64 
68.58 

0.14 
0.14 
0.14 
0.12 
0.20 
0.17 
0.21 

38.10 
19.05 
27.94 
66.04 

0.23 
0.18 
0.15 
0.15 

48.26 
66.04 
0.20 

00°C 

B 

0.17 
0.15 
0.19 
0.20 
0.23 
0.24 

0.18 
45.72 
96.52 

"50% sulfuric acid plus 42 g/L ferric sulfate. 
'See Fig. 3 for corrosion test coupon layout. 
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This current work confirmed the earher work in this respect and also revealed that weld zones 
containing an Alloy 690 component were particularly sensitive. Where there are no crevices, 
Alloy 690 proved to be an acceptable material for construction of equipment in this particular 
process. However, crevice corrosion rates for alloy combinations involving Alloy 690 were unac-
ceptably high, and might result in penetration of a 9.5 mm thick weld in as little as five months. 

Alloys with high chromium and molybdenum contents are known [2] to have improved gen
eral corrosion resistance as well as improved resistance to localized attack in the synthetic pro
cess solution. Therefore, where combinations include Alloy 690, welding with Alloy C-276 or 
Alloy ALLCORR filler metal appear to be the better choice. Alloy 72 filler metal, with its high 
chromium content, is judged also to be acceptable for joining Alloy C-276 to Alloy 690. For 
joining Alloy ALLCORR to Alloy C-276, either Alloy ALLCORR or Alloy C-276 filler metal can 
be recommended. 

From an engineering standpoint, galvanic corrosion did not visually appear to be a significant 
problem, but elimination of crevices from any source in any form is necessary and will require 
special design, fabrication, and construction considerations. 

Typical results obtained by corrosion testing alloy combinations in the synthetic process solu
tion are tabulated in Table 5. 

Mechanical Testing 

Mechanical Coupons 

Tension test bars were prepared from all welded alloy combination and conditions, and tested 
in accordance with requirements of the American Society for Mechanical Engineers (ASME) 
Boiler and Pressure Vessel Code, Section IX. Bend tests were either side or face, around a 
38-mm mandrel. After some initial testing, side bends rather than face bends were judged to be 
more definitive. Since the side bends permitted the entire weld cross section to be evaluated they 
were used for the balance of the tests. Earlier work by others [6,7] had indicated concern about 

TABLE 5—Corrosion of welded dissimilar nickel-base alloy combinations in synthetic process solution 
(900°C, pH 2.2), see Table 3 for composition. 

All 

A 

C-276 
C-276 
C-276 

690 
690 
690 
690 

ALLCORR 
ALLCORR 
ALLCORR 

oy Combinations" 

C 

690 
72 
72 

690 
ALLCORR 

72 
72 

C-276 
ALLCORR 

72 

B 

690 
690 

ALLCORR 
ALLCORR 
ALLCORR 

690 
ALLCORR 

C-276 
C-276 

ALLCORR 

A 

0.05 
0.05 
0.05 

>0.01 
<0.01 
<0.01 
<0.01 

0.01 
<0.01 

0.01 

Corrosion Rate, mm/year 

As Welded* 

C 

QQ20.05 

0.02 
0.02 
0.01"^ 
0 0 1 0 0 5 

<0.01° ' 
0.01°' 
0.03 
0.02 
0.01 

B 

0.01 
0.01 
0.01 

<0.01 
<0.01 

0.01 
0.04 
0.04 

Aged 

A 

0.05 
0.05 
0.06 
0.01 

<0.01 

<0.01 
0.01 

<0.01 
0.01 

24 h at 870°C 

C 

0.03°" 
0.02°' 
0.02 
0.01°-^ 
0.01°' 
0.08°^ 

<0.01°' 
0.03 
0.03 
0.01 

B 

0.01 
0.01 
0.01 
0.01 

<0.01 

<0.01 
0.04 
0.05 

"See Fig. 3 for corrosion test coupon layout. 
'Superscripts indicate depth of crevice corrosion in mm for one-week exposure. Example: 0.02° ' repre

sents a general corrosion rate of 0.02 mm per year with local crevice corrosion 0.1 mm deep occurring in 1 
week. 
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inter-pass fusion in some alloys. While this was not found to be a problem in this study it was 
another reason for using side bends. 

Mechanical Test Results 

As-Welded—In the as-welded condition all specimens were sufficiently strong. Tensile 
strengths of the welded combination were always at least 95% of the strength of the unwelded 
lower strength alloy component. All elongations, at fracture, were in excess of 25% and most 
ranged between 35 and 50%. All face and side bends performed satisfactorily. 

Post Weld Heat Treated—Many high-nickel alloys are sensitive to extended exposure at tem
peratures around 870°C. It is unfortunate that an extreme upset in this process could reach this 
temperature. While the aging treatment had little effect on the corrosion resistance of the alloy 
combinations (except for Alloy C-276), aging at 870°C for 24 h had a major effect on room 
temperature ductility (Tables 6 and 7). 

The project engineers believed that a 24-h exposure at 870°C was an unrealistically long time 
for a high-temperature upset. One hour was judged to be more appropriate. To provide addi
tional information about the effect of this shorter aging time, the same alloy combinations that 
failed in the 24-h exposure at 870°C (Table 6) were retested after aging for 1 h at 870°C. This 
time there were no failures, and all coupons exhibited acceptable ductility. See Table 8 for the 
corrosion rates in both the acidified ferric sulfate solution and the synthetic process solution on 
selected alloy combinations aged 1 h at 870°C. 

Since all combinations were acceptably ductile after only 1 h at 870°C, other time-
temperature combinations of alloys were scouted using bend test bars. The following alloy com
binations were the most likely to be exposed to high-temperature process upsets; so they were 
exposed for 12 h at 815, 760, and 705°C. 

• Alloy C-276 welded to ALLCORR with Alloy C-276 filler metal. 
• Inconel 690 welded to ALLCORR with Inconel 72 filler. 

The ductility of these alloy combinations was demonstrated to be satisfactory. 

Conclusions 

The current test work indicates there is little potential for galvanic corrosion in the nuclear 
waste vitrification process. At the same time, it confirms a crevice corrosion problem with Alloy 
690, which was identified in earlier testing. From this work, it is concluded that 

• Welds between the alloys tested will not galvanically corrode in synthetic condensate solu
tion at 90°C. 

• All alloys and welded alloy combinations in Table 1 are susceptible to crevice corrosion in 
melter off-gas condensate. Crevices should be minimized through appropriate engineering 
design and fabrication. 

• Upset excursions to 870°C totalling more than 12 h should be avoided because of possible 
adverse effects on mechanical properties of the welded combinations in Table 2. 

Acknowledgments 

The information in this article was developed during the course of work under Contract DE-
AC09-76SR0001 with the U.S. Department of Energy for the Savannah River Plant at Aiken, 
SC. The authors wish to thank G. L. Gaesser and R. F. Reynolds for helping prepare welded 
test specimens and arrange mechanical and other tests. The authors also wish to acknowledge 
the assistance of S. V. Fox and D. M. Tomic in conducting the corrosion tests. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



244 GALVANIC CORROSION 

u 

1| 
H Z 

I 
^ E 

H Z 

n. 
t? 
1 vO 

U 
J 
00 
< 

3 

c 
o 

i c 
3 
E 
o 
O 

g g g - ' • o ' 

i o r - T r u o ( N O o o r ^ r - - O Q 

MM MM IdM MM MM MM MM A dM MM MM 

o o o o o o o o o o o 

Q£ QC ^ Qi Qi Qi 
OS DS OS CES OS o: 

o o o O O O o O r - O O 
SSsSSusSgSS ^ ^ * J J J u ̂  ̂  .J '33 <: < 

as 
as 

O '•O \0 O 

u u 

OS OS OS 
OS OS OS 

i--rii^r-ooooOOO 

O U U U 
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TABLE 7—Summary of mechanical tests. 

ALLCORR 
ALLCORR 
ALLCORR 
ALLCORR 

C-276 
C-276 

ALLCORR 

72 
690 

ALLCORR 
72 

C-276 
ALLCORR 

72 

Alloy (welded to) Alloy (with) Filler 

ALLOY COMBINATIONS EXHIBITING POOR ROOM 

TEMPERATURE DUCTILITY AFTER AGING FOR 24 H AT 8 7 0 ° C ° 

C-276 
690 
690 
690 
ALLCORR 
ALLCORR 
ALLCORR 

ALLOY COMBINATIONS EXHIBITING GOOD ROOM TEMPERATURE 

DUCTILITY AFTER AGING FOR 24 H AT 8 7 0 ° C 

C-276 690 72 
C-276 690 C-276 
C-276 690 690 
690 690 72 

"Tension test bars had 10% or less elongation at fracture or bend 
coupon failure. 

TABLE 8—Corrosion rates, mm/year, on welded dissimilar alloy combinations aged for 1 h at 870°C. 

Alloy Combinations" 

A 

C-276 
690 
690 
690 

ALLCORR 
ALLCORR 
ALLCORR 

C 

72 
690 

ALLCORR 
72 

C-276 
ALLCORR 

72 

B 

ALLCORR 
ALLCORR 
ALLCORR 
ALLCORR 

C-276 
C-276 

ALLCORR 

Acidified Ferric Sulfate* 

A 

58.42 
0.13 
0.15 
0.12 
0.18 
0.22 
0.22 

C 

22.86 
0.17 
0.21 
0.18 

33.02 
8.38 
0.18 

B 

0.17 
0.18 
0.14 
0.25 

43.18 
22.86 

Synthetic 

A 

0.01 
0.01 

<0.01 
<0.01 
<0.01 
<0.01 

Process 

C 

0.06 
0.02 
0.01 
0.02 
0.02 
0.01 

Solution' 

B 

0.01 
<0.01 
<0.01 

0.03 
0.03 

"See Fig. 3 for corrosion test coupon layout. 
'50% sulfuric acid + 42-g/L ferric sulfate. 
•̂ See Table 3. 
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ABSTRACT: Automobile manufacturers utilize a variety of metals to build a product that meets 
numerous functional and cosmetic demands. Since the auto environment is highly corrosive, they 
must consequently deal mth galvanic corrosion problems. This paper describes some of the gal
vanic couples on automobiles, such as trim on painted auto-body steel, dissimilar metal fasteners, 
electroplated bumpers, galvanized steel, and dissimilar cooling system components. The resulting 
problems and mitigative measures for controlling galvanic corrosion are presented. 

KEY WORDS: galvanic corrosion, automobile corrosion, paint blistering, automotive trim, dis
similar metaf fasteners, electroplated bumpers, galvanized steel, automotive cooling system cor
rosion 

Galvanic corrosion occurs when two or more dissimilar metals are in electrical and electrolyte 
contact. The more active metal corrodes at an accelerated rate while the more noble metal 
corrodes at a reduced rate. This phenomenon is usually detrimental but has also been used for 
beneficial effects in sacrificial cathodic protection systems, such as galvanizing. 

Automobiles, though not immersed, are nonetheless subject to corrosive solutions. Exter
nally, the combination of deicing salts and acid deposition mixed with natural precipitation 
results in a very corrosive electrolyte [1,2], Subsequently a wet film deposits on cars and a 
poultice of mud and other road debris accumulates in recessed areas. The map in Fig. 1 shows 
that the most severe geographic areas for auto corrosion coincide with areas of high deicing salt 
usage, salt sea aerosols, and acid deposition. Internally, the automobile cooling system contains 
an inhibited glycol solution, which can become acidic as the organics break down. 

Since auto manufacturers use various metals to produce a product that meets functional and 
cosmetic demands, the elements for galvanic attack are all present on external and internal 
components. The results can be perforation, premature loss of cosmetic attractiveness, fluid 
leaks, or loss of functionality. 

Trim 

A primary example of galvanic corrosion problems on automobiles involves the decorative 
metal trim. Brightly polished stainless steel is often used because it is cosmetically pleasing, 
dent resistant, abrasion resistant, and corrosion resistant. However, automotive body steel is 
anodic to stainless steel trim [3]. Because of this galvanic couple and an unfavorable area ratio 
(Fig. 2a), paint damage spots as far as 4 cm from the trim rust rather quickly [4,5]. 

Since elimination of the electrolyte is not realistic, because of inevitable holidays in paint 
systems, only two ways remain to resolve this problem. One is to electrically isolate the trim 
from the auto-body steel. However, efforts at this have been largely unsuccessful because of 
design constraints, deterioration of the insulators, which causes them to become conducting, or 

' Head, member of group technical staff, and member of technical staff, respectively, Texas Instruments 
Inc., Electrochemical and Corrosion Laboratory, Attleboro, MA 02703. 
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FIG. 1—Map of the United States showing high automobile corrosion rate areas andpH of acid precipi
tation. 

the trim scratching through the paint at some point [2,3]. A more successful solution has 
involved the use of a metal more active than steel such as aluminum. 

However, solid aluminum trim is not as abrasion resistant or corrosion resistant as stainless 
steel. It soon develops pits and "blush and bloom" [2]. Stainless steel clad with aluminum was 
therefore introduced to provide the best of both metals (Fig. 2b) [6]. The explanation for this 
phenomenon is shown in Fig. 3 [5] . Aluminum in this couple with steel and stainless steel 
becomes polarized above its pitting potential while the stainless steel and auto-body steel are 
polarized to more negative potentials where both steel and stainless steel are protected. The 
improvement in corrosion performance when stainless steel clad aluminum trim is chosen over 
solid stainless steel is very dramatic, as shown in Fig. 4. 

General Paint Problem 

The corrosion of steel in an aqueous environment consists of oxidation and reduction reac
tions occurring simultaneously. These reactions are normally dispersed evenly over the cor
roding area; however, under the influence of a galvanic couple, the reactions may significantly 
segregate, leading to problems. 

As noted above, rust will form at holidays in painted auto-body steel coupled to metal trim if 
the steel is anodic. This will lift additional surrounding paint making the damage more exten
sive. If the auto-body steel is cathodic in the couple, rust formation is reduced, preventing such 
damage to the coating. However if the mixed potential of the couple is too negative, two other 
detrimental effects may occur [4]: 

• Excessive hydrogen evolution at the steel cathode may blister the paint. 
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FIG. 2—Diagramatic representation of auto trim auto-body assembly: (a) solid stainless steel and (b) 
stainless clad aluminum. 
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FIG. 3—Potentiodynamic polarization curves for metals in 5% NaCl solution (30''C). Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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STAINLESS STEEL MOLDING 
AFTER ACCELERATED CORRC^ION TEST 

STAINLESS CLAD ALUMINUM MOLDING 
AFTER ACCELERATED CORROSION TEST 

FIG. 4—Automobile manufacturer proving ground test track results showing corrosion of painted auto-
body steel adjacent to stainless steel trim (right side of vehicle) and protection adjacent to stainless clad 
aluminum trim (left side of vehicle). 

• Creation of a basic environment at the steel cathode may lead to "saponification," espe
cially of epoxy ester primers and paint failure. 

Figures 5 and 6 demonstrate such typical paint failures adjacent to strongly anodic trim. 
Tests have shown that, of the common automotive trim materials used, stainless steel clad 

aluminum is less likely to cause paint blistering problems than aluminum or anodized 
aluminum, which in turn are less likely to cause these problems than die cast zinc [4]. The 
reason is that the mixed potential of stainless steel clad aluminum and auto-body steel is less 
negative than the mixed potential of other trim materials, which also galvanically protect the 
auto-body steel. 
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FIG. 5—Photograph of blistering of painted auto-body steel adjacent to anodized aluminum trim after 
one year service in the Detroit, MI area. 

REACTED E-COAT BUSTERED TOP-COAT 

FIG. 6—Photograph to show saponification of painted auto-body steel. Notice reaction of the primer 
IE-Coat) has caused blistering of the topcoat. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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Dissimilar Fasteners 

Galvanic corrosion problems can also exist where dissimilar metal fasteners are used. One 
example occurs when high strength steel fasteners are used with aluminum parts. Corrosion 
control techniques commonly employed include the use of insulators or nonconductive connec
tors to eliminate the electrical path, or the use of paints and sealers to eliminate the electrolyte 
path [7]. The use of "waster sections" is also common; a piece of sacrificial metal is inserted 
under the fastener to sacrificially protect the assembly. 

Transition metals, such as that shown in Fig. 7, have also been used [7,8]. The clad metal 
inserts not only provide sacrificial action but also eliminate the dissimilar metal crevice. The 
benefits obtained are evident in Fig. 8 and Table 1, which show that use of a clad metal insert 
between the steel and the aluminum reduced corrosion of the aluminum by a factor of five. The 
effect is not always so dramatic, as in the case of stainless steel fastened to aluminum. In the 
latter case, the stainless steel is readily polarized toward the aluminum potential. In either case, 
however, the aluminum weight loss with transition material was similar, indicating that the 
transition material insert eliminated the dissimilar metal crevice. 

Al 

Al 

""• 

LC5 

„ . 

L 
C 
s 

FIG. 7—Configuration of transition material inserts. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 8—Corrosion of aluminum in aluminum-steel galvanic couple after one-year exposure at Kure 
Beach (80-ft [24-m] lot): A and C without transition, B and D with alumimum/steel transition. 

TABLE 1—Weight loss of aluminum from lap joint studies: one-year exposure, Kure Beach. 

Couple Transition Bolt-Type Weight Loss, gr 

Steel to 
aluminum 

Steel to 
aluminum 

Steel to 
aluminum 

Steel to 
aluminum 

Steel to 
aluminum 

Steel to 
aluminum 

Stainless steel 
to aluminum 

Stainless steel 
to aluminum 

Stainless steel 
to aluminum 

Stainless steel 
to aluminum 

none 

steel/Al 

none 

steel/Al 

none 

steel/Al 

none 

SS/Al 

none 

SS/Al 

insulated steel 

insulated steel 

steel 

steel 

aluminum 

aluminum 

insulated steel 

insulated steel 

stainless steel 

stainless steel 

0.61 

0.14 

0.73 

0.12 

0.52 

0.10 

0.18 

0.10 

0.18 

0.12 
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Electroplated Bumpers 

Bumper materials are classified as noble metal coated systems when stainless steel, nickel, 
chrome, or a combination of these are applied to a base metal, such as steel or aluminum. 
Cracks, voids in the plating, and damage sites can result in severe galvanic corrosion because of 
the unfavorable area ratio. The result is blistering, peeling, and flaking of the outer decorative 
layer, especially in the case of chrome plated aluminum bumpers [9]. Figures 9 and 10 demon
strate this mechanism and its results. 

Stainless steel clad aluminum is used very successfully for truck bumpers. The clad material 
provides a considerable weight savings even though the stainless steel component is thick 
enough to eliminate the problems of porosity or damage from stone impingement while in use. 
The edge of stainless steel/aluminum bumpers do not suffer excessive galvanic corrosion 
because equal areas of aluminum and of stainless steel are exposed in such locations. 

Galvanizing 

Automobile manufacturers are turning increasingly to galvanized steel as a replacement for 
conventional auto-body steel. In effect, they are using galvanic corrosion to their advantage 
since the zinc protects the steel substrate by sacrificial action. Studies have shown galvanizing to 
be very effective, with zinc protecting the steel while losing only about one-tenth the volume of 
metal of regular auto-body steel (Table 2) [10]. However, auto manufacturers must use specific 
galvanizing techniques and special primers, since it is difficult to paint zinc effectively because 
of the naturally occurring films that form on zinc. Paint peeling on two-side galvanized steel has 
been a problem in the past, and some companies have favored one and one-half side galvanized 
steel to avoid these problems. Also, because zinc corrosion products are more alkaline than 
those of steel, and the corresponding cathodic reactions can produce additional alkalinity, paint 
adhesion problems may develop, depending on the paint system [4]. The increased use of 
electrogalvanized steel and improvements in painting technology have resulted in increased use 
of painted two-side galvanized steel; however, long-term service performance has not been 
established. 

FIG. 9—Galvanic corrosion mechanism of chrome-plated aluminum at damage sites. 
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FIG. 10—Chrome-plated aluminum bumper after three years of service in Attleboro, MA. 

Cooling Systems 

A Department of Transportation study states that cooling system failure is the third most 
frequent cause of vehicle disablement [11]. A substantial proportion of these failures can be 
attributed to corrosion in the cooling system, causing leaks, inadequate heat transfer because of 
corrosion product deposits, and so forth [12]. This corrosion occurs largely because the public 
has not recognized the importance of coolant maintenance, and frequently ignores coolant 
change intervals. Tap water is also frequently used to compensate for system losses, leading to 
higher concentrations of contaminants such as chloride ion. The higher operating temperatures 
of today's more efficient engines have increased the rate of coolant inhibitor breakdown. High 
mileage, high speed air suction at pumps, exhaust gas leakage, rust deposits, and hot spots also 
accelerate the consumption of inhibitors [12]. 

The complex blend of anodic inhibitors in engine coolants is the first line of defense against 
cooling system corrosion. These form passive films on metal surfaces thereby changing the 
polarization characteristics and retarding further corrosion, as shown in Fig. 11 [13,14]. They 
must protect an assembly that may consist of cast iron, copper, and aluminum parts all electri
cally interconnected such that numerous galvanic cells can exist with the coolant as electrolyte. 
Typical formulations consist of nitrites, nitrates, phosphates, borates, silicates, amines, benzo-
ates, organic phosphates, and emulsifiable oils. Special formulations (for example, GM6043-
M) have also been devised that reportedly provide better inhibition for aluminum, which is 
being used increasingly in newer cars [12]. 

A coolant condition sensor has recently been developed [72]. It has integrated circuitry that 
can (1) monitor the potential between a sensing and reference electrode, (2) interpret the mea
sured potential, (3) distinguish a low coolant level condition, and (4) provide a signal to the 

TABLE 2—Atmospheric corrosion rates during the winter of 1984 and 1985. 

City 
Bare Steel 

Average Corrosion Rate, mpy 
Galvanized Steel 

Average Corrosion Rate, mpy 

Boston 
Dallas 
Detroit 
Montreal 

2.25 
0.114 
1.78 
2.55 

0.115 
0.0214 
0.0517 
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FIG. 11—Schematic polarization curves for steel in engine coolants containing passivating inhibitors. 

vehicle computer when a corrosive or low level condition exists. It is resistant to underhood 
noise, environment, and temperature extremes, has low current draw and high input imped
ance, and is of a convenient size. This sensor should greatly help eliminate many cooling system 
problems related to owner neglect. 

Sommaiy 

The automobile is a complex assemblage of many different materials chosen for functional, 
cosmetic, and economic reasons. As a result, galvanic corrosion has historically been a problem 
with road salts and acid deposition attacking external components and corrosive operating 
fluids. Automobile manufacturers have devised creative ways of dealing with galvanic cor
rosion. However, they must continue to refine their techniques to meet the challenges of an 
aggressive environment and more refined engines with tighter operating limits. 
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ABSTRACT: Published literature, service experience, and experimental data for galvanic cor
rosion in oil and gas production are reviewed and discussed. Data are presented in forms that can 
be used as aids for formal specifications, design criteria, and inspection requirements to help 
prevent galvanic corrosion failures: Emphasis is placed on downhole and wellhead applications, 
and oil and gas production equipment for carbon dioxide (sweet) and hydrogen sulfide (sour) 
environments. Particular attention is given to the effects of galvanic coupling on the noble metal 
and resulting failures. Galvanic corrosion in seawater environments is briefly reviewed as it per
tains to seawater handling, offshore platforms, and subsea completions. 

KEY WORDS; galvanic corrosion, carbon dioxide, hydrogen sulfide, crude oil, gas, seawater, 
hydrogen stress cracking, steels (carbon and alloy), stainless steels, nickel alloys 

Galvanic corrosion failures in oil and gas production continue to occur, but because of 
research and greatly increased awareness and understanding of the galvanic corrosion phenom
enon the majority of failures now fall into one of two classes: (1) failure of the noble metal in 
crude oil and gas systems and (2) failures in seawater environments. 

There are a number of possible reasons for this situation: 

(1) the necessity for using a variety of metals and alloys in oil and gas equipment, particularly 
downhole, because of mechanical property requirements; 

(2) the wide variability of oil and gas produced fluids, and poorly defined understanding of 
the effects of these variables on galvanic corrosion; 

(3) relevant data are widely scattered throughout the literature and rarely address the actual 
environment of interest; 

(4) a continuing problem with communication of galvanic corrosion principles to designers, 
equipment manufacturers, and construction companies. 

Scope, Organization, and Purpose 

Galvanic corrosion is defined in ASTM Definitions of Terms Relating to Corrosion and Cor
rosion Testing (G 15) as "accelerated corrosion of a metal because of an electrical contact with a 
more noble metal or nonmetallic conductor in a corrosive electrolyte." This is the definition that 
will be used, that is, galvanic corrosion as a macrocorrosion phenomenon. The broader defini
tion, which includes potential differences on the same metal because of welding, cold work, 
heat treatment, wear, and so forth, is not discussed in detail. The effect of iron sulfide corrosion 
product on galvanic corrosion is included because of the importance of corrosion prevention in 
sour environments, that is, oil field fluids that contain hydrogen sulfide. 

'Manager of corrosion engineering. Occidental International Exploration and Production Company, 
Bakersfield, CA 93309. 
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Carbon and alloy steels are the most widely used materials in the oil field by a very large 
margin. This makes the galvanic relationship of steels to other metals and alloys, and the envi
ronmental effects on steel electrochemical potentials and polarization, a primary concern. 

Limitations and Cautions 

Forms of corrosion other than galvanic corrosion (pitting, crevice corrosion, stress corrosion 
cracking, and so forth) are not considered in this review unless they are a direct manifestation of 
galvanic corrosion. These forms of corrosion can, however, have a significant effect on material 
selection and must be accounted for. The assumption is made that all other forms of corrosion 
are properly taken into consideration. 

The phrase, "It's the little things that count," pertains very well to galvanic corrosion. A large 
proportion of galvanic corrosion failures involve small parts and details that were overlooked in 
the design or construction phase, or both, or instances where a supposedly unimportant mate
rial substitution was made. In these cases inexpensive and apparently insignificant parts have 
caused very expensive failures. 

Compilations of data and experience from many diverse sources have been used in this 
review. References may refer to only a single data point, and data are, in many cases, drawn 
from references not necessarily directed toward galvanic corrosion. Potential data have been 
placed into corrosion potential charts to better define and explain the potential relationships of 
important metals and alloys in the environments of interest. Metals and alloys have been 
included that are generally used in oil and gas production where sufficient data could be found, 
and the seawater diagram has been updated. The inclusions or deletions were made to simplify 
the charts as much as possible. The data do not include the effects of velocity or the effect of 
crude oil and dissolved organic compounds. 

Electrochemical Polarization 

Electrochemical polarization of the anode and cathode in a galvanic couple has a major influ
ence on the intensity and type of corrosion that will occur as the result of the galvanic potential 
difference. It determines the nature of the corrosion reactions that can occur and their kinetics. 
Discussion of the principles of polarization behavior of galvanically coupled metals has been 
given by Baboian [1], as summarized in Fig. 1. It is apparent from Fig. 1 that polarization 
characteristics of the active (A) and noble (B) metal as well as the polarization characteristics of 
the reduction reaction (generally H2 reduction for oil and gas production) on each of these 
metals (R) is important in determining the overall effect of the galvanic couple on corrosion. 
The discussions of environmental effects on galvanic corrosion will refer to changes in the com
ponents of polarization behavior diagrammed in Fig. 1. 

Polarization data for metals and alloys in seawater are readily available in the literature. 
Because crude oil compositions are highly variable, polarization data in crude oil systems are 
not generally available and when available are not easily compared. This variability limits the 
value of general research using a "standard" environment and is an area where additional 
research is needed. The need is not so much to generate additional data in specific environments 
but to determine the degree of cross correlation among primary environmental variables that 
can be safely used. 

Effects of Oil and Gas Environments on Galvanic Corrosion 

Galvanic corrosion in the oil and gas industry is concerned with a small number of specific 
environment types that are highly variable within each type. The primary corrosive constituents 
of oil and gas well production that define the environment types are carbon dioxide and hydro-
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FIG. 1—Polarization behavior of galvanically coupled metals and alloys used to predict the effect of 
coupling on corrosion [ 1 ]. The anodic component is "A, " and "B" is the noble component, while primes 
refer to the galvanic couple of the two. Subscripts O and R refer to the oxidation (corrosion) and reduction 
reactions, respectively. The subscript C refers to the corrosion potential E or current density i. 

gen sulfide. They are produced along with condensed water and hydrocarbon condensate liquid 
phases in gas wells and crude oil and produced water liquid phases in oil wells. 

The condensed water in gas wells generally contains a very low dissolved solids concentration 
with a correspondingly low conductivity, although some gas wells produce high salinity brines. 
The low conductivity inhibits macrocorrosion effects, such as galvanic corrosion, but not micro-
corrosion effects such as pitting. 

The formation water produced along with the crude oil varies widely in salinity and composi
tion as a percent of produced fluids, and may be produced as free water or water emulsified with 
the crude oil. 

Macrocorrosion effects, such as galvanic corrosion, are influenced by surface wetability of the 
containing metal by the conductive water phase. The crude oil can have a major positive or 
negative effect on galvanic corrosion that is a function of the specific crude oil composition. 

Seawater is used in oil and gas production in both the aerated and deaerated condition. 
Deaerated seawater is used primarily for secondary recovery and formation pressure mainte
nance through injection of the water into the oil bearing formation to replace the oil that is 
produced. Deaeration is accomplished by either inert gas stripping or vacuum stripping, with 
the subsequent addition of an oxygen scavenger, generally catalyzed bisulfite. Gas stripping 
lowers the seawater pH proportional to the stripping gas carbon dioxide concentration. Vacuum 
deaeration removes carbon dioxide from the seawater, resulting in a tendency toward calcium 
carbonate precipitation. Aerated seawater is used in oil and gas process systems as cooling 
water and for generation of fresh water. 

Carbon Dioxide (Sweet) Environments 

Oil and gas wells that contain carbon dioxide as the primary corrosive gas are termed "sweet" 
wells. The effect of carbon dioxide on galvanic corrosion and other forms of corrosion is gener-Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 2—The effect of carbon dioxide partial pressure on the pH and conductivity of pure water [3]. 

ally related to its partial pressure [2]. The carbon dioxide partial pressure is related to the pH 
and conductivity of the produced water (without dissolved salts) as shown in Fig. 2 [3]. An 
example of the range of carbon dioxide levels that may be encountered is given by the produc
tion data from several wells in Table 1 [4]. The carbon dioxide concentration in the water 
phase can vary significantly within an individual well at different depths because of the large 
changes in temperature and pressure. An example of this variation is given for a single well in 
Fig. 3 [5]. 

The corrosion potential chart for general carbon dioxide environments is given in Fig. 4. This 
chart was compiled from scattered data contained in Refs 6 through // . The data are for carbon 
dioxide/water systems containing chloride at concentrations of 0.5 to 20 g/L at temperatures of 
20 to 30°C. The carbon dioxide partial pressure ranged from 100 to 1000 kPa. This is obviously 
not an experimentally ideal situation for identifying detailed galvanic potential relationships in 
sweet oil and gas environments. It does, however give a good indication of the corrosion poten
tial relationships of metals on a broad scale and is better than using charts for seawater as is 
often done for lack of better information. 

The corrosion potential chart for carbon dioxide environments gives a general picture of the 
galvanic potential relationship of metals and alloys in sweet oil and gas production, but it gives 
no information on how severe the galvanic effects will be. This can only be determined by an 
examination of polarization effects. Carbon steel and low alloy steel are the primary materials of 

TABLE 1—Well production data for sweet crude oil production [4] : 
analysis of water phase. 

Crude 

A 
B 
C 
D 
E 

Carbon Dioxide 
Partial Pressure, psi 

15 
27 
35 
52 
77 

pH 

6.7 
8.0 
5.8 
4.6 
5.4 

Organic Acids, ppm 

400 
present 

37 
518 

present 
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FIG. 3—Subsurface carbon dioxide solubility variation with depth in a well calculated from the pressure 
and temperature surveys of a corrosive well [5] . 
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construction in oil and gas production, and as seen from Fig. 4 will generally be the anode in a 
galvanic couple. 

The primary corrosion product for steels in sweet environments, in addition to iron oxides, is 
ferrous carbonate (FeCOs). The equilibrium formation of ferrous carbonate on steel at 25°C in 
relation to the iron oxides is given by the potential-pH diagram for the Fe-COz-HaO system in 
Fig. S [8]. Ferrous carbonate is the thermodynamically stable phase in the pH range generally 
found in sweet oil and gas production. The importance of the corrosion product lies in its atten
uating effect on the galvanic current through increased ohmic resistance (resistance polariza
tion) and through a positive shift in the free corrosion potential (passivation). 

The effect of increased CO2 partial pressure on the polarization curve for carbon steel is 
shown in Fig. 6 [5]. The effect is not great in the range studied, with only a small increase in 
free corrosion potential. The occurrence of a passivating corrosion product on steel in carbon 
dioxide environments is a complex function of temperature, carbon dioxide partial pressure, 
and pH. While the precise interrelationships are not well defined, increases in any or all of these 
three variables promotes the formation of passivating corrosion products. The growth of this 
passivating corrosion product on iron is shown by the plot of free corrosion potential with time 
in Fig. 7 [8]. Approximately 20 h were required to form the passivating corrosion product 
under the test conditions. This is part of an extensive study conducted by Ikeda et al. [8] that 
details factors affecting corrosion product film formation on steels in carbon dioxide environ
ments. The passivating carbonate corrosion products are often loosely adherent and so are 
subject to removal by turbulence. 

The formation of the passivating corrosion product will decrease the negative effect of a gal
vanic couple with steel by increasing the total ohmic resistance and by lowering the galvanic 
potential difference. The time required for formation of the passivating corrosion product is 
significant with regard to the usefulness of test data. The galvanic current before formation will 
be much higher than after, and potential shifts on the steel from a galvanic couple could signifi-

UJ 
X 
in 

> 

1— 
2 
LU 
1— 

Q-

1.2 

O.B 

0.4 

0.0 

- 0 . 4 

-o.a 

- 1 . 2 

JB) 

~ F 

4̂ ' 

_ 

1 

"""--

e++\^ 

Fe 

1 

1 1 

--.._ 

FesOg 

^ 

FeCOg-^ 

1 1 

1 1 
O.lMPa COg 

25 deg C 

" " • ~ - - - . . . 

^ ^ ^ ^ ] ^ o 

1 i 

0.8 

0.4 

- 0.0 

- -0.4 

o 

en 
o 

- 0 . 8 O 

- 1 . 2 

- l . B 

6 8 10 12 14 

pH 
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FIG. 6—The effect of CO2 partial pressure on the polarization curve for carbon steel in a H2O-CO2 
system at 23°C. 

cantly alter the corrosion product. What is required is the ability to predict when the passivating 
corrosion product will be formed, when operating conditions could damage it, and how the 
galvanic couple alters its formation. 

Hydrogen Sulfide (Sour} Environments 

Oil and gas wells that contain hydrogen sulfide in the produced fluids are termed "sour" 
wells. Carbon dioxide may or may not be present at the same time. The effect of hydrogen 
sulfide (H2S) on corrosion is universally related to the H2S partial pressure in the literature. As 
with carbon dioxide concentrations for sweet wells, the concentration of hydrogen sulfide in 
sour wells can vary greatly from well to well as shown in Table 2 [12]. The effect of temperature 
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FIG. 7—Potential time curve for iron in C0rH20 solution showing the growth of FeCO3 passivating 
corrosion product [8] . 
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TABLE 2—Hydrogen sulfide distribution in the produced phases 
for sour crude oil production [12]. 

H2S Concentration in 

Crude Gas, %V Oil, ppm Brine, ppm 

A 
B 
C 
D 

0.8 
1.4 
8.6 

14.5 

40 
330 

5200 
4000 

10 
320 

1500 
1400 

and pressure with depth in an individual well on the hydrogen sulfide concentration in the liquid 
phases is very similar to that for carbon dioxide. 

The corrosion potential chart for metals and alloys in hydrogen sulfide environments is given 
in Fig. 8. This chart was also compiled from scattered data contained in a number of references 
[9,10.13-18]. The data are for the National Association of Corrosion Engineers (NACE) solu
tion (5% NaCI + 0.5% CH3COOH + HjS) [19] at temperatures from 20 to 60°C, with 1-atm 
H2S partial pressure. The greater uniformity of the test environment makes this chart more 
reliable than the chart for CO2 environments. Of particular interest is the position of copper 
with respect to carbon steel and alloy steel [16]. Copper is normally noble to steel, but in H2S 
environments this does not appear to be generally true. 

The H2S corrosion potential chart gives the galvanic potential relationships of metals and 
alloys in sour oil and gas environments but gives no information on the severity of attack. 
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FIG. 8—Corrosion potential chart for metals and alloys in hydrogen sulfide environments giving the 
relationships of their free corrosion potentials. H2S partial pressure = / atm, 5% NaCl + 0.5% 
CHjCOOH. and temperature = 20 to 60°C. 
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Carbon steel and alloy steels are the primary materials of construction in sour oil and gas pro
duction, and are generally the anode in any galvanic couple as seen in Fig. 8. 

Anodic polarization of steel in aqueous H2S solutions has been studied by Morris et al. [20]. 
The basic finding relative to galvanic corrosion was that the corrosion potential became more 
negative with increasing H2S concentration, but the slope of the anodic polarization curve 
remained the same. This would effectively increase the anodic corrosion rate of the steel in a 
galvanic couple (Fig. 1). 

The corrosion product on steel in sour oil and gas environments is iron sulfide. The equilib
rium formation of iron sulfide (FeS) on steel at 25°C is given by the potential-pH diagram for 
the Fe-H20-H2S system in Fig. 9 [2/ ]. Iron sulfide is the thermodynamically stable corrosion 
product in the pH range normally observed in oil and gas environments. The iron sulfide cor
rosion product not only provides an attenuating effect for galvanic corrosion through increased 
ohmic resistance and possible passivation, but the iron sulfides can be electrochemically active 
with respect to the hydrogen reduction reaction. 

The task of evaluating galvanic corrosion problems involving steels in H2S environments is 
compounded by the number of different iron sulfides that can form. A diagram summarizing 
the chemical interrelationships of the major iron sulfides is given in Fig. 10 [22]. Detailed 
studies of the corrosion and polarization effects on iron by the various iron sulfides have been 
conducted by Khazraji [24] and by Smith [25]. The significant shifts in the carbon steel cor
rosion potential caused by three iron sulfides are given in Table 3 [25]. The effect of these same 
three sulfides on the polarization curves for carbon steel is shown in Fig. 11 [25]. The iron 
sulfides alter both the slope and intercept of the hydrogen reduction curve as shown in Fig. 12 
[25]. These changes in anodic polarization and hydrogen reduction have a major effect on the 
resulting corrosion current in a galvanic couple (Fig. 1), resulting in increased corrosion of the 
anode (steel) and increased hydrogen formation at the cathode over that without the iron 
sulfide. 
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FIG. 9—Potential pH diagram for the Fe-H2S-H20 system at 25°C. Ionic activity = —6 molar, and 
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FIG. 10—Summary of the interrelationships of the major iron sulfides in aqueous solution. Reactions 
involving ferric ion are not included [22]. 

The significance of this with regard to galvanic corrosion is that, where steel is involved, the 
actual iron sulfide mineral that forms as the corrosion product can have a significant effect on to 
what degree and even if galvanic corrosion will occur. It can be rationalized that the galvanic 
corrosion occurring in sour environments is a significant function of the iron sulfide or sulfides 
present, but definitive data on this are not available. 

Seawater Environments 

The general occurrence and description of galvanic corrosion in seawater is well documented 
and will not be discussed in this review. A corrosion potential chart of metal and alloy corrosion 
potentials is given, however, in Fig. 13. The chart has been updated over those commonly in use 
using data from Lee [26] and a number of other sources [27-29]. Only metals and alloys 
presently used extensively in oil and gas production for seawater service are included to simplify 
its use. 

TABLE 3—The effect of iron sulfides on the corrosion potential and polarization of 
carbon steel [ 25 ] . 

Steel 

Makinawite (FeSl-x) 
Smythite (Fe3S4) 
Pyrite (FeS2) 

Corrosion Potential Shift 

+40 
+90 

+ 120 

Effect on 

Anode 

depolarized 
no effect 

depolarized 

Polarization 

Cathode 

depolarized 
no effect 

depolarized Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 11—The effect of various iron sulfides on the polarization curves for carbon steel at 25° C [25]. 

Other Environmental Parameters 

The effect of the crude oil on galvanic corrosion, and other forms of corrosion, is to generally 
decrease the galvanic effect. There are a number of reasons for this. First, the crude oil can coat 
the metal surface, increasing the ohmic resistance. Second, some crude oils contain naturally 
occurring corrosion inhibitors that dissolve in the water phase and lower the overall corrosion 
reaction, reducing galvanic corrosion. Conversely, organic acids present in the crude oil (Table 
1) dissolve in the water phase increasing the galvanic effect by lowering pH or acting as metal 
ion chelating agents. As evident from the detailed data given, the effects of crude oil composi
tion variations are not well understood in relation to corrosion in general, much less galvanic 
corrosion. 

•a. 

o 
CL 

LOG CURRENT DENSITY 

FIG. 12—The influence of FeS on the electrochemical of steel [25]. 
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FIG. 13—Corrosion potential chart for metals and alloys inflowing seawater giving the relationships of 
their free corrosion potentials. 

The chemical composition of produced water can have a significant effect on galvanic cor
rosion. The formation of mineral scales results in significant ohmic resistance lessening or elim
inating galvanic corrosion that might otherwise occur. Mineral scales often form during 
production of a well when there are large decreases in temperature or pressure or both. The 
most commonly encountered scales are calcium carbonate, calcium sulfate, barium sulfate, and 
strontium sulfate. The single most important component of produced water is chloride ion, 
however, because of its pronounced lowering of solution resistivity and degradation of corrosion 
product protectiveness, which allows galvanic corrosion to occur more rapidly and over a wider 
range. Chloride ion concentrations in produced water can range anywhere from 10 to 100 000 
ppm. 

Galvanic Corrosion Effects on the Noble Metal 

The galvanic corrosion effect on the noble metal component of a galvanic couple is a major 
cause of galvanic corrosion failures in oil and gas production. Detrimental galvanic corrosion 
effects on the noble component of a couple are very specific, since only certain metal/environ
ment combinations are adversely affected. The most common effect encountered in oil and gas 
production is from the cathodic hydrogen reduction reaction and hydrogen charging of the 
noble metal, which is a prevalent phenomenon in a hydrogen sulfide environment. 

Hydrogen charging of the noble metal (cathode) can have serious consequences, resulting in 
potential hydrogen embrittlement and hydrogen stress cracking of susceptible materials. Ser
vice failures by hydrogen stress cracking when coupled to carbon steel in sour gas wells have 
occurred in Monel* Alloy K-500, Inconel® Alloy 718 and X-750, and titanium [18.30-32.39]. 
An excellent review of stress cracking problems of all types in oil and gas production has been 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



272 GALVANIC CORROSION 

given by Rhodes [18]. Laboratory experiments in hydrogen sulfide environments have pro
duced hydrogen stress cracking for a wide range of stainless steels and nickel base alloys when 
galvanically coupled to carbon steel [17,18,31-35,38]. The problem of hydrogen cracking of 
the noble component in a galvanic couple can also occur in other environments. Hydrogen stress 
cracking of Monel® Alloy K-500 cathodically protected in seawater has been reported [37]. 

Laboratory data on galvanic corrosion effects on the noble metal or alloy generally address 
galvanic couples with steel under severe hydrogen sulfide conditions, for example, stress at 
100% yield strength and 1 atm or more H2S partial pressure. Metals and alloys that do not fail 
under these test conditions can generally be assumed safe to use under less severe conditions. 
Table 4 gives a compilation of test results for hydrogen stress cracking of noble alloys coupled to 
steel in NACE solution at the most severe condition where hydrogen stress cracking did not 
occur. Table 5 gives a compilation of test results at the least severe conditions where hydrogen 
stress cracking of the noble alloy did occur. For reference Table 6 gives the nominal composi
tions of the noble alloys included in the previous tables. These test results are conservative, and 
less expensive alternative materials that would provide good service might be overlooked. For 
moderately or slightly sour service, tests in the production environment are recommended. If 
this is not possible the tables and references can serve as a guide. 

The standard most widely used for material selection in sour environments, NACE MR-01-75 
[40], should be used with caution when dealing with these materials galvanically coupled to 
steel. The effect of galvanic coupling on hydrogen stress cracking is addressed for only a few 
materials, specifically titanium alloys. The cautions that are present are footnotes in the text, 
but are not apparent from the tables and could easily be overlooked. This is a major weakness in 
MR-01-75, and one that should be addressed. Maximum strength, hardness or heat treatment 
requirements, or both, for materials coupled to carbon steel should be included. 

All of the failures of the noble metal discussed have been by hydrogen embrittlement and 
hydrogen stress cracking, but failures of some stainless steels and nickel base alloys can occur 
by stress corrosion cracking, particularly in chloride containing environments at elevated tem
perature. Galvanic couples can be used to protect the noble metal from stress corrosion 
cracking, but it will accelerate hydrogen embrittlement and hydrogen stress cracking if the 
noble metal is susceptible. It must be absolutely certain which form of corrosion, stress cor
rosion cracking or hydrogen stress cracking, is the operating failure mode before using the 
galvanic couple for prevention, or the results could be catastrophic. 

Galvanic Corrosion in Downliole and Production Equipment 

A producing oil or gas well contains a vast array of equipment below ground, and a complex 
arrangement of valves and controls at the wellhead. The condition and proper functioning of 
downhole equipment is of primary concern, since failures can result in severe safety hazards and 
very large expenses. Certain components are of particular importance. These include subsur
face safety valves, gas lift mandrels and valves, a variety of downhole pumping systems, tubing 
string components, and wireline and well workover equipment. A schematic of a naturally flow
ing, dual completion well is given in Fig. 14. Figure 15 shows a schematic of a completion using 
an electric submersible pump. 

Galvanic corrosion failures in downhole equipment, other than those of noble metal failures 
discussed previously, now primarily occur in relation to noble metal coatings. The noble metal 
coatings in most common use in oil and gas production are electroless nickel, hard chromium, 
and flame sprayed stainless steel or Monel® Alloy 400. The problem occurs if there is a defect in 
the coating. Since the coating is the cathode and the exposed steel substrate the anode, a very 
poor anode/cathode area ratio exists. An example of this type of failure is shown in Fig. 16 for 
an electroless nickel coating used to protect a steel subsurface safety valve. Porosity in the elec
troless nickel coating allowed the steel to corrode at the point of failure to the extent that the 
valve would not operate. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 14—Schematic of a typical well completion for a flowing well, producing from two zones (not to 
scale), showing the down hole equipment. 

Galvanic Corrosion in Seawater 

Galvanic corrosion in seawater continues to be a major source of failures in oil and gas pro
duction operations. Offshore seawater handling and injection systems are complex, consisting 
of pumps, valves, filtration equipment, deaeration equipment (gas stripping or vacuum strip
ping), and heat exchange equipment. Subsea completions take the complex sets of valves and 
controls in wellheads and place them on the ocean floor. General discussions of galvanic cor
rosion in platform seawater systems can be found in the literature [42,43]. Most seawater 
galvanic corrosion failures that occur at the present time are mistakes that should not have 
happened such as improper material substitutions. Following are several examples that demon
strate this point. 

Pump Impeller Retaining Ring Failure 

Vertical turbine pumps supply seawater to a large onshore seawater injection facility. The 
pump impeller casing, and bowls are Ni-Resist Type 1, with 316 stainless steel impeller retain
ing rings. Unfortunately, retaining rings of 410 stainless steel were inadvertently installed in the 
pump at the factory. The appearance of one of these 410 stainless steel impeller retaining rings Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 15—Schematic of a typical well completion for a well produced by means of an electrical submer
sible pump (ESP). 

after 1300-h operation is shown in Fig. 17. Failure was by extensive crevice corrosion. Ni-Resist 
will provide galvanic protection for 316 stainless steel sufficient to protect it from crevice cor
rosion, but not for 410 stainless steel. 

Stainless Steel Bolt Failure 

A filtration unit in a platform seawater injection system handling fully aerated seawater is 
constructed of 316 stainless steel. The attached piping upstream of each filter is heavy wall 
carbon steel to provide galvanic protection, preventing crevice corrosion of the 316 stainless 
steel. Inside each filter bolts are used to retain the nonmetallic filter elements. In several 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 16—Failure of the electroless nickel coating on a subsurface safety valve originating from porosity in 
the coating. The unfavorable anode/cathode area ratio resulted in rapid attack of the steel substrate at the 
defects. 
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FIG. 17—Corrosion of a seawater pump impeller retaining ring, specified as 316 stainless steel, but 
actually 410 stainless steel. The Ni-resist impeller would have galvanically protected 316 stainless steel, but 
the 410 stainless steel failed by severe crevice corrosion. 

instances 303 stainless steel bolts were substituted for 316 stainless steel bolts. The result is 
shown in Fig. 18. After six-months operation, crevice corrosion had virtually destroyed the 303 
stainless steel. Carbon steel can galvanically protect 316 stainless steel from crevice corrosion, 
but not 303 stainless steel. The substitution of 303 stainless steel for 316 stainless steel is a very 
common problem that is particularly prevalent with small parts such as compression tube fit
tings and small valves. 

Summary 

Galvanic corrosion in oil and gas production occurs in three basic environmental types: sweet 
(carbon dioxide), sour (hydrogen sulfide), and seawater environments. Sweet and sour produc
tion is highly variable in composition from well to well and within individual wells. 

Corrosion potential charts have been constructed from diverse references giving corrosion 
potential relationships of metals and alloys for the primary environmental areas. They allow a 
broad determination of the potential for galvanic corrosion for metals and alloys in common use 
in oil and gas production for each of the environmental areas. 

Electrochemical polarization data define the type of corrosion and the corrosion kinetics 
resulting from a galvanic couple. Polarization of metals and alloys in seawater has been exten
sively studied and is fairly well defined. This is not the case for sweet and sour environments. 
The formation and protectiveness of the iron carbonate corrosion product in sweet environ
ments is a function of time, temperature, and CO2 partial pressure. These variables must be 
taken into account in order to apply experimental data. Galvanic corrosion in sour environ
ments is complicated by the occurrence of several iron sulfides that have different polarization 
characteristics, and can alter polarization of the reduction reaction as well as the corrosion 
(oxidation) reaction. The effect of the galvanic couple in altering the anode steel corrosion 
product is not well defined. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.
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FIG. 18—Crevice corrosion on a 303 stainless steel bolt after six months service in a 316 stainless steel 
seawater filter. The bolt was specified as 316 stainless steel. Crevice corrosion protection for 316 stainless 
carbon steel was not sufficient to protect 303 stainless steel. 

Galvanic corrosion failures in oil and gas production now occur primarily in two areas: the 
noble metal of the couple and in seawater systems. Failures of the noble metal in a galvanic 
couple are generally the result of hydrogen embrittlement and hydrogen stress cracking of sus
ceptible alloys in a sufficiently severe environment in terms of pH, H2S partial pressure, alloy 
metallurgical condition, and stress level. NACE MR-01-75 should be revised to include the 
effects of galvanic coupling on the noble metal, setting metallurgical property limits on the 
material when coupled to steel in sour environments. The galvanic corrosion failures in seawater 
are generally the result of improper substitutions or replacement of a material where the proper 
material was specified. 

Additional research on galvanic corrosion in oil and gas production is needed in a number of 
areas. The effects of the composition of the crude oil and its importance needs study, the influ
ence of the iron sulfides on galvanic corrosion of both the steel and noble metal require defi
nition. 
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ABSTRACT; Telephone cable plant is exposed to practically all the corrosive environments that 
nature can provide. Designers of telephone plant components use various, sometimes galvanieally 
incompatible, metals and alloys to satisfy strength, formability, conductivity, electrical safety, 
and cost requirements. Galvanic corrosion occurs when galvanieally incompatible metallic 
couples are exposed to corrosive environments. Combinations of small cathode/anode surface 
area ratios, metallic and nonmetallic coatings, and cathodic protection are some of the means 
used to eliminate or reduce the harmful effects of galvanic corrosion. Examples of galvanic cor
rosion problems in the aerial, underground, and buried plant and solutions to these problems are 
described. 

KEY WORDS: galvanic corrosion, telephone plants, corrosion protection 

The various components of a telephone cable plant are exposed to practically all the corrosive 
environments that nature can provide. The aerial plant is most vulnerable at industrial centers, 
where sulfur dioxide (SO2) and carbon dioxide (CO2) are common atmospheric corrosive agents, 
and at sea coastal areas, where salt spray accelerates corrosion. The underground plant, where 
cables and associated hardware are placed in ducts and manholes, is often subject to high water 
levels. These waters are usually contaminated with soluble salt components of the native soils, 
and man-made contaminants, for example, deicing salts, fertilizers, and occasionally industrial 
effluents. The buried plant is subject to local soils of various corrosivity and to the above-
mentioned man-made contaminants. 

Galvanic Couples 

If galvanic corrosion was the only consideration, we could eliminate galvanic couples by 
making all interconnected components of the same metal. That would not solve concentration 
cell (for example, differential aeration), stress corrosion cracking, stray current, and interfer
ence current problems. Furthermore, we also must consider strength, formability, conductivity, 
electrical safety, and cost. Thus, a plant free of galvanic couples is a Utopian dream. A realistic 
telephone cable plant contains galvanic couples. However, the design considerations in most 
cases include the following basic principles to limit the effect of galvanic corrosion: (1) anode 
and cathode components are near each other in the galvanic series, and (2) the cathode/anode 
surface area ratio is as small as possible, especially if the galvanic cell is under cathodic control. 
Designers cannot always avoid the use of galvanieally incompatible components, and predicted 
corrosion problems often are solved with metallic or nonmetallic coatings, polymer jacketing, or 
cathodic protection. In the following I shall describe several galvanic corrosion problems that 
occurred in the past 25 years and their solutions. 

'Member of technical staff, Bell Communications Research, 435 South St., Morristown, NJ 07960. 
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The Aerial Plant 

The most common galvanic corrosion cell in the aerial plant exists between the zinc (anode) 
and steel (cathode) of the galvanized steel strand and support hardware in industrial and sea 
coastal environments. The high concentration of SO2 in industrial areas, and salt spray at sea 
coasts, first partially corrode the zinc, then expose increasingly larger and larger surface areas 
of steel. This is particularly true in industrial areas where the acidic contaminants dissolve the 
amphoteric zinc. The resulting galvanic couple then corrodes away the remaining zinc at a high 
rate for two reasons: (1) industrially polluted moisture condensate and salt spray have good 
electrolytic conductivity, and (2) the zinc anode and exposed bare steel cathode are adjacent to 
each other (short electrolyte path). Class C galvanizing on steel strand and hardware (ASTM 
Specification for Zinc-Coated Steel Wire Strand [A 475]) and aluminum coated strand, espe
cially in industrial atmospheres, can increase the life expectancy of the above aerial plant com
ponents. 

Very few severe galvanic corrosion problems exist in the relatively benign rural and suburban 
atmospheres. I attribute this good "track record" to the following: (1) extensive use of plastic 
jacketed cables and plastic closures, (2) almost all support hardware is made of galvanized 
steel, (3) the corrosive environment is only a thin layer of contaminated moisture that represents 
relatively high electrolyte resistance, as compared to moisture layers containing dissolved SO2 or 
dissolved sodium chloride (NaCl) or both, when it covers galvanically incompatible structures, 
and (4) the moisture evaporates in dry and windy weather. 

An example of an unavoidable galvanic couple in the aerial plant is lead sheathed cable 
secured with galvanized steel lashing wire to galvanized steel strand. Although this combination 
represents a disadvantageous small anode (zinc), and large cathode (lead) coupling, galvanized 
steel lashed lead sheathed cable plant held up well in the past because of a combination of thin 
electrolyte layer, natural drying effects, and the use of heavy (Class C) galvanizing at the more 
corrosive areas (sea coasts and industrial areas). 

Another example of galvanic corrosion in the aerial plant was presented by a ring-shaped 
contact element on cable shields. This item was made of mild steel and coated with 5.08 X 10"'' 
m (0.0002 in.) of tin. Such a thin coating of tin was found to be porous. Approximately 0.33 
mm^ of base metal is exposed per 1 m^ of coated metal [ / ] . Under these conditions, a small 
quantity of condensate moisture is sufficient to create galvanic cells between small anode (steel) 
and large cathode (tin or tin oxide). The corrosion product mushroomed out on the tin surface, 
thereby increasing the contact resistance. The solution to this problem was to increase the thick
ness of tin to 2.54 X 10"* m (0.001 in.). At this thickness the tin coating is not porous, thus, the 
offending galvanic cell is eliminated. 

The Underground Plant 

In the underground plant, cables and associated hardware would be free of corrosive environ
ment if the ducts and manholes of the underground plant were dry. Unfortunately, contam
inated water enters these structures at cracks, openings, and joints thereby providing the 
corrosive environment. With the proliferation of polyethylene jacketed cables, galvanic cor
rosion of the underground plant takes place almost exclusively in the manholes. In manholes of 
steel reinforced, pre-cast or cast-in-place concrete construction the rebars (reinforcing bars), 
passivated by the alkaline concrete, play the role of cathode in a galvanic couple with galvanized 
steel support hardware. 

Galvanized Steel Support Hardware Corrosion 

The potential of steel in concrete is about —0.2 V versus the CU/CUSO4 reference electrode, 
and that of galvanized steel is about —1.1 V [2] (Fig. 1). Obviously, when the rebars in con-
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Crete are coupled to the galvanized steel support hardware in a flooded manhole the galvanized 
steel is the corroding anode. Under certain conditions the rebars are part of the electric ground 
and are connected to the remainder of the plant. If the cables are all polyethylene jacketed, 
magnesium anodes placed on the manhole floor and connected to the support hardware provide 
a solution to this problem. 

Under different conditions (for example, the plant contains lead sheathed cable in a nonstray 
current area), the rebars may not be part of the grounding system, and the galvanic coupling to 
the galvanized steel hardware can be eliminated. In steel reinforced concrete manholes, con
tacts usually are made to the rebars at four points, and inside the manholes 0.203-m (8-in.) 
tin-coated copper bonding ribbon pieces are attached to these contacts. Hence, they provide the 
option for bonding or isolating. Unfortunately, the mounting bolts of the support hardware 
more often than not make incidental direct contacts to the rebars, thereby eliminating the above 
option. The use of nylon bushings or nylon mounting bolts eliminates this problem (Fig. 2). Mr. 
Richard C. Eggebrecht of Illinois Bell Telephone Co. conducted a two-year field study in 
flooded manholes by mounting some of the galvanized steel support hardware with nylon bolts. 
Visual examinations indicated that the isolated galvanized steel hardware remained free of rust, 
while those connected to the rebars had most of the zinc coating and some of the underlying 
steel corroded away. This study showed the harmful effect of the rebar-support hardware gal
vanic couple and the beneficial effect of the electric isolation against incidental galvanic 
coupling (Figs. 1 and 2 ).^ 

Repeater Cases 

Some carrier repeater cases contain electric circuits mounted on a galvanized cast iron base 
and protected from the environment by a 1.6 X 10" m (0.063 in.) thick cylindrical, mild steel 
cover, which, in turn, is coated with 3 X 10~* m (0.0012 in.) of zinc. The covers, designated for 
manhole use, are coated with black paint. A Type 301 stainless steel V-band clamp fastens the 
cover to the base. The black paint can be damaged during installation, thus exposing small 
areas of galvanized steel. In flooded manholes the small anode (galvanized steel at damaged 
paint) large cathode (stainless steel V-band clamp) leads to fast perforation of the cover (Fig. 3). 
Laboratory experiments with various anode/cathode surface area ratios prove the validity of the 
above statement (Fig. 4). We provided two solutions for this problem. Since the black paint on 
the outside is not necessary, apply 3.8 X IQ"" to 4 X 10 "• m (0.015 to 0.018 in.) of flame 
sprayed zinc. For carrier cases already in service where the black paint cannot be eliminated, 
place magnesium anodes on the bottom of the manhole and connect their leads to the carrier 
cases. 

The Buried Plant 

Telephone and power utilities often bury their cables in joint trenches. For electrical safety 
these cable plants are bonded together at many locations. A galvanized steel mounting post 
ensures the perpendicular position of the terminal on the ground, but the post is subject to 
corrosion. In the past 15 to 20 years corrosion of concentric neutral wires has occurred in buried 
electric power installations [3-9]. Extruding carbon-black filled polyethylene over the neutral 
wires provided one of the solutions to this problem. Carbon-black filled polyethylene power 
cable jacketing represents a very large cathode against the small galvanized steel of the con
nected telephone mounting post anodes. The ensuing galvanic corrosion of the anode, while 
normally innocuous, can be particularly aggressive in porous and oxidizing soils [10]. Labora
tory studies mO.l N NaCl solution predict 0.76- to 1165-mm/year (30- to 65-mpy) corrosion 

^Eggebrecht, R. C , Illinois Bell Telephone Company, private communication. 
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FIG. 1—Galvanized steel support hardware mounted with steel bolts. 
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FIG. 2—Galvanized steel support hardware mounted with nylon bolts. 
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A. BLACK PAINT FINISH 

B . WHITE PAINT F I N I S H 

FIG. 3—Perforated T-1 carrier case covers. 
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GALVANIC CORROSION BETWEEN HOT DIP GALVANIZED STEEL 
AND TYPE 304 STAINLESS STEEL IN A SOLUTION 

CONTAINING 26« mg/lilw CI- AND 70 no/lllw SO4" 
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FIG. A~Galvanic corrosion between hot dip galvanized steel and Type 304 stainless steel in a solution 
containing 266 mg/L CI' and 70 mg/L 507~-

rates of galvanized steel when coupled to carbon-black filled polyethylene cable (35% carbon) 
at an anode/cathode ratio of 0.015, and 0.05 to 0.15 mm/year (2 to 6 mpy) when the same ratio 
was 1.0 (Fig. 5) [// ]. Field experiments conducted for 1159 days in 11 200 fi-cm resistivity soil 
showed that on the average galvanized steel posts connected to a carbon-black filled polye
thylene jacketed power cable corroded at a 7.3 times higher rate than the same posts connected 
to bare concentric neutral type power cable (Table 1). The most likely reason for this large 
difference in corrosion rates is the stronger cathodic control and larger driving potential of the 
zinc-carbon galvanic cell as compared to a zinc-tin galvanic cell. Mounting an additional gal
vanized steel post on the pedestal terminal or connecting an additional post and placing it in the 
trench reduces the corrosion rate to an acceptable level. 

TABLE 1—Corrosion of galvanized steel mounting posts. Environment: 11 200 U-cm soil. 

Length of test: 1159 days. 

Average Corrosion Rate 

Posts Coupled to Posts Connected to 
Number of Mounting Carbon-Black Filled Cable with Bare 
Posts Connected to Polyethylene Jacketed Cable, Concentric Neutral Wires, 

the Power Cable mm/year (mpy) mm/year (mpy) 
1 0.25 (10.00) 0.041 (1.62) 
2 0.19 ( 7.58) 0.024(0.93) 
3 0.17( 6.65) 0.021 (0.84) 
4 0.16 ( 6.25) 0.023(0.91) Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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PERFORATION 
OF GALVANIZED STEEL 

6ALVANIZED STEEL 
{A /C«0 .0 I5 ) 

GALVANIZED STEEL 
«I.O) 

CORROSION OF GALVANIZED STEEL AND MILD 
STEEL COUPLED TO COPEC 

FIG. 5—Corrosion of galvanized steel and mild steel coupled to a conductive polyethylene jacketed power 
cable. 

Summary 

The above examples of galvanic corrosion in the telephone cable plant show that design needs 
and cost can override galvanic corrosion considerations. Consultations in the design stage of 
new equipment, visual examinations and laboratory testing of products, and in-plant corrosion 
tests help uncover the galvanic corrosion problem areas. Metallic and nonmetallic coatings, 
cathodic protection, and changes in installation techniques usually solve the above galvanic 
corrosion problems. 
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ABSTRACT: Galvanic corrosion concerns in Navy ships are discussed including the role that 
cathodic protection plays on the ship hull. The specific causes of a number of shipboard examples 
of galvanic corrosion are identified, with proposed solutions to each. Most problems occur in 
seawater connected tanks and in the piping systems, with relatively few on the external ship hull, 
machinery spaces, and topsides. Nearly all of the problems could have been eliminated through 
the application of good corrosion engineering practice at the design or construction stage, 
although occasionally a unique unpredictable problem emerges. The predictability of the prob
lems re-emphasizes the need for greater corrosion awareness by all associated with the design, 
building, and maintenance of ships and their mechanical systems. 

KEY WORDS; marine corrosion, galvanic corrosion, cathodic protection, metallic materials, 
corrosion engineering 

Ships not only float on seawater, as traditionally thought, but also vast quantities of water are 
pumped into them and through essentially all ship areas. Further, the salt in the marine atmo
sphere accumulates on all surfaces, both external and internal. This leads to many more poten
tial corrosion problem areas than the obvious one of the hull and its appendages. Although 
there are thousands of metal components aboard a ship, there are surprisingly few numbers of 
different alloys used in any significant quantity. So while on the one hand the corrosive environ
ment is prevalent, galvanic corrosion occurs to a surprisingly small extent. The instances that 
occur however can have serious consequences, and constant attention is required at all stages of 
design, construction, and maintenance. Prevention of galvanic corrosion is important to ship
building however, because of the aggressive environment and long service lives expected of 
seagoing vessels. 

Documentation 

Many corrosion textbooks treat the subject of galvanic corrosion, therefore, its nature, preva
lence, control techniques, and their theoretical basis are well understood and available. Gov
ernment publications and reports on this topic also have been prepared, usually in connection 
with specific problems or research and development objectives. There are, however, two docu
ments that are useful, readily obtainable, and cover the galvanic corrosion topic in a practical, 
corrosion engineering sense. The first is the Military Standardization Handbook entitled. Cor
rosion and Corrosion Prevention of Metals (Mil-Handbook-729, 29 Nov. 1983) [ / ] , which 
covers the full scope of material deterioration in all environments. This includes the corrosion 
processes and types of attack, performance of specific metals, prevention, testing, and quality 
assurance. The second document is a Military Standard for Dissimilar Metals (Mil-Std-889B of 
21 Nov. 1979) [2] , which defines and classifies dissimilar metals and provides methods for 

'Supervising metallurgist, Marine Corrosion Branch, David Taylor Research Center, Bethesda, MD 
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protecting coupled dissimilar metals against corrosion. It is applicable to all military equipment 
and components. These two documents are referential, available, and technically sound sources 
for controlling galvanic corrosion in shipbuilding construction. Recent efforts by the author and 
his co-workers are addressing corrosion control for Navy ships more specifically [3]. Further, 
others have prepared corrosion control documentation for many specific classes of ships based 
upon Navy approved corrosion control systems [4]. 

Galvanic Effects 

Galvanic corrosion is commonly referred to, and thought of, as a "form" of corrosion, 
whereas more properly, it should be thought of as an accelerating or decelerating mechanism 
for all other "forms" of corrosion. General corrosion is the most commonly used evidence of 
galvanic attack, and that convention is followed in some of the analyses in this paper. However, 
it is more accurate to think of general corrosion being stimulated (or retarded) by currents 
created by the presence of dissimilar metals, as stated in the definition contained in Mil-
Handbook-729, which reads, "Galvanic corrosion—a type of corrosion associated with the cur
rent resulting from the coupling of dissimilar electrodes in an electrolyte." Pitting and crevice 
attack are commonly thought of as being driven by the galvanic action of the large passive (more 
noble) area surrounding a small active site. The addition of even more passive (noble) surface 
area may further accelerate the local attack while the coupling to a more active metal may 
inhibit pitting/crevice attack. Thus localized attack may be stimulated or retarded by the 
coupling of these more or less noble metals (galvanic effects). Similar arguments apply to inter-
granular corrosion, erosion corrosion, cavitation, and corrosion fatigue. Hydrogen embrittle-
ment of steels and other sensitive alloys may behave in reverse. In this case, the galvanic 
coupling to a less noble metal, for example, a zinc anode, can be highly detrimental because it 
stimulates the cathodic reaction that creates monoatomic hydrogen for potential absorption 
and transport in the cathode, thereby increasing the sensitivity to failure under load. 

Galvanic Effects on Shipboard Systems 

Hull 

One of the effects of galvanic interactions is an important method of ship hull corrosion 
control, namely, cathodic protection. All underwater hulls of Navy ships are both painted and 
cathodically protected. While this cathodic protection is intended to protect the structural 
material (usually steel) from general corrosion, it also serves to prevent (or reduce) most other 
forms of corrosion, including galvanic corrosion caused by hull-propeller interactions with the 
exception of hydrogen embrittlement. Experience bears this out in the Navy because, as shown 
in Table 1, underwater corrosion of properly protected ships has not occurred in any form 
except an occasional instance of hydrogen assisted cracking of small, usually high strength 
attachments and fittings. One specific example of this is an anchor windless brake-band, made 
of nickel-copper alloy conforming to QQ-N-286 (K-Monel) at 160-ksi (1103-MPa) tensile 
strength. The environmentally assisted failure was determined to be hydrogen related, aggra
vated by cathodic protection whose presence was confirmed by calcareous deposits covering all 
of the adjacent brake-band. A related failure was discussed by Efird [5] of a Ni-Cu-AI alloy 
bolt that had been subjected to cathodic protection. Efird presents a specification for monel 
bolts for use in seawater, which is based on elimination of excessively hard areas at the bolt 
thread root. The guidelines in this specification, however, are applicable to all seawater use of 
K-Monel in stressed parts subject to cathodic protection. 

Flow-induced corrosion of underwater appendages on the hull (struts, rudders, and so forth) 
is also not usually a problem on a well protected hull, in spite of ship speeds in excess of normal 
metal corrosion/erosion limits (for example, 10 ft/s [3 m/s] for 90:10 CuNi) and bare spots on 
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some leading edges (impacted and damaged paint). Obviously much of the lack of flow-induced 
corrosion is attributable to hydrodynamic design and low shear forces adjacent to leading edges 
of metal surfaces; but cathodic protection by a galvanic mechanism is a contributing factor. 

Galvanic interactions can also occur between the steel of the hull and either the antifoulant 
paint or the weld beads. Certain paints may contain compounds (for example, carbon, cuprous 
ions) that cause the coating to be cathodic to the hull and corrosion at small bare spots (from 
impact or poor paint applications). With such a large cathode to anode ratio, even small differ
ences in potential could be significant. The remedy for this is to have a good insulative primer 
and anti-corrosive paint system between the steel and the anti-foulant paint. Care should be 
taken in weld metal selection to insure that the as-deposited metal is cathodic to the base plate. 
Although this can normally be identified by comparison of the base plate and weld wire alloy 
content, confirmatory testing of weldments is prudent. The danger is that the large area of base 
metal will concentrate corrosion at the active weld metal, if the galvanic relationship is incor
rect. This is the modern version of the often-repeated example of rivetting copper sheathing on 
wooden hulls with steel bolts. Although these examples are listed in Table 1, they are not 
common and do not occur on a cathodically protected hull. 

Piping and Tanks 

With steel hulled ships and copper alloy piping the opportunities for galvanic corrosion are 
legion. It would be expected that the most corrosion prone areas exist at sea-chest/hull connec
tions. Reported problems at these locations are not within the author's experience, probably 
because of the presence of cathodic protection on the hull and anodes in the sea chests. 

Sea connected voids, tanks, and so forth often contain operating machinery and associated 
mounting arrangements, and galvanic compatibility with the tank material is important. There 
was a recent instance where some aluminum components were found bolted to a steel frame and 
quietly corroded away in a seawater-flooded tank. While aluminum is unsuited to prolonged 
underwater service, it is even more inappropriate to attach it directly to steel, unless the intent is 
to protect the steel by galvanic action of aluminum. 

Isolation of ship piping is not practical, so insulation of flanges and bolts would serve no 
purpose. Figure 1 shows an as-received U-in. (280-mm) long section of steel pipe, which had 
been fabricated by the ship's crew to replace a leaking fitting. The thick bronze flange on the 
right (joined to the 90:10 copper-nickel pipe) is bolted to the steel pipe flange, and a rubber 
isolation gasket was installed. The steel pipe is covered with rubber insulation. The bolts, 
however, were not isolated, and electrical continuity was measured between the steel and copper 
pipe section. Extensive corrosion was the result and is shown in Fig. 2. The time that this couple 
was in service was between 5 and 9 months. Fairly uniform corrosion occurred over the surface 
with pipe wall thickness losses being typically 10 to 30 mils (0.3 to 0.8 mm) and maximum wall 
loss being 50 mils (1.3 mm). Generally the severe galvanic attack of the steel was limited to the 
weld areas and the pipe ends. The use of tape or other insulation on the bolt shanks and non-
metallic washers under the bolt heads and nuts would have given this "temporary" fix quite a 
few years of useful service. 

Pipe hangers and attachments can be a source of galvanic corrosion in sea-connected tanks. 
A problem occurred with a seawater compensated fuel tank, which had steel hangers and fas
teners holding the copper-nickel piping. The piping was not painted and had caused corrosion 
on the hangers, nuts, bolts, and tank walls. Solutions to this include painting the copper nickel, 
isolating the hangers and fasteners, or changing them to copper nickel and Monel and provid
ing cathodic protection in the steel tank (assuming that it does not create a spark or additive 
problem in the fuel), or all of these. Painting of noble metals (copper, nickel, and titanium base 
alloys), although recommended to reduce galvanic corrosion, is not usually performed in Navy 
ships because these metals do not themselves corrode. Consequently, paints and application 
procedures for these difficult-to-coat passive-film-forming metals are not commonly known or 
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MORTON ON GALVANIC CORROSION IN NAVY SHIPS 295 

FIG. 1—Steel pipe replacement section attached to copper-nickel pipe. 

in frequent usage. This aspect, and the value of coating these types of alloys when they see 
immersed service, is becoming more generally known and hopefully will be common practice in 
shipbuilding and ship maintenance in the next few years. 

Hydraulic piping is sometimes routed through seawater tanks to operate hydraulic valves and 
other equipments. A coated 1020 carbon steel pipe with a wall thickness of 0.15 in. (3.8 mm), 
developed through pitting near the hydraulic valve after nine months of service. The damaged 
area is shown as Fig. 3. Analysis concluded that the adjacent Monel actuator rod had caused the 

FIG. 2—Steel pipe replacement section attached to copper-nickel pipe after cleaning. 
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FIG. 3—Steel piping to Monet hydraulic actuator: (a) coating on outer diameter of the pipe, (h) grinding 
mark, and (c) corrosion and through wall pitting. 

pitting at holidays in the coating of the pipe. All other parts of the actuator and its mounting 
were well-coated and in excellent condition. During system design, the galvanic effect of the 
bare actuator had apparently not been considered or thought significant, although careful pres
ervation of all parts of the system had been accomplished, including painting of long piping 
runs in a ballast tank. The solution implemented was to change to copper-nickel piping. 

The last example in this section on piping concerns a case of improper cleaning of copper 
nickel tubing during manufacturing of a heat exchanger. The problem surfaced with the 
appearance of voluminous corrosion products on the interior of the tubing and deep pitting 
after only a few months of seawater service. The most obvious possibilities (stray current, exces
sive velocity, and so forth) were examined and provided no explanations to account for observed 
facts. Unexposed material from the same manufacturing lot was requested and examined. Dark 
deposits were found and analyzed as carbon. The conclusion was that the tube drawing lubri
cant was not removed, and the carbon deposits galvanically stimulated the corrosion of the 
tubing in seawater service. For confirmation, a sample of the uncleaned tubing was exposed for 
120 days in flowing natural seawater and exhibited similar attack. 

Valves 

Piping components such, as valves and pumps, need to be carefully selected to ensure their 
suitability for marine service in ships. Much equipment is manufactured, which will give many 
years of satisfactory service. There are, however, even within those equipments classified as 
"suitable for marine service" many instances of inappropriate materials with the resultant 
probability of galvanic corrosion. 

Valve stems made of nickel aluminum bronze are sometimes used to operate valve balls made 
of either nickel-copper (Monel) or titanium. In either case the end of the stem corrodes at an 
accelerated rate because of its proximity to the more noble metal ball in the valve. Isolation is 
not practical and even though the ball may be coated with Teflon®, local action at the stem end 
will still occur, possibly aggravated by a crevice geometry. Valve parts are frequently identified 
as "bronze," but care must be taken that alloys actually used are accurately specified. One 
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recent example involved a valve found leaking in service, for which the drawing identified all 
materials as bronze. Chemical analysis showed that the corroded plug portion, shown in Fig. 4, 
was actually a brass with a composition of 62% copper—37% zinc, which was coupled to the 
bronze body of 85% copper—5% zinc—5% tin and was sacrificially corroding. 

Parts with relative motion can corrode quite rapidly since the protective film that forms 
in copper base alloys will be continuously removed. An example of a check valve from a ship
board copper nickel piping system is shown in Fig. 5. The flapper disk is Monel and the flapper 
arm is copper-nickel. The combination of movement and galvanic corrosion caused the flapper 
arm to corrode completely away, releasing the flapper disk, which then jammed into the check 
valve exit slightly downstream. This in turn almost blocked the valve exit, causing extremely 
high flow around the wedged-in disk and subsequent erosion-corrosion, resulting in a massive 
leak in the check valve. 

Galvanic corrosion can occur when the same material has different surface conditions. An 
example was found in a Monel gate valve. The seating surface of an old valve had been refin-
ished and put back in service. Galvanic corrosion subsequently occurred in this region, since 
refinishing of these surfaces without removal of corrosion product films from the rest of the gate 
created a situation where the critical areas were made more anodic (fresh clean surface) than the 
rest of the gate (undisturbed corrosion films). Upon return to service, galvanic corrosion was 
concentrated on the critical seating surface. 

Pumps 

Pump seals, impellers, shafts, and so forth, in addition to galvanic compatibility must be 
designed to accommodate high flow rates and tight crevices. With the growing application of 
stainless steels and, more recently, titanium for long-life seawater pumps, galvanic corrosion 
within the pumps has been less of a problem. Materials selected for pumps for marine service 
tend to be galvanically compatible and corrosion is usually limited to flow-related and localized 
damage. Use of a pump with large quantities of noble metals can stimulate corrosion of adja
cent piping, if suitable electrical isolation is not performed, however. 

Heat Exchangers 

Compatibility between water boxes, tube sheets, tubing, and shipboard piping is the galvanic 
corrosion concern for these components. With the extensive use of copper-nickel and bronze 

FIG. 4—Bronze valve body with brass plug. 
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FIG. 5—Check valve with copper-nickel arm and a Monel flapper disk. 

alloys for these components, galvanic corrosion has not been experienced to any significant 
degree. Flow related corrosion is the usual cause of shipboard failures. The future trend 
towards the use of stainless steel and titanium heat exchanger tubes can create galvanic cor
rosion problems on tube sheets, water boxes, and adjacent piping, unless proper electrical isola
tion or cathodic protection is utilized. 

Marine Atmospheric Environments 

Shipboard marine atmospheric environments will not cause as severe galvanic corrosion as 
immersion, since the time of wetness is limited, and even when wet, area ratios are limited by 
high resistivity of surface films. However, water entrapment can result in extensive galvanic 
attack at faying surfaces or other similar locations. This is prevalent on ship topsides with label 
plates and around fasteners and the items they join. Steel and aluminum are the most fre
quently seen dissimilar metals in this area and occasionally galvanic corrosion of aluminum 
results. Much of the topside corrosion is simply general corrosion of improperly coated steel or 
aluminum and is not galvanically stimulated. 

FIG. 6—Aluminum hydraulic valve subplate bolted to a steel frame. 
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One instance of engine room atmospheric galvanic corrosion is shown in Fig. 6 in which an 
aluminum alloy 2014 hydraulic control valve subplate has undergone corrosion up to VA in. (19 
mm) deep in 10 years service. This subplate was bolted to a steel frame with "cotton duck" 
washers during assembly. These washers had absorbed moisture providing the necessary elec
trolyte for the galvanically accelerated corrosion of the aluminum. A similar situation, without a 
nonmetallic to entrap moisture, occurred on another aluminum hydraulic actuator, which had 
both steel and bronze components bolted to it. This unit was in an engine room where conden
sation had occurred to a sufficient degree to cause noticable pitting on all dissimilar metal 
mating surfaces. While connection of aluminum and copper can never be recommended, 
coating the noble metal under and adjacent to the areas of contact is recommended for com
ponents in marine atmospheres when this connection is unavoidable. This problem has also 
been experienced in electrical equipment, where aluminum and copper alloys have been in 
contact. Special precautions are necessary for electronic equipment, and that subject has been 
dealt with elsewhere [6,7]. 

Common Causes of Galvanic Corrosion 

The problems cited earlier mainly involve the commonly used alloys in ship structural and 
piping applications. The list of metals normally considered suitable for ship applications is not 
very large. The overwhelming tonnage of metal used is steel, which when properly coated and 
cathodically protected gives many years of satisfactory service. Copper-base alloys are the next 
highest used alloy types with nickel and aluminum base alloys following. If galvanic problems 
occur with these alloys in systems other than specialized machinery or equipment, it is usually 
due to lack of attention to details or lack of application of good corrosion engineering practice. 
The lack of details includes careful attention to specifications and use of their latest revisions. 
These revisions may be alloy chemistry or heat treatment changes instituted to avoid a marine 
corrosion problem. Good corrosion engineering practices, dealt with extensively elsewhere 
[8,9], include such things as alloy selection, isolation, coating noble metals to reduce surface 
area and application of cathodic protection. Many of the corrosion problems cited above 
resulted from ignoring one or more of the above practices. 

Galvanic problems can also occur when machinery or equipment designed for use ashore is 
installed aboard ship. While again, galvanic corrosion will result from the two causes identified 
above (lack of attention to detail and violation of good corrosion engineering practices), in this 
instance, the equipment is being asked to perform a function for which it was not designed. This 
situation does occur, and sometimes problems can be reduced by careful installation and pro
tection from the environment. An example of this was the use of fire sprinkler head, designed 
originally for freshwater, in a seawater fire system. Aluminum components in the valves, which 
would have performed adequately in freshwater service, failed in saltwater causing unexpected 
activation of the sprinkler. 

A list of "do's" and "don'ts" may be a simplistic approach, but if applied at the correct time 
in the design/construction/installation/operation/maintenance cycle of shipbuilding would 
probably eliminate most of the galvanic corrosion problems. 

DO 

Assume it will get wet. 
Use alloys whose marine performance is known. 
Consider cathodic protection. 
Completely isolate (for example, bushings on bolts). 
Coat noble metals. 
Provide drainage to remove standing water. 
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DO NOT 

Assume the environment is dry or constant. 
Think land-based designs work in water. 
Ignore specification details. 
Be casual regarding details. 

Summary 

A common cause of shipboard galvanic corrosion failures is improper design or selection of 
materials. In most cases, this should have been obvious and caught in the design stage; but in a 
few instances it is only apparent with hindsight. Another common factor is improper assump
tions regarding the environment; usually that there will be no electrolyte when in fact, one does 
creep in. It is essential to increase the general awareness of maritime designers with education 
and emphasis on lessons learned. 
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ABSTRACT: The use of dissimilar metal construction in power plant condensers is a common 
practice. It is not unusual to encounter condensers fabricated with stainless steel or titanium 
tubes, copper alloy tubesheets, and cast iron or carbon steel waterboxes. Furthermore, condensers 
initially furnished with copper alloy tubes and copper alloy tubesheets are frequently being 
retubed with stainless steel or titanium tubes. In several instances, the use of dissimilar alloys in 
power plant condensers has led to severe galvanic corrosion, particularly of the tubesheet. 

The primary factors affecting galvanic corrosion in a condenser include the electrochemical 
characteristics (that is, potential and polarization) of the different alloys, the effective area rela
tionships of the different alloys, and the specific characteristics of the cooling water (for example, 
conductivity, temperature, and so forth). A number of studies have been conducted to develop a 
better understanding of the relative influence and the interrelationship of these various factors. 
These studies, conducted under simulated condenser flow conditions, have shown that (1) the 
length of tube involved in a tubesheet/tube galvanic cell can extend beyond 6 m down the tube, 
depending on the tube alloy and water salinity; (2) the use of either titanium or stainless steel tubes 
with a copper alloy tubesheet can result in significant galvanic corrosion of the tubesheet; (3) 
galvanically coupling a Muntz metal tubesheet to either stainless steel or titanium can cause severe 
dezincification of the tubesheet; (4) the intensity of galvanic attack will tend to diminish as the 
salinity of the cooling water decreases; (5) the intensity of the galvanic attack will tend to diminish 
as the cooling water temperature decreases; (6) certain copper alloy tubesheets may be galvan
ically compatible with either stainless steel or titanium tubes if the cooling water salinity or tem
perature is sufficiently low; (7) as a tubesheet alloy coupled to either stainless steel or titanium 
tubes, aluminum bronze (Alloy D) is significantly less susceptible to galvanic attack than Muntz 
metal; (8) cathodic protection properly implemented can effectively mitigate galvanic attack of 
copper alloy tubesheets caused by more noble alloy tubes, and (9) the cathodic protection current 
required to mitigate galvanic corrosion will be greater in higher salinity, higher temperature cool
ing water. 

KEY WORDS: steam condensers, galvanic corrosion, simulated testing, copper alloy tubesheets, 
stainless steel tubes, titanium tubes, cathodic protection 

Until the late 1970s, copper alloy tubes were traditionally used in the steam surface con
densers of coastal power plants. However, with increasing appreciation of the catastrophic con
sequences that condenser tube leaks could have on other components of their power generation 
systems, electric utilities began to retube with more corrosion resistant alloys such as the newer, 
more highly alloyed stainless steels or titanium. In several instances, after retubing with stain
less steel or titanium, electric utilities experienced rapid and severe galvanic corrosion of their 
copper alloy tubesheets, usually either Muntz metal or aluminum bronze (Fig. 1). These inci
dents triggered several studies [1-4], conducted under simulated condenser flow conditions, 
which sought to develop a better understanding of the relative influence and interrelationship of 
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302 GALVANIC CORROSION 

FIG. 1—Galvanic corrosion ofMuntz metal tubesheet one year after retubing with AL-6X stainless steel 
tubes. 

the important factors affecting galvanic corrosion in a condenser. This paper describes a simu
lated condenser setup used to investigate galvanic corrosion of condenser tubesheets and sum
marizes the more important results of studies using the apparatus. 

Experimental Approach 

Tubesheet and Tube Materials 

Much of the experimental work focused on galvanic corrosion associated with the tubesheet/ 
tube combinations is shown in Table 1. 

The AL-6X alloy a 20% chromium, 24% nickel, 6% molybdenum, austenitic stainless steel 
developed by Allegheny Ludlum Steel Corporation primarily for use as a condenser tube alloy in 
high salinity (seawater) cooling water. Ti-50A is commercially pure titanium tubing supplied by 
TIMET Corporation. Muntz metal (60 Cu-40 Zn) and aluminum bronze (Alloy D, 91 Cu-7 Al-2 
Fe) are widely used tubesheet alloys. 

Test Apparatus 

To simulate the physical configuration between tubesheet and tube, circular collars (approxi
mately 3.6 cm outside diameter [OD]) were fabricated from the selected tubesheet alloys and 
fitted on the ends of the condenser tubes. The tubesheet alloy collars were insulated from the 
tubes by the use of polyolefin "shrink-fit" sleeves. An electrical lead wire was soldered to the 

TABLE 1—Tubesheet/tube combinations. 

Tubesheet Tube Tube 

Aluminum bronze (Alloy D) titanium (Ti-50A), AL-6X stainless steel 
Muntz metal titanium (Ti-50A), AL-6X stainless steel Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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collar to provide a means of completing the galvanic circuit to the tube as described below. After 
installation on the tube ends, the tubesheet collars were masked with epoxy so only the end faces 
were exposed to the seawater. The exposed tubesheet surface area for each tube was approxi
mately 6 cm^ This represents the approximate tubesheet area per tube in most operating steam 
surface condensers. Figure 2 shows the arrangement. 

To simulate waterbox conditions, the tube ends were terminated in 15.2-cm (6-in) diameter 
polyvinyl chloride (PVC) header pipes. The electrical lead wires, which had been soldered onto 
the tubesheet collars, were terminated outside the header pipe. This arrangement enabled the 
galvanic circuit to be completed outside of the header pipe, also permitting in-situ measurement 
of the galvanic current with a "zero-resistance" ammeter inserted between the tube and the 
tubesheet collar. 

As part of the initial study, tests were conducted using a segmented condenser tube to deter
mine the effective length of tube involved in a tubesheet/tube galvanic cell. Figure 3 shows the 
arrangement. Different lengths of tubing were coupled together with nylon connectors to form a 
single 12.2-m (40-ft) length of tube. The tube was made electrically continuous by shorting out 
the nylon tube connectors with external jumper leads. The distribution of galvanic current from 
the inlet end was determined by measuring the current flow across each of the nylon connectors 
with a zero resistance ammeter inserted in place of the jumper leads. The results of this initial 
work (to be discussed more in-depth later) suggested that the length of tube involved in a 
tubesheet/tube galvanic cell can extend significantly beyond 6 m for titanium or stainless steel 
tubing. As a result, subsequent studies were carried out using 12.2-m (40-ft) long tubes. 

Figure 4 shows the general arrangement of a typical test unit. The test units consisted of 
parallel condenser tubes with tubesheet/tube joints simulated at the tube ends. Flow through 
each tube was regulated individually at a rate of 2.1 ± 0.3 m/s (7 ± 1 ft/s). Flow through the 
test units was either once-through or partially recirculated depending on the test. For those tests 
using recirculated water, the make-up rate was maintained sufficiently high to avoid stagnation 
or concentration effects. 

For some tests, cathodic protection was applied at different levels at both inlet and outlet 
ends. Cathodic protection was achieved using a standard impressed current cathodic protection 
rectifier and platinized titanium anodes mounted in the wall of the PVC header pipes. Cathodic 

ELECTRICAL LEADS TO 
PERMIT MAKING GALVANIC 
CIRCUIT EXTERNALLY. 
THIS PERMITS MEASUREMENT 
OF GALVANIC CURRENT 
USING ZERO RESI STANCE 
AMMETER. 

COPPER ALLOY COLLAR (SIMUL ATING TUBESHEET) 
ALL SURFACES MASKED WITH EPOXY EXCEPT FOR 
INLET FACE. 

COPPER ALLOY-
COLLAR 

NON-METALLIC COMPRESSION 
CONNECTION 

HEADER PIPE WALL 

END VIEW A-A 

SHRINK FIT SLEEVE 
TO INSULATE COLLAR 
FROM TUBING 

CONDENSER TUBE 

FIG. 2—Arrangement for simulating galvanic cell between tubesheet and condenser tube. 
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I S . a c> Difl . pvc 
HEADER PIPE 

ZERO RESisTHNCE fiNNErER r u a a r j T u i a 
FOR SHORTING LEAD* TO HEIKURE 
CURRENT PLOU BETUEEN SECnENTS. 

ELECTRICAL SHORTING 
LEROS 

FIG. 3—Segmented tube setup for determining galvanic current distribution. 

protection to the tubesheet/tube ends was maintained in a quasi-constant potential mode; that 
is, the cathodic protection current to the individual tubesheet/tube couples was periodically 
adjusted to maintain a predesignated potential as measured by a reference electrode mounted in 
the header pipe wall. An electrical control circuit was designed that permitted individual con
trol and measurement of the current to each tube end. 

Test Conditions 

Tests were conducted to investigate the influence of cooling water salinity and cooling water 
temperatures on galvanic corrosion and the cathodic protection requirements for controlling 

SEflUnTER IN 

SEflUHTER our 

NOTE: ACCESS PORTS FOR COUNTER 1< REFERENCE 
ELECTRODES MERE LOCATED AROUND THE 
SURFACE OF THE HEADER PIPE. 

FIG. 4—General arrangement of test unit. 
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galvanic corrosion. To investigate the effects of water salinity, full-strength seawater (salinity 
approximately 32 000 g/m^) was pumped through one test unit while brackish water (seawater 
diluted with freshwater to an average salinity of approximately 14 000 g/m') was pumped 
through an identical test unit over a two-month period. 

To investigate the effects of water temperature, duplicate tests were conducted over two two-
month periods: a two-month period during the summer when the seawater temperature aver
aged 20°C and during the winter when the seawater temperature averaged 6°C. 

Data Acquisition 

All tubesheet alloy collars were weighed before assembly and exposure, using a balance 
accurate to ± 1 mg. After completion of the tests, the alloy collars were disassembled, descaled 
in 15% hydrochloric acid, rinsed, and reweighed to determine corrosion rates. 

Pit depth measurements were also made on the tubesheet collars. The pit depth measure
ments were made using a depth micrometer or when greater sensitivity was required, by using 
an optical microscope with a calibrated focusing knob. Also, where appropriate, collars were 
cross-sectioned and examined under a metallurgical microscope for dealloying. 

Throughout each test, the galvanic current flowing in each of the tubesheet/tube couples and 
the mixed potential of each were measured periodically using a zero-resistance ammeter and a 
saturated calomel reference electrode, respectively. 

Throughout each test, seawater hydrology data were compiled daily including salinity, pH, 
dissolved oxygen, temperature, and turbidity. 

Results and Discussion 

Effective Tube Length Involved in Tubesheet/Tube Galvanic Cell 

Figures 5 and 6 show the distribution of tubesheet/tube galvanic current along the condenser 
tube for selected couples in seawater and brackish water. In seawater, approximately 30 to 40% 
of the galvanic current flowed beyond 3 m from the inlet end. In brackish water, approximately 
10 to 20% of the galvanic current flowed beyond 3 m. Thus, reducing the salinity of the water 
dramatically reduced current "throwing power" down the tube. These results agree with previ
ous work by Gehring et al. [/] who demonstrated the effective length of tube involved in a 
tubesheet/tube galvanic cell could extend quite far depending on the tube alloy and cooling 
water salinity. 

Effect of Cooling Water Salinity 

Table 2 compares galvanic corrosion rates determined under seawater versus brackish water 
conditions. The corrosion rates were determined by weight loss measurements after two months 
of testing. The data demonstrate that the intensity of galvanic attack will tend to diminish as the 
salinity of the cooling water decreases. The electrical conductivity of the cooling water decreases 
with decreasing salinity. The decrease in electrical conductivity of the cooling water increases 
the resistance of the electrolyte path along the tube, reduces the effective length of the tube 
involved in the galvanic cell (changing the anode to cathode area ratio), and reduces the inten
sity of galvanic corrosion. 

The data also show the severity of galvanic attack that might be encountered with certain 
alloy combinations. In seawater, Muntz metal coupled to titanium corroded at approximately 9 
mm/year at the inlet end. Given the tjrpical criteria of a 40-year service life, a corrosion rate of 9 
mm/year would be unacceptably high for a 25-mm (nominal) thick tubesheet. 

From a corrosion penetration standpoint, some of the data in Table 2 are deceiving. The 
corrosion rates in Table 2 were calculated by converting weight loss to a penetration rate assum-
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FIG. 5—Percent current distribution versus tube length for AL-6X IMuntz/AL-6X couple). 

100 SEAWATER 
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FIG. 6—Percent current distribution versus tube length for titanium (Muntz/Ti couple). 
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TABLE 2—Tubesheet galvanic corrosion rates. 

Tubesheet/Tube Couple 

Al bronze/AL-6X 
Al bronze/AL-6X 
Al bronze/Ti 
Al bronze/Ti 
Muntz/AL-6X 
Muntz/AL-6X 
Muntz/Ti 
Muntz/Ti 

Galvanic Corrosion Rates 

Tube End 

inlet 
outlet 
inlet 

outlet 
inlet 

outlet 
inlet 

outlet 

Seawater 

0.633 
0.634 
L86 
3.03 
3.97 
3.79 
9.17 
6.32 

, mm/year 

Brackish Water 

0.117 
0.150 
0.201 
0.373 
1.62 
0.979 
2.25 
0.825 

itig uniform penetration over the surface. However, inspection of the collars showed that in 
several cases, corrosion penetration was far from uniform and that deep pitting had occurred. 
Also, the Muntz metal collars exhibited varying degrees of dezincification. Taking into account 
pitting and dezincification, the maximum penetration rates exhibited by Muntz metal and 
aluminum bronze were 26 and 7.4 mm/year, respectively. These rates were measured in sea-
water at the inlet end coupled to titanium tubes. Furthermore, the data indicate that Muntz 
metal coupled to titanium tubes will corrode at between 10 to 25 mm/year when pitting and 
dezincification are considered. 

Effect of Cooling Water Temperature 

Table 3 compares galvanic corrosion rates determined in seawater under warm water and 
cold water conditions. The rates were determined by weight loss measurements after two 
months testing. For every couple, the galvanic corrosion rate was significantly higher under 
warm water conditions. 

Tubesheet Material Comparison 

As a tubesheet alloy coupled to either titanium or AL-6X stainless steel tubes, aluminum 
bronze (alloy D) appears to be galvanically more compatible than Muntz metal. The data in 
Tables 2 and 3 show that the aluminum bronze alloy consistently exhibits a lower corrosion rate 

TABLE 3—Tubesheet galvanic corrosion rates in warm versus cold seawater. 

Tubesheet/Tube Couple 

Al bronze/AL-6X 
Al bronze/AL-6X 
Al bronze/Ti 
Al bronze/Ti 
Muntz/AL-6X 
Muntz/AL-6X 
Muntz/Ti 
Muntz/Ti 

Galvanic Corrosion Rates, mm/year 

Tube End 

inlet 
outlet 
inlet 

outlet 
inlet 

outlet 
inlet 

outlet 

Warm 
Seawater" 

0.633 
0.634 
1.86 
3.03 
3.97 
3.79 
9.17 
6.32 

Cold 
Seawater' 

0.048 
0.087 
0.059 
0.049 
0.700 
0.356 
0.758 
0.363 

"Average water temperature of 22°C over a two-month period. 
'Average water temperature of 6°C over a two-month period. 
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than Muntz metal when coupled to the same tubing material and exposed to similar water 
conditions. In fact, the data in cold seawater and in brackish water suggest that aluminum 
bronze could be used with either titanium or AL-6X tubes without requiring supplementary 
corrosion control measures. The maximum corrosion rate observed under these conditions was 
0.38 mm/year. Thus, aluminum bronze (Alloy D) may be galvanically compatible as a 
tubesheet material in a surface condenser tubed with either stainless steel or titanium depend
ing on cooling water salinity and temperature. 

Cathodic Protection Requirements 

Protection potential requirements were determined by applying cathodic current and simul
taneously measuring galvanic current flow in the tubesheet/tube cell. The cathodic current was 
increased in incremental steps until the measured galvanic current was reduced to zero. The 
potential of the tubesheet/tube cell at this point was then recorded. The protection potential 
was arbitrarily specified to be 50 mV more active than the potential at which galvanic current 
was reduced to zero. Using this criterion, the protection potentials versus a saturated calomel 
reference electrode ranged between —0.300 and 0.450 V. The current required to maintain a 
given protection potential decreased with decreasing water salinity and temperature, consistent 
with the observation that galvanic corrosion rates will also decrease with decreasing water salin
ity and temperature. The protective current requirements ranged between 0.28 and 3.8 mA per 
tube depending on water salinity, temperature, and tubesheet/tube combination. 

Table 4 shows galvanic corrosion rates for aluminum bronze/ titanium and Muntz metal/ti
tanium couples that were cathodically polarized to —0.46 V (standard calomel electrode 
[ SCE ]). The corrosion rates in Table 4 represent the average for inlet and outlet ends. Compar
ison of these data with data in Table 3 shows that the galvanic corrosion rates were greatly 
reduced by cathodic polarization to —0.46 V. The only exception was the aluminum bronze/ti
tanium couple in cold seawater, where the aluminum bronze exhibited a slightly higher cor
rosion rate under cathodic protection conditions. However, considering the relatively small 
magnitude (on the order of 0.02 mm/year), this difference may be indicative of the variation 
inherent in the experimental approach. 

As noted earlier in this paper, the effective rate of Muntz metal corrosion penetration 
increased significantly when dezincification was considered. Cathodic protection at the level 
tested totally eliminated dezincification of the Muntz metal. Thus, considering dealloying 
damage, cathodic protection can effect a marked reduction in Muntz metal tubesheet penetra
tion rates. 

Summary and Conclusions 

The simulated condenser flow tests demonstrated that the length of tube involved in a 
tubesheet/tube galvanic cell can extend beyond 6 m (20 ft) down the tube, depending on tube 

TABLE 4—Tubesheet corrosion rates when cathodically polarized to 
-0.46 v." 

Tubesheet/Tube 

Aluminum bronze/titanium 
Muntz/titanium 

Corrosion Rate, mm/year 

Warm Seawater Cold Seawater 

0.120 0.071 
0.292 0.194 

"Average for inlet and outlet ends. 
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alloy and water salinity. The use of either titanium or stainless steel tubes with a copper alloy 
tubesheet can result in accelerated corrosion penetration of the tubesheet. The intensity of the 
galvanic attack will tend to diminish as cooling water salinity and temperature decreases. If 
cooling water salinity or temperature is sufficiently low, the copper alloy tubesheets may be 
galvanically compatible with stainless steel or titanium tubes. Finally, cathodic protection can 
effectively mitigate galvanic attack of copper alloy tubesheets. The cathodic protection current 
requirements will tend to increase with increases in cooling water temperature and salinity. 
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ABSTRACT; Galvanic corrosion is an important consideration in brackish or seawater cooled 
power plant condensers containing dissimilar metal components. Cathodic protection is often 
used to minimize galvanic corrosion, but under certain conditions of operation, many condenser 
components, including high performance ferritic stainless steel tubing, can become susceptible to 
hydrogen embrittlement. Results of laboratory experiments indicate that conditions can be 
defined for the operation of a cathodic protection system, which will minimize corrosion of dissi
milar, less noble, tubesheet, and waterbox materials and avoid embrittlement of high perfor
mance ferritic stainless steel tubing. These conditions are similar to those now recommended for 
use with condensers operating with titanium tubing. Several power plant condensers using SEA-
CURE® (Unified Numbering System [UNS] S44660) ferritic stainless steel tubing are now suc
cessfully operating with impressed current cathodic protection systems, and no difficulties with 
hydrogen damage to the tubing have been encountered. 

KEY WORDS: cathodic protection, galvanic corrosion, impressed current, power plant con
densers, high performance ferritic stainless steels, SEA-CURE® (UNS S44660) condenser tubing, 
hydrogen damage, crevice corrosion, dissimilar metal components 

In recent years, high performance stainless steels have been developed that offer the corrosion 
engineer many new opportunities to resolve corrosion problems. Most of these stainless steels 
are highly alloyed with chromium and molybdenum to resist the chlorides in cooling water, and 
there is no doubt that they have superior resistance to localized and general corrosion when 
compared to stainless grades such as Types 304 (Unified Numbering System [UNS] S30400) 
and 316 (UNS S31600). This is well documented in several recent papers on high performance 
stainless steels, which also provide a good summary of the grades available and their typical 
properties [1-5]. SEA-CURE® (UNS S44660) ferritic stainless steel is one of the new high 
performance stainless steels and has proven to have excellent crevice corrosion resistance in the 
unwelded and welded conditions in waters containing high chloride concentrations [6-8]. 

One of the major applications for the high performance ferritic stainless steels has been in 
fresh, brackish, and seawater-cooled power plant condensers. In many instances, UNS S44660 
tubes are used as replacements in condensers having dissimilar metal tube sheets and water-
boxes, which introduces the possibility of galvanic action. Galvanic compatibility, or incompat-
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ibility, depends upon the corrosion potential difference between the dissimilar metals, but more 
importantly on the corrosion current that flows between the metals, relative to their surface 
areas [9,10]. The polarization characteristics of the metals and the resistance of the metallic 
and electrolyte paths thus have a significant effect on the galvanic action. Some of the possible 
options to control or minimize galvanic action are to apply protective coatings, install a cathodic 
protection system, or a combination of both. In new condensers, stainless steel tubesheets com
patible with UNS S44660 can be used. However, protection of the carbon steel (UNS GlOllO) or 
cast iron (UNS FlOOOl) waterbox is still required. 

Insulative coatings for tubes and tubesheets and zinc-rich coatings for the waterbox have 
been used with limited success [// ] . However, cathodic protection has become the most widely 
used system of corrosion control in power plant condensers today, and impressed current sys
tems rather than sacrificial anodes are most often used. While an impressed current system may 
adequately protect waterboxes and tubesheets from corrosion, attention must be given to other 
factors that can have a detrimental effect on the ductility of the components because of hydro
gen generation. In this respect, there have been cases of ferritic stainless steel tube breakage 
caused by hydrogen introduced into the tubes by the cathodic protection system [12,13]. Tita
nium tubes (UNS R50250) have also been affected by hydrogen introduced by the cathodic 
protection system [14]. However, with the modern control now available, cathodic protection is 
being used successfully to provide corrosion protection without detrimental effects. This paper 
provides laboratory and field test data on galvanic relationships between UNS S44660 high 
performance ferritic stainless steel and various other materials used in condenser construction 
and summarizes current field experience indicating that cathodic protection can be used to 
mitigate galvanic corrosion without causing hydrogen damage to high performance ferritic 
stainless steel tubing. 

Laboratory Investigations 

Corrosion Potentials 

For successful operation of a cathodic protection system, the operating potentials must be 
chosen such that they will reduce corrosion of the condenser components to an acceptable level 
without causing hydrogen damage. Thus, a knowledge of the single and mixed electrochemical 
potentials of the components is needed for design considerations. For this purpose, the single 
and mixed potentials of UNS S44660 and of several other alloys used in condenser construction 
were measured in the laboratory in aerated waters of different chloride contents at temperatures 
of 45 and 90°C (114 and 194°F). The various chloride contents were achieved by mixing dis
tilled water with measured amounts of substitute sea salt (ASTM Specification for Substitute 
Ocean Water [D 1141]). The potential measurements were made using a potentiostat and a 
saturated calomel electrode (SCE) as a reference. To allow for polarization effects, the single 
metal and mixed couple potentials were determined after allowing the specimens to rest in the 
test solutions for 3 and 16 h, respectively. The chemical compositions of the alloys used in these 
measurements are given in Table 1. 

The results of the potential measurements are given in Table 2 and show that the corrosion 
potential of UNS S44660 in water containing 18 000-ppm chloride is about -0 .250 V (SCE) 
and similar to that of the alloy in natural seawater. As the chloride content of the water becomes 
lower, the electrode potential of UNS S44660 becomes somewhat less electronegative. The 
potentials of UNS S44660 in these test environments are similar to those measured for the other 
highly alloyed stainless steels given in Table 2 suggesting that there would be minimal current 
flow between these materials when coupled to each other. However, the potential of UNS 
S44660 is considerably more electropositive than the copper alloy tubesheet materials (—0.325 
V), and the cast iron (—0.680 volts) or carbon steel (—0.750 V) waterbox materials. Thus, the 
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TABLE 2—Corrosion potentials for various metals and alloys after three-hour exposure in 
aerated pH- 7 waters. 

Alloy 

Carbon steel 
Cast iron 
90Cu-10Ni 
Al-bronze 
Muntz metal 
Type 410 
Type 304L 
Type 316L 
Type317L 
Alloy 825 
Alloy 904L 
AL-6XN® 
254SMO 
AL 29-4C 
SEA-CURE® 
Titanium 
SEA-CURE®/ 

carbon steel" 
SEA-CURE* 

Muntz metal" 

Corrosion Potential, 

45°C{114°F) 

Substitute 
Seawater 

18 000 ppm CI 

-0 .750 
-0 .680 
-0 .336 
-0 .330 
-0 .315 

-0 .278 
-0 .235 
-0 .250 
-0 .258 

-0 .250 
-0 .100 

-0 .700 

-0 .290 

45°C (114°?) 

Water 
500-ppm CI 

-0 .181 
-0.174 
-0 .133 
-0 .137 
-0 .174 

-0 .135 
-0 .157 
-0 .166 
-0 .188 
-0 .178 

Volts Versus SCE 

45°C (114°F) 

Water 
- 2 0 ppm CI 

-0 .732 
-0.735 
-0 .092 

-0 .098 

-0 .130 
-0 .070 

-0 .107 

-0 .095 

90°C (194°F) 

Water 
500 ppm CI 

-0 .749 

-0.176 

-0 .179 
-0 .197 

-0 .180 
-0 .201 

-0.214 
-0.200 

"Couples, 16-h test. 10 to 1 cathode to anode area ratio. 

alloy is cathodic when coupled with copper alloys, cast iron, and carbon steel, and anodic cur
rents on these tubesheet and waterbox materials would be expected. In the mixed couples 
between UNS S44660 and carbon steel or Muntz (UNS C28000) metal, the corrosion potentials 
of the mixed couples are close to the freely corroding potential of the anodic component of the 
couple. Thus, in theory and according to the results given in Table 2, an applied potential more 
electronegative than —0.750 V is needed to cathodically protect a carbon steel waterbox. This 
potential would also cathodically protect a Muntz metal tubesheet, which had a corrosion 
potential of —0.315 V in this investigation. 

Corrosion Currents 

Measurements of the current flow as well as of the mixed potentials developed between differ
ent materials can also provide information useful for the design or operation of an impressed 
current cathodic protection system. They serve to confirm predictions of galvanic corrosion 
based on differences in corrosion potential and reflect differences caused by polarization and 
differences in surface area. Measurements were therefore made in the laboratory of the current 
flow developed between UNS S44660 and several of the alloys listed in Table 1 in aerated water 
containing 500- and 18 000-ppm chloride using anode to cathode ratios of 10 to 1, 1 to 1, and 1 
to 10. Also, measurements were made of the corrosion currents developed between UNS S44660 
and various tubesheet materials in flowing substitute and natural seawater at 25 or 50°C (77 or 
122°F). 

The currents developed between UNS S44660 and Type 316, Type 317L (UNS S31703), and 
most of the other stainless steels listed in Table 2 were found to be extremely low at 45°C 
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(113°F) and difficult to measure accurately. Significant currents were measured for the couples 
made with Type 410 (UNS S41000) stainless steel, which because of its low alloy content is not 
normally used in highly corrosive environments. As expected, the corrosion currents measured 
for the couples made with carbon steel and cast iron were high and greater than those for any 
other couples measured. 

The results of the current measurements made in flowing substitute and natural seawater are 
given in Table 3. In general, they show that the galvanic currents tend to increase as the differ
ence in corrosion potential between UNS S44660 and a given alloy becomes greater. The cur
rents are very high in the couples with steel. They are lower with Muntz metal and still lower 
with aluminum bronze (UNS C61900), but probably not low enough to eliminate the need for 
galvanic protection. The very low currents in the couple with Type 316 stainless steel indicates 
that galvanic protection may not be required when using a Type 316 tubesheet. However, fac
tors other than galvanic compatibility, such as crevice corrosion resistance, must be considered 
in the selection of a tubesheet material. In this regard, there has been an instance where a Type 
316 tubesheet has not performed well when used in combination with high performance ferritic 
stainless steel tubing [15]. 

Hydrogen Embrittlement 

The use of cathodic protection can, depending upon the potential used, introduce hydrogen 
into the system, which may be detrimental to some components of that system [16,17]. The 
degree to which cathodic protection can be damaging is a function of the cathode potential and 
the environment, which control hydrogen concentration at the cathode surface, and the propen
sity of the metal (cathode) to absorb and be damaged by hydrogen. Susceptibility of a metal to 
hydrogen embrittlement can be evaluated bv measuring the loss of bend ductility under a given 
set of hydrogen charging conditions. Laboratory hydrogen charging tests were conducted on 
annealed 0.071-mm (0.028-in.) thick strip of UNS S44660. Specimens approximately 15.2 cm 
(6 in.) long by 2.54 cm (1 in.) wide were potentiostatically charged in aerated 45°C (114°F) 
substitute seawater (pH 8) at various potentials, and the time required to produce failure as 
measured by loss in bend ductility was determined. The bend tests were made manually using a 
three-point bend test apparatus, and the radius of the mandrel was approximately 3.2 mm 
(0.125 in.). The results presented in Fig. 1 show that UNS S44660 stainless steel can be exposed 
at potentials more electropositive than about —0.800 V for at least 100 h without encountering 

TABLE 3—Galvanic anode corrosion rates for various condenser tube-tubesheet metal couples. 
Corrosion rates are based on current measurements with 10:1 cathode: anode area ratio. 

Cathode 

SEA-CURE® 
SEA-CURE® 
SEA-CURE® 
SEA-CURE® 
Titanium 
SEA-CURE® 
Titanium 

Couple 

Anode 

Carbon Steel 
90-10 CuNi 
Type 316 

Muntz 
Muntz 

Al-Bronze 
Al-Bronze 

1 

1 Week 

0.4088 
0.0063 
0.0002 
0.0043 
0.0030 
0.0040 

Inches Per Year 

Substitute Seawater 
Velocity < 1 ft/s 

25°C (77°F) 

3 Weeks 

0.0002 
0.0039 
0.0018 
0.0015 
0.0011 

5 Weeks 

0.0002 
0.0040 
0.0042 
0.0007 
0.0018 

Natural 
Seawater 

Velocity 7 ft/s 
50°C (122°?) 

4 Weeks 

0.0160 
0.0160 

< 0.0004 
< 0.0004 Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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FIG. 1—Effect of cathodic charging potential and time on bend ductility of UNS S44660 in substitute 
seawater. 

embrittlement, even though some hydrogen theoretically may be generated at this potential 
[18]. More electronegative potentials result in a rapid loss of bend ductility whereas, more 
electropositive potentials do not effect bend ductility. The limiting potential values to cause 
hydrogen damage found here for UNS S44660 are similar to those reported for other high per
formance ferritic stainless steels and titanium [14,16,17,19,20]. 

Tests to evaluate the susceptibility of UNS S44660 to hydrogen embrittlement were also con
ducted with pre-stressed U-bend specimens held at various electrochemical potentials in fil
tered, flowing natural seawater at Boca Raton, FL [21 ]. In these tests, performance was rated 
by determining the time necessary to produce spontaneous failure of the U-bends at various 
applied potentials. The results in Fig. 2 show that the potential needed to avoid spontaneous 
failure is about —0.900 V. This limiting value is more electronegative than the one obtained in 
the laboratory measurements, possibly as a result of differences in the nature of substitute and 
natural seawater or the severity of the procedures used to measure embrittlement or both. 

UNS S44660 stainless steel condenser tubing is also used with cooling waters containing lower 
chloride content than seawater. Therefore, some additional hydrogen embrittlement tests were 
conducted on this steel at various potentials in waters with lower chloride content than sea
water. The results in Fig. 3 indicate that potentials more electronegative than —0.800 V are 
required to produce embrittlement and that the time to produce embrittlement generally 
increases with a decrease in chloride concentration. Also, the potential at which UNS S44660 
becomes susceptible to embrittlement appears to shift slightly to more electronegative values 
with a decrease in chloride concentration. 

The loss of ductility of high performance ferritic stainless steels caused by hydrogen embrit
tlement is normally reversible [5,17]. In contrast, the loss in ductility caused by hydrogen 
damage in titanium, which forms stable hydrides, is not easily recovered. Experiments were 
therefore conducted to determine whether various aging treatments would remove the hydrogen 
from UNS S44660 and fully restore bend ductility. For this purpose, strip specimens were 
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charged in substitute seawater for several hours at highly negative potentials of 2 or 3 V to 
purposely embrittle the material and then bent to assure embrittlement had occurred. The 
unbent remainder of each specimen was then again bend tested after aging in air or water at or 
above ambient temperature to outgas the hydrogen. Figures 4 and 5 show that specimens aged 
in air regain ductility after about 24 h at temperatures above 50°C (122°F), and in about 168 h 
at temperatures near ambient. Ductility is recovered in substantially shorter times when the 
specimens are aged in water after hydrogen charging. In water at 50°C (122°F) recovery 
occurred in 8 versus 24 h in air. 

Field Experience 

The electropotential data obtained in the various laboratory studies have been applied to 
condensers operating with UNS S44660 high performance ferritic stainless steel condenser 
tubing. UNS S44660 stainless steel condenser tubing has now been used in power plant field 
tests for over eight years and in full condenser installations over five years. Most of these instal
lations use a cathodic protection system. The need for caution in the use of impressed current 
cathodic protection has been demonstrated in field experience with two units where minor 
hydrogen damage occurred to the tubes. A summary of the field experience for units using 
cathodic protection that have had significant operating time in moderate or high salinity water 
is provided in Table 4. Conditions in Unit B where two tubes failed were unusual in that the 
tubesheet potentials were very negative at —1.5/1.6 V, far exceeding that necessary to protect 
the tubesheet and waterbox but sufficient to damage the tubes. These potentials resulted from 
the need to protect the outlet tubesheet having extended tubes and from the use of a system 
without independent control of the inlet and outlet waterbox potentials. Failure occurred at the 
inlet ends where the potential was not attenuated by extended tubes. The other case, Unit C, 
involved the failure of two tubes under conditions where the cathodic protection system was left 
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operating during periods when the circulating pumps were off. This evidently led to an excessive 
buildup of hydrogen at the outlet end. 

Discussion 

Field experience obtained in dealing with the few instances of tube failure caused by hydro
gen embrittlement has shown that it is practical to use impressed current to protect both 
tubesheet and waterboxes without damaging UNS S44660 tubes. An important factor in this 
conclusion is the finding that there is a significant difference in potential between the waterbox 
and the tubesheet face. Detailed potential distribution measurements have been made using 
multiple reference electrodes on the tubesheet face in Units A and C listed in Table 4. As shown 
under "final conditions" in Table 4, the tubesheet potential tends to be about 200 mV less 
negative than that measured on the waterbox near the tubesheet junction. The potential across 
the tubesheet face was also found to be relatively uniform within a range of about 50 mV. 
Therefore, an impressed current cathodic protection system can be designed and operated to 
protect cast iron waterboxes at —0.850 V, for example, while still leaving the tubes at a safe 
potential of —0.650 V. This potential of —0.650 V is more than adequate to protect copper 
alloy tubesheets, such as Muntz, which exhibits a mixed potential with stainless steel of about 
—0.290 V, and which from our experience appears fully protected with the tubesheet face at 
-0 .650 V. 

Another important consideration is the need for automatic control with adjustable counter 
electrodes, and multiple reference electrodes located on the waterbox near the tubesheet junc
tion and on the tubesheet face. Automatic control can provide potential control within a narrow 
range and can adjust for potential transients caused by such variables as water salinity. As 
shown by the laboratory data, the degree of control is particularly important in seawater where 
embrittlement appears to develop more rapidly than in waters with lower chloride content. With 
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multiple reference electrodes the system can be adjusted to assure that adequate waterbox pro
tection is maintained at the tubesheet junction without exceeding the requirements of the 
tubesheet. The use of a tubesheet and waterbox coating has also been found to be helpful in 
achieving uniform potential control and in minimizing the power requirement of the cathodic 
protection system. The main precaution when using impressed current cathodic protection is to 
avoid conditions that produce potentials more electronegative than —0.800 V on the ferritic 
stainless steel tubing. 

In installations where use of a galvanically compatible tubesheet material is being considered 
with high performance ferritic stainless steel tubing, attention must be given to the crevice 
corrosion resistance of the tubesheet material, since crevices can be formed at the tube/ 
tubesheet joints, as for example, with improper tube expansion. UNS S44660 resists the initia
tion of crevice corrosion at all chloride concentrations up to and including that of seawater, and 
use of a tubesheet of compatible performance is desirable. Table 5 lists the crevice corrosion 
resistance of several stainless steels in various field and laboratory tests conducted in filtered, 
natural seawater and in acidified waters of different chloride content. For seawater service, a 
highly alloyed stainless steel, such as AL-6XN® (UNS N08367), is a candidate material, while 
lesser alloyed stainless steels, such as Types 316, 317 (UNS S31700), and 904L (UNS N08904), 
may be suitable for waters with lower chloride levels. Since cathodic protection will often be 
used in the system to provide protection of the waterbox, it can also provide added protection to 
a compatible tube-tubesheet system. 

Conclusions 

UNS S44660, similar to other high performance ferritic stainless steels and titanium, is sus
ceptible to hydrogen embrittlement. In these experiments, UNS S44660 became susceptible to 
hydrogen embrittlement in substitute seawater at potentials more electronegative than about 
—0.800 V (SCE) and in natural seawater at potentials more electronegative than about —0.900 
V. The time necessary to develop hydrogen embrittlement in UNS S44660 stainless decreases as 
the potential becomes more electronegative and as the chloride content of the water increases. 
The loss in ductility of UNS S44660 caused by hydrogen embrittlement can be recovered by 
aging the alloy for relatively short times at ambient or elevated temperature to allow for hydro
gen out gassing. The recovery of ductility is more rapid in water than in air. 

TABLE 5—Ranking of candidate stainless steel tubesheet materials for 
chloride crevice corrosion resistance. 

Alloy 

AL-6XN® 
AL-6X® 
Type904L 
Type 317LM 
Alloy 2205 
Type317L 
Type 316L 

"30 day tests at 30°C (86°F) in filtered seawater; three panels with 120 
grit finish [22]. 

' 5 = number of sides attacked, and D = maximum depth of attacic, 
mm. 

'Six-month laboratory tests at 40°C (104°F). 
''Estimated. 

Ranking in" 
Natural Seawater 

(5 X D) ' 

2.5 
3.7 
6.4 
S' 

12 
>12' ' 

Maximum Chloride' 
Without Crevice Attack, 

ppm 

> 15 OOC 
15 000 
5 000'' 
2000 
1000 

700'' 
500 
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The potentials discussed above are those measured on the actual metal surface. Because of 
polarization and other factors, these potentials will not be the same as those measured on the 
counter electrodes used in the cathodic protection system. Field data show that there can be a 
0.100 to 0.200 V difference between the potentials measured near the tubes in a condenser and 
those measured on the control electrodes at the waterbox. 

The conditions under which hydrogen embrittlement difficulties may be encountered in 
actual condenser service are considered to be a function not only of potential, but of environ
ment and stress state. Although these conditions have not yet been precisely defined, field expe
rience confirms that impressed current cathodic protection systems can be practically and 
successfully used with seawater cooled power plant condensers using UNS S44660 tubing and 
dissimilar tubesheet and waterbox materials. Eight installations are now operating with UNS 
S44660 tubing used in conjunction with cathodic protection, and no difficulties are being expe
rienced with hydrogen damage. 

Disclaimer 

The material contained herein is intended for general information only and should not be 
used in relation to any specific application without independent study and determination of its 
applicability and suitability for the intended application. In some cases, a complete evaluation 
of performance is not possible without more extended tests over longer time periods. Anyone 
making use of this material or relying thereon assumes all risk and liability arising therefrom. 
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can Society for Testing and Materials, Philadelpliia, 1988, pp. 323-335. 

ABSTRACT: In order to achieve an optimum compromise of cost and performance, it is necessary 
to construct large multistage flash (MSF) desalination plants from a variety of materials, notably 
carbon steel, copper-base alloys, stainless steels, and titanium. This produces a number of situa
tions where two or more materials are in contact, and special care is needed to ensure that serious 
galvanic corrosion is avoided. Examples of such bimetallic and multimetallic junctions in plants 
operated by the Saline Water Conversion Corporation of Saudi Arabia are titanium tube/alumi
num bronze tubeplate and waterbox; carbon steel/stainless steel flash chamber linings; and 
copper alloy/carbon steel waterboxes and piping. Problems associated with some of these junc
tions in older plants and the techniques used to avoid problems in modern plants are described in 
the paper. It is concluded that by application of good corrosion engineering practice, serious 
galvanic corrosion at mixed-metal joints can be avoided. 

KEY WORDS: desalination, multistage flash, galvanic corrosion, pitting, crevice corrosion, 
deaeration, bimetallic joints, cupronickel, stainless steels, Ni-resist, titanium, tubes tubeplates, 
pumps, flash chambers, waterboxes, anodes, acid cleaning 

Rapid development in Middle Eastern countries has resulted in the growth of a large and 
important desalination industry to provide potable and process water. The most commonly used 
desalination process is multistage flash (MSF) distillation. 

Saudi Arabia has the largest desalination plant capacity in the world. These plants are the 
responsibility of the Saline Water Conversion Corporation (SWCC). 

The first large seawater plants built for the SWCC were Dubai and Al Wajh [/ ], which first 
operated in 1969. Current installed capacity in Saudi Arabia represents about 30% of the world 
total and is 2.5 million m^/day. Over this period the technology of building and operating MSF 
units has improved significantly. Notable advances both in materials selection and use of cor
rosion science have occurred so that plant reliability has improved and maintenance problems 
have decreased. 

The purpose of this paper is to describe some of the galvanic corrosion problems experienced 
at bimetallic joins in the older plants and how, by the use of good corrosion engineering prac
tice, these have been avoided or minimized in modern plants. 

The MSF Process 

Figure 1 is a schematic diagram of an MSF plant. These consist essentially of a large box-like 
steel structure, which is divided into a number of sections (flash chambers) by transverse walls. 
Situated at the top of these chambers are bundles of heat exchanger tubing. 

'SWCC Jubail, Saudi Arabia. 
^Inco Middle East Projects Group, Wiggin St., Birmington B16 OAJ, United Kingdom. 
•'Cortest Laboratories Ltd., Shepherd St., Sheffield S3 7BA, United Kingdom. 
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FIG. 1—Simplified multistage flash (MSFJ flow diagram. 

Seawater passes through the tubing and is preheated by steam condensing outside. This con
densate is collected and is the product from the plant. The preheated seawater passes to a 
separate heat exchanger, the brine heater, where it is heated to the top process temperature by 
steam from an external source. The heated seawater or brine is passed to the first flash cham
ber, where the pressure is reduced so that it boils. It is then passed through successive flash 
chambers at progressively lower temperatures until it leaves the plant. In order to improve heat 
transfer and reduce corrosion, the seawater is often deaerated before entering the plant. Also in 
order to conserve chemicals, brine is usually recycled and mixed with incoming feed, only a 
small portion being blown down to maintain the concentration at an acceptable level. 

These plants are large users of materials in the form of 

• Heat exchanger tubing 
• Flash chamber fabrications 
• Waterboxes 
• Piping 
• Pumps 
• Valves 

In order to achieve an optimum compromise of cost and performance, it is necessary to con
struct the plants from a variety of materials. The most commonly used materials areas follows: 

• Carbon steel—flash chambers and general structural usage. 
• Copper-base alloys—heat exchanger tubing, tubeplates, piping, and waterbox linings. 
• Stainless steels—flash chamber and pump internals. 
• Titanium—heat exchanger tubing. 

This produces a number of situations where two or more materials are in contact and special 
care is needed to ensure that serious galvanic corrosion is avoided. Examples of both failures 
and successes in dealing with this problem are given in the following section. 
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Corrosion at Carbon Steel/Alloy Junctions in Older Plants 

Effect of Oxygen 

In the early development stages of the industry, designers assumed that as the process in
volved deaerated brine solutions, the low oxygen levels in the brine would render it only mildly 
corrosive. They therefore chose carbon steel as the primary material of construction in the brine 
system, and alloy materials were confined to the tubing, tubeplates, pumps, and valves. This 
meant that there were many places where carbon steel and copper base alloys were connected 
and galvanic corrosion could occur. 

Although reducing oxygen to a low level will certainly reduce corrosion in neutral brine solu
tions, it is necessary to achieve very low oxygen levels in the 0 to 10 part per billion (ppb) 
range—in order to reduce corrosion to an acceptable rate. It has been shown [/ ] that even at 10 
to 50 ppb oxygen, corrosion rates exceeding 0.5 mm/year can be experienced at moderate flow 
rates, and temperature instrumentation capable of measuring these low levels on a continuous 
basis was not then available so that the oxygen level in the recirculating brine could not be 
accurately controlled. 

Effect ofpH 

Two methods of scale control are used in MSF plants. One involves additives, such as poly
phosphates, which inhibit the formation of hard scales. The other uses acid to decompose car
bonates in the seawater so preventing alkaline scale formation. 

In additive plants, the pH level is about 8.5 whereas in acid-dosed plants a pH of 7.5 to 7.8 is 
usual. However, in acid-dosed plants control of pH depends on accurate instrumentation, and 
the tendency for scales to form on the electrodes meant that the pH was often outside the design 
limits and sometimes in the acid region. Thus, even with good oxygen control, corrosion could 
occur with hydrogen evolution as the cathodic reaction. 

Corrosion at Waterbox/Tube and Tubeplate Junction 

In the Jeddah 1 plant the original waterboxes were made of carbon steel and were bolted 
direct to the 90/10 cupronickel tubeplate. The tubes were also of 90/10 cupronickel. 

Figure 2 shows a waterbox that was scrapped after about 2-years service. The carbon steel has 
perforated. 

Jeddah 1 is an acid-dosed plant, and there is evidence from failures elsewhere that sometimes 
it operated at low pH. Also, the deaerator in this plant was an internal unit built into the final 
low-temperature stages. Experience showed that this type of deaerator was less efficient than a 
completely separate unit so that the oxygen levels in the recirculating brine would normally be 
higher than the 0 to 10 ppb level. 

The Jeddah 1 waterboxes were lined with 90/10 cupronickel sheet by the plant maintenance 
staff and thereafter performed satisfactorily. 

Corrosion at Al Khobar [ 1 ] Inter-vessel Piping 

This plant used 90/10 cupronickel clad steel waterboxes and avoided the problems experi
enced in Jeddah 1. However, the inter-vessel piping carrying the brine from vessel to vessel was 
made of carbon steel. These pipes connect the waterboxes at the ends of the vessels, which had 
suffered severe galvanic corrosion and perforations. Figure 3 shows temporary repairs used to 
keep the plant in operation. 

In later SWCC plants, such as Jeddah 2 and 3, the waterboxes and interstage piping were all 
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FIG. 2—Corroded steel waterbox. 

made in 90/10 cupronickel clad steel. This means that the entire brine system is made from 
copper base alloys and the galvanic corrosion problem has been avoided. These systems have 
worked well in the modern SWCC plants. 

Corrosion at Carbon Steel/Alloy Junctions in Newer Plants 

General 

As described above, the copper alloy/carbon steel junctions in the heat exchanger tubing and 
brine systems have been eliminated, usually by making the whole system of copper alloys or by 
using nonmetallic materials, such as glass fiber reinforced plastics (FRP) for the lower tempera
ture piping. The 90/10 cupronickel piping/stainless steel vessel lining junction where the hot 

FIG. 3—Perforations in steel pipe. 
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brine enters the vessel has proved not to be a problem in practice. This is probably because in 
hot deaerated brine the galvanic potentials of stainless steel and copper-base alloys are similar 
[2]. 

The only remaining bi-metallic junction causing concern in brine systems is the stainless 
steel/carbon steel junctions in the flash chambers. 

Problems have been reported at this junction inside the flash chambers where only some of 
the stages are lined. This results in a large area of stainless steel, normally Type 316L, directly 
welded to a large area of carbon steel. Although the overall metal loss resulting from this is not 
usually serious when the oxygen level is low, the attack is more severe immediately at the junc
tion and can result in a definite step developing at this point. Studies in operating desalination 
plants [3] gave the following results (Table 1). 

These data indicate that the galvanic effect between Type 316L stainless steel and carbon 
steel in hot deaerated seawater is appreciable. These tests also showed somewhat greater metal 
loss close to the welded junction in the bi-metallic specimens. 

Control Methods for Chamber Linings 

As the evaporator vessels are essentially one-piece all-welded constructions, it is not possible 
to isolate the stainless steel or carbon steel. 

The most cost effective method of controlling corrosion at this junction is to reduce the effec
tive cathodic area by painting the stainless steel. This is usually confined to the flash chamber 
upstream from the junction. 

Painting of stainless steel for controlling galvanic corrosion is well proven in other industries 
[4]. It is an inherently safe method since any holidays during the coating will not result in a 
significant increase in attack. If the carbon steel is painted, then attack is intensified at holidays 
because of the increased cathode/anode ratio, and pitting rates of 10 mm/year can be experi
enced. Painting of the carbon steel to control corrosion at the bimetallic junction is therefore not 
recommended. Where, for other reasons, the carbon steel is painted, the stainless steel should 
also be painted or anodes of carbon steel should be fitted to the stiffeners across the stage width, 
or both. These anodes also provide protection to the stainless steel against pitting during shut
downs. 

Maintaining a paint coating on stainless steel in hot deaerated brine is difficult. It is recom
mended that the surface be roughened by grit blasting with copper slag followed by painting 
with epoxy-resin paints. 

Zinc rich paints should be avoided on stainless steel as they can give cracking problems if at a 
later stage the stainless steel has to be welded. 

This method of controlling corrosion at the stainless steel/carbon steel junction has proved 
effective in SWCC plants and is the normal method of control now applied. 

TABLE 1—Galvanic corrosion of carbon steel/stainless steel couples in deaerated sewater. 

Average Thickness of Carbon Steel, mm 

Coupled to SS 
Plant Temperature, °C Type 316L Plain 

A 60 0.42 0.01 to 0.06 
B 90 0.30 0.1 to 0.15 
C 82 0.12 (pitting) 0.01 to 0.21 
C 55 0.19 0.01 to 0.12 

NOTE: Samples situated on floor of flash chamber, 15-months exposure. 
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Control Methods for Brine Gates 

The gates controlling flow of brine from stage to stage are normally made from stainless steel 
because of its high resistance to turbulent brine. In the stainless-steel-lined stages this presents 
no problems, but in the carbon steel stages deep pitting sometimes occurs beneath the stainless 
steel gate. As adjacent carbon steel surfaces, although showing slight general corrosion, do not 
have these pits, it is assumed that these result from the galvanic effect from the stainless steel. 

Because of the severe turbulence and vigorous flashing that occurs in this position, it is diffi
cult to get a long life from paint in this area. It is usual to control this corrosion by electrically 
insulating the stainless steel by fitting plastic sleeves and washers to all fasteners connecting the 
stainless steel to the carbon steel structure. This has proved effective, but care is needed to 
ensure that insulation has been achieved. Omission of just one sleeve or washer will destroy the 
effectiveness of this method. 

Tube/Tubeplate Joints in Clad Steel Tubeplates 

Jubail 2 is fitted with 90/10 cupronickel clad steel tubeplates in the heat recovery and brine 
heater sections. With correctly roUed-in tubes no liquid should reach the 90/10 cupronickel to 
steel interface, and therefore no galvanic corrosion would be expected. However, after initial 
operation a random pattern of rust was noticed seeping from some tube/tubeplate joints. 
Although some of this was due to particles of rust in the circulating brine depositing on the 
tubeplate, some appeared to be actual seepage (bleeding) from the joint, which reappeared 
when cleaned off when the plant re-operated for a short period. The problem was particularly 
severe in a few tubes where protruding tube ends had been damaged during construction. When 
these tubes were removed, a shallow cavity was found to have been corroded in the steel adjacent 
to the steel/cupronickel interface. 

The thickness of cladding in these plants is 9 mm ('/4 in.), and this is usually adequate to 
obtain a tight joint by normal roller expansion. 

As the rust "bleeding" from undamaged tubes was minor it was decided to check the metal 
loss by removing a few tubes and, if slight, to re-expand all the affected tubes. 

The tubes that were removed showed negligible metal loss at the steel/cupronickel interface. 
It is interesting to note that this corrosion is not self-sealing as the rust forms only on the 

outerface where some oxygen is available. 

Seawater Pump Materials 

MSF plants require large amounts of seawater both as plant feed and for cooling purposes. 
Vertical lift pumps are normally used, and for the pump internals, that is, impeller, shaft, 
sleeves, and so forth, the most widely used material is Type 316L stainless steel and its cast 
equivalent, CF3M. This selection is based on the following: 

(1) the excellent resistance of stainless steel to seawater under fast flowing conditions, 
(2) its good weldability so that any damage to the impeller can readily be repaired, and 
(3) wide availability and moderate cost. 

Although the inlet bell, casing, diffusers, columns, and discharge head can also be made in 
the same material, care is needed during shutdowns. This pitting and crevice corrosion will 
occur. 

Figure 4 shows pitting on the impeller of an all stainless steel seawater pump from Jubail 1. 
This pump was made entirely from Alloy 20 and was fitted several months before power was 
available to operate it. It therefore stood stationary in the seawater, and when inspected the 
immersed parts were found to have suffered pitting and crevice corrosion beneath sleeves and 
on flange faces. The maximum depth of pitting was about 6 mm. 
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I 

FIG. 4—Pitting of Alloy 20 impeller. 

The lower pump parts were renewed, and to avoid recurrence of the problem a ring of iron 
anodes was fitted in the suction bellmouth (Fig. 5). This has proved effective. 

One method of avoiding this problem that is widely used in the Middle East is to use a mate
rial for the casing parts that provides cathodic protection to the stainless steel yet has sufficient 
corrosion resistance to give a long life. The materials that meet these requirements are the 
austenitic cast irons commonly known as Ni-resist irons. These have been shown [5] in labora
tory tests to be capable of preventing crevice corrosion on Type 316L stainless steel in natural 
seawater. Relevant data are as shown in Table 2. 

These laboratory results confirm SWCC's experience with seawater pumps in Medinah 
Yanbu, Al Khobar 2, and Al Jubail 2 where casing parts of Ni-resist Type D-2 with Type 316L 
internals have shown no pitting after up to 5-years operation. 

Galvanic Considerations witli Titanium Tubing 

Natural Seawater 

In seawaters that contain sulfides or large amounts of sand in suspension, or both, titanium 
tubing is sometimes used in the heat rejection section. 

Because of the high cost of titanium, it is necessary to use other materials for tubeplates and 
waterboxes. As titanium has a high corrosion potential in seawater, about +0.1 V (standard 
calomel electrode [SCE]), it is cathodic to most commonly used alloys. 
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FIG. 5—Arrangement of pure iron anodes on suction bell. 

TABLE 2—Comparison of carbon steel and Ni-resist anodes coupled to stainless steel in seawater at a 
velocity of 0.5 m /s." 

Crevice Attack 

Alloy Anode Material Number of Sites Initiated* 
Maximum Attack 

Depth, mm 

316 
316 

AISI 1010 
Ni-resist Ttype II 

0.02 
0 

"Tests for 30 days at 28°C with a 50:1 area ratio. 
'Out of possible 120 sites. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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Early unpublished work by the British Navy showed that the copper base alloy, nickel-
aluminum-bronze (Unified Numbering System [UNS] C63000) suffered only slight galvanic 
attack when coupled to titanium in seawater. Heat exchangers made using this material have 
performed well in service. However, this alloy is more difficult to machine than the normal 
tube-plate materials, and when large condensers with titanium tubes were first used, the more 
easily machined aluminum bronze UNS C61400 was used. This alloy proved to be much less 
compatible galvanically with titanium, but as early installations used either cast iron or fab
ricated steel waterboxes, or had cathodic protection fitted, this problem was not immediately 
revealed. However, in later installations with coated or nonferrous waterboxes, severe corrosion 
of the C61400 alloy was experienced, up to 7.6 mm/year being reported [6]. 

When the SWCC Jubail 1 plant was designed, it was decided to use titanium tubing for the 
heat rejection section, and the tubeplates and waterboxes were specified in C61400 aluminum 
bronze by the consultant. Before the plant was built, the possibility of problems with this mate
rials construction was realized, and SWCC requested the contractor to fit an anode system to 
protect the tubes and tubeplates. 

Although impressed current or various anode materials were all possible choices, it was 
decided that the safest option was iron anodes. This choice is confirmed by Japanese work [2], 
which shows that at potentials more negative than —0.75 V (SCE) titanium will absorb hydro
gen and form hydrides in seawater at 25°C. Although this would not seriously reduce the cor
rosion resistance in seawater, the tubes would in time embrittle and fail under mechanical 
stress. As the corrosion potential of iron in natural seawater is about —0.6 V (SCE) the risk of 
hydrides is avoided with these anodes. 

Figure 6 shows the anode system used in the Jubail 1 reject section waterboxes. These have 
proved effective, and no serious corrosion problems have been experienced on the aluminum 
bronze tubes and tubeplates. However, the necessity for the anodes is demonstrated by the 
slight corrosion damage on the tubeplate, which occurs during shutdowns when the system is 
drained. 

At this time, seawater left in the tubes seeps out onto the tubeplate so that there is a film of 
liquid on the aluminum bronze, and this is retained by the slight protrusion on the tubes. As the 

FIG. 6—Iron anodes in aluminum bronze IC61400) waterbox to prevent galvanic attack from titanium 
tubes. Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
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anodes are not connected to the tubeplate via the seawater during shutdowns, there is no catho-
dic protection. After a few days a bright green film forms on the tubeplate, which is very easily 
wiped away to reveal an etched surface on the aluminum bronze (Fig. 7). Although the metal 
loss is slight, it is an indication of the serious attack that would occur during operation if no 
anodes were fitted. This corrosion has been controlled by careful flushing with freshwater. 

Hot Deaerated Seawater 

Jubail 1 was also built with titanium tubing in the heat recovery and brine heater sections. 
The same tubeplate and waterbox materials in the rejection section, aluminum bronze C61400, 
was again used. This presented a similar problem to the reject section, but in addition, informa
tion from elsewhere [ 7] indicated that the C61400 could suffer a type of intergranular stress 
corrosion cracking under desalination plant conditions, that is, hot deaerated seawater. Also 
cathodic protection criteria in hot deaerated seawater for titanium/aluminum bronze couples 
had not been established at that time. 

Failures of titanium by crevice corrosion in hot deaerated seawater had been experienced [8] 
in a desalination plant in Japan after only 4-months operation. The corrosion effects at the 
crevice provided by the aluminum bronze tubeplate/titanium rolled in tube were not known. 
However, it was decided to again use cathodic protection, and iron anodes were selected. 

SWCC, on the basis of data [2] showing that iron anodes could cause hydriding at elevated 
temperatures, used 9% nickel-iron alloy above 70°C. Table 3 provides these data. The data also 
show that the galvanic effect between copper alloy and titanium is prevented by the cathodic 
protection provided by the anodes. 

The same paper [2] shows that the corrosion potential taken up by a copper alloy 
tubeplate/titanium tube crevice is in the range that avoids crevice corrosion or hydriding of the 
titanium. With anodes to prevent attack on the copper alloy, then, this connection to the 
tubeplate and waterboxes can be considered satisfactory. 

No data on the intergranular stress corrosion cracking of aluminum bronze C61400 are 
available, but the Jabail 1 waterboxes have been carefully inspected for evidence of cracking. No 
cracks have been found suggesting that the cathodic protection system is effective in preventing 
this. 

FIG. 7—Corrosion of aluminum bronze IC61400) tube plate. 
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TABLE 3—Effect of anode material on corrosion and hydriding of copper alloy. 

Corrosion Rate of Cu Alloy, 
mm/year 

Specimens Al Bronze Naval Brass Hydrogen Absorption of Ti 

Cu Alloy/Ti 0.03 0.05 0 
Fe-9 Ni/Cu Alloy/Ti 0.005 0.005 0 
Fe/Cu Alloy/Ti 0.005 0.005 19 

NOTE: 30-days immersion in deaerated 6% NaCl solutions at pH 6 and 100°C. 

Acid Cleaning 

There is always a risk of scales forming on heat exchange surfaces in a distillation plant, and 
acid cleaning is sometimes required to remove them. Fortunately, with skilled operators and 
modern anti-sealants, the frequency of acid cleaning has diminished; nevertheless the plant 
must be capable of withstanding this treatment if it is used. 

Sulfuric, hydrochloric, and sulfamic acids are used for descaling. Because of its higher cost, 
sulfamic acid is less favored for large plants, and although hydrochloric acid is favored by some 
operators because of personal safety considerations, sulfuric acid is probably the most widely 
used. 

Data from Japanese work [9] indicated that sulfuric acid could be used in contact with 
titanium without causing hydriding provided an inhibitor was used. The same tests showed that 
hydrochloric acid did cause hydriding even with inhibitors present. Table 4 gives data from this 
paper [9] 

As 300-ppm hydrogen would be sufficient to embrittle the titanium and as the hydrogen 
buildup would be cumulative with each acid cleaning there would be a risk of the tubes becom
ing brittle because of hydriding. 

These results caused some concern as SWCC considered that MSF plant scales would be 
saturated with chlorides so that any addition of acid would result in acid chloride conditions on 
the metal surface. Also, as it would be impractical to remove the hundreds of anodes in the 
waterboxes, there might be a risk of hydriding results from the galvanic effect in acid environ
ments. Tests were therefore carried out to test these effects (Table 5). 

These results indicate that the risk of hydriding is slight if acid cleaning is carried out under 
the conditions shown. As extra safeguards, SWCC will restrict the temperature to 40°C, flush 
out with distilled water to reduce chloride levels before acid cleaning, and use as short a time as 
possible to perform the cleaning. If regular acid cleaning becomes necessary, then samples of 
tube will be removed for hydrogen analysis after some years of operation to ensure that damage 
to the tubes is avoided. 

TABLE 4—Hydrogen absorption of titanium at 60°C. 

Acid Inhibitor Time, hr Hydrogen Content, ppm 

89 

483 
3 
3 
22 
656 
21 
603 

4% sulfuric 
» 
» 
" 

4% hydrochloric 
' 
If 

" 

none 
" 

inhibitor 
w 

none 
" 

inhibitor 
" 

6 
60 

6 
60 

6 
60 

6 
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TABLE 5—Effect of galvanic couples and chloride on hydrogen absorption of titanium in 2% 

sulfamic acid. 

Inhibitor Chloride Concentration Metal Couple Hydrogen Content, ppm 

0.2%570S 250 Ti 1 
Ti + Al 

Bronze 4 
Ti + C Steel 3 

1000 Ti 0 
Ti +Al 

Bronze 4 
Ti + C Steel 0 

5000 Ti 1 
Ti + Al 

Bronze 1 
Ti + C Steel 5 

None 5000 Ti 1 
Ti + Al 

Bronze 1 
Ti ± C Steel 1 

NOTE: Temperature 48 ± 2°C. Time 48 h. Areas of Ti, C steel and Al bronze approximately equal. 

Snmmaiy and Conclusions 

The serious galvanic corrosion problems experienced in older MSF plants have now been 
overcome. In modern plants improved materials selection, good operation, and use of good 
corrosion engineering practice enables engineers to use a variety of materials so as to optimize 
cost and performance. 
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ABSTRACT: Two wrought piping alloys, 70-30 and 90-10 copper-nickel, were each galvanically 
coupled to each of four fitting alloys in sulfide-modified seawater for 30 days. The fitting alloys 
used were bronze (Composition M), cast Monel®, wrought nickel-aluminum bronze, and cast 
70-30 copper-nickel. The piping material to fitting material area ratio was 3:1 and the seawater 
velocity was 2.4 m/s. Results indicated that the galvanic relationship between M-bronze or Monel 
and 70-30 copper-nickel is affected by sulfide additions, in a manner that increases the corrosion 
of the fitting material, whereas similar couples with 90-10 copper-nickel show little effect of 
sulfide. 

KEY WORDS; galvanic corrosion, copper-nickel alloys, pipe fittings, sulfide-induced corrosion, 
seawater piping 

The occurrence of accelerated corrosion of copper-nickel alloys exposed to flowing seawater 
containing sulfide pollutants has been of concern to both the Navy [1,2] and to industry [3-5], 
Many studies of the corrosion of various copper based materials have been conducted [1,5-10], 
and some solutions to the problem have been investigated [11-20]. The corrosion mechanism 
has been postulated to involve an electropositive shift in the corrosion-product film potential in 
the copper-nickels, and such a potential shift has been documented [/]. It would therefore be 
expected that the galvanic relationships between the copper-nickels and other alloys in seawater 
could be altered in an environment containing sulfide pollution. In polluted environments this 
could lead to galvanic corrosion of materials that have usually been considered compatible in 
more normal environments. For example, both 90-10 and 70-30 copper-nickel piping have been 
coupled with bronze fittings in seawater systems without unacceptable galvanic corrosion of any 
of the materials involved. The purpose of this study was to determine if sulfide-containing sea
water would cause galvanic corrosion in certain piping-fitting combinations that would not be 
observed in unpolluted seawater. 

Material 

The piping materials chosen for this study were 90-10 and 70-30 copper-nickel. The fitting 
materials selected were cast bronze (Composition M), cast Monel* (Composition E) wrought 
nickel-aluminum-bronze, and cast 70-30 copper-nickel. Compositions of all materials are listed 
in Table 1. 

'Metallurgist, Naval Ship Research and Development Center, Annapolis, MD 21402. 
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TABLE \—Composition of lesi materials. % by weight. 

Copper 
Aluminum 
Iron 
Nickel 
Manganese 
Tin 
Lead 
Zinc 
Silicon 
Phosphorus 
Niobium and 

tantalum 
Sulfur 
Carbon 
Others 

90-10 Copper-
Nickel 

88.09 

1.50 
9.8 
0.46 

<0.02 
0.09 

<0.02 

<0.02 

70-30 Copper-
Nickel 

68.52 

0.49 
30.12 

0.74 

0.1 

0.001 

0.004 

M-Bronze 

87.52 

0.15 
0.55 

5.86 
1.66 

Balance 

0.006 

Nickel-Alu
minum Bronze 

80.41 
9.23 
3.94 
4.24 
1.46 

0.001 

0.08 

0.04 

Cast 70-30 
Copper-Nickel 

Balance 

0.61 
30.7 

1.03 

0.002 

0.43 

0.91 

Monel 

29.7 
0.19 
2.88 

60.4 
1.32 

3.48" 

1.86 

0,12 

"This analysis is suspect. Silicides not detected metallographically. 

Apparatus and Experimental Procedures 

Corrosion exposures were conducted in polarization cells located at the Francis L. LaQue 
Corrosion Laboratory at Wrightsville Beach, N.C. In each cell, one piping alloy specimen and 
one fitting alloy specimen were mounted with their surfaces parallel to the seawater flow. The 
piping material to fitting material area ratio was 3:1 and the seawater velocity was 2.4 m/s. One 
surface of each specimen was wetted while the other was kept dry with gasketing to allow for 
electrical contact. Wetted surfaces of the two specimens were mounted parallel and opposing 
with a 6-mm gap between them. Provisions were made for the use of a silver/silver-chloride 
reference cell for each test unit. The sulfide level in the seawater could be controlled by the 
addition of sodium sulfide with metering pumps. The seawater was not recirculated but was 
discharged after one pass through the test cell and the subsequent neutralization of the excess 
sulfide. Sulfide concentrations were measured by using the p-phenylenediamine colorimetric 
technique. The dissolved oxygen in the untreated water was 5 to 9 mg/litre. No detectable pH 
shift was observed during the sulfide injection. 

The standard specimen dimensions for these cells are 72.5 by 30.5 by 6 mm. Reduced-size 
specimens were mounted with nonmetallic spacers to fill the specimen holders. Specimen sur
face finish was 32 rms. 

Galvanic couples of each piping-fitting material combination were exposed to seawater flow
ing at 2.4 m/s and containing 0, 0.01, or 0.05 mg/litre sulfide for 30 days. Couple potential and 
galvanic current were monitored. At the conclusion of the exposures the specimens were cleaned 
and data were recorded on weight loss and pit depth, which were converted to corrosion rates 
and maximum depths of attack, respectively. 

Corrosion Rate and Depth of Attack 

The corrosion rate and maximum depth of attack data for the fitting alloys as a function of 
coupling and sulfide concentration are illustrated in Figs. 1 to 4. Two vertical lines appear on 
the bars representing uncoupled specimens because tests on them were run in duplicate. 

Figure 1 presents data for the M-bronze. There was an overall increase in the corrosion of 
uncoupled M-bronze specimens as the sulfide concentration was increased, as expected. Also, 
predictably, there is little difference in the amount of corrosion between coupled and uncoupled 
bronze at 0 mg/1 sulfide. As the sulfide level increases, there is still little difference in behavior 
between uncoupled bronze and material coupled to 90-10 copper nickel. However, a significant 
increase in both the corrosion rate and maximum depth of attack is evident in bronze coupled to 
70-30 copper-nickel in sulfide-containing seawater. Thus, although M-bronze and 70-30 cop-
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FIG. 1—Data for M-hron:e. 

per-nickel are galvanically compatible in unpolluted seawater, the addition of sulfide will cause 
galvanic attack to occur on the M-bronze. This does not take place in couples with 90-10 cop
per-nickel. 

Figure 2 presents corrosion data for Monel. An increase in corrosion rate with increasing 
sulfide can be observed, although the depth of attack remains relatively unaffected. Galvanic 
coupling to either of the copper-nickels has little effect on the corrosion in unpolluted seawater. 
As sulfide is added, the corrosion of the Monel is decreased, that is, it is cathodically protected 
upon coupling to 90-10 copper-nickel. The amount of corrosion either remains the same or 
increases, depending on the sulfide level, when the Monel is coupled to 70-30 copper-nickel. 
This is another example of a material that is not affected by coupling to copper-nickels in unpol
luted seawater but is affected by coupling to each alloy in polluted seawater. 

Figures 3 and 4 present the corrosion data for nickel-aluminum-bronze and cast 70-30 cop
per-nickel specimens, respectively. For either material, corrosion increases with increasing sul
fide and, with two exceptions, is unaffected by coupling at any sulfide level. The exceptions are 
the low amount of corrosion of cast 70-30 copper-nickel coupled to 90-10 copper-nickel, and the 
low depth of attack when it is coupled to 70-30 copper-nickel. Since these occurrences were not 
duplicated at either the higher or the lower sulfide level, they are not considered significant. 
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FIG. 2—Data for Monel. 

Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



HACK ON PIPING AND FITTING ALLOYS 343 

Ni-AI-BRONZE 

SULFIDE mj/l 

UNCOUPLED 

COUP 90/10 

COUP 70/30 

PIPING/FirrrNG AREA RATIO 3:1 

01 UNCOUPUO 

.01 COUP M/10 

.01 COUP 70/30 

M UNCOUPUO 

.06 COUP W/10 

OC COUP 70/30 

0 UNCOUPUO 

a COUP M/10 

COUP 70/30 

0 0.2 0.4 0.0 O.t 1 1.2 1.4 1.6 1.6 

CORROSION RATE mm/yr 

PIPING/FITTINO AREA RATIO 3:1 

.01 UNCOUPLED 

.01 COUP 60/10 

.01 COUP 70/30 

.06 UNCOUPLED 

.06 COUP 90/10 

06 COUP 70/30 

0.1 0.2 0.3 0.4 

MAXIMUM DEPTH OF ATTACK mm 

FIG. 3—Data for nickel-aluminum bronze. 
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FIG. 4—Data for cast 70-30 copper-nickel. 

Figures 5 and 6 illustrate the behavior of the wrought 90-10 and 70-30 copper-nickel piping 
specimens, respectively, in the couples with all the materials. Four uncoupled control specimens 
were tested at each sulfide level and therefore four lines are shown on these bars. Once again, a 
general increase in the corrosion of both copper-nickels was evident on uncoupled specimens as 
the sulfide concentration was increased. Because of the large scatter in the maximum depth of 
attack data from the uncoupled control specimens of both alloys, no additional conclusions 
could be drawn from these data. Several trends can be observed in the corrosion rate data, 
however. Coupling to M-bronze does not significantly affect the corrosion rate of 90-10 copper-
nickel because coupled values are within the control specimen scatter. Even if scatter is consid
ered, coupling to 70-30 copper-nickel decreases the corrosion rate if sulfide is present. Thus the 
70-30 copper-nickel is receiving cathodic protection from the increased corrosion of the 
M-bronze in the sulfide-containing seawater. The increase in the corrosion rate of 90-10 copper-
nickel coupled to Monel corresponds with the previously reported decrease in corrosion of the 
Monel in this couple in sulfide-containing seawater. No conclusion can be drawn about the 
corrosion of 70-30 copper-nickel when it is coupled to Monel, or about the behavior of either of 
the copper-nickels when coupled to nickel-aluminum bronze or to cast 70-30 copper-nickel. 

Corrosion Potentials 

Figures 7 to 14 present the average corrosion potentials of uncoupled alloys and couples as a 
function of sulfide concentration. The potentials illustrated are averaged only over the last 20 
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FIG. 6—Data for 70-30 copper-nickel. 
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FIG. 7—Potentials of M-bronze and 90-10 copper-nickel. 
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FIG. i—Potentials of M-bronze and 70-30 copper-nickel. 

days of testing. This information is presented as a band because there were four piping alloy 
control specimens for each material at each level. In addition, there were two fitting alloy con
trol specimens for each material at each sulfide level and, therefore, this information is also 
presented as a band. The couple potential information was derived from individual coupled 
specimen pairs and is illustrated by a solid line on the figures. 

Figures 7 and 8 present the data for M-bronze and 90-10 or 70-30 copper-nickel, respectively. 
In Fig. 7 all potentials are within the same range and significant galvanic interactions would not 
be expected. As mentioned earlier, none were observed. A small (50 mV) potential difference 
can be seen between 70-30 copper-nickel and M-bronze in Fig. 8 at 0 mg/litre sulfide. When 
sulfide is added this difference increases to 140 mV, which could be an explanation for the 
behavior of these couples. 

Figure 9 indicates that Monel tends to be protected by 90-10 copper-nickel when sulfide is not 
present but has little galvanic interaction at higher sulfide levels. In Fig. 10 a reversal can be 
seen in the behavior of Monel and 70-30 copper-nickel. The Monel is protected when sulfide is 
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FIG. 9—Potentials of Monel and 90-10 copper-nickel. 
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FIG. 10—Potentials of Monel and 79-30 copper-nickel. 

not present and becomes subject to galvanically accelerated corrosion in the presence of sul
fides. Both of these observations are verified by the corrosion data. 

Nickel-aluminum-bronze tends to be equal in potential or to be slightly cathodic to 90-10 
copper-nickel with the difference in potential increasing somewhat when sulfide is present. This 
can be seen in Fig. 11. Figure 12 indicates that the potential of nickel-aluminum bronze is 
similar to, or slightly anodic to, that of 70-30 copper-nickel throughout the range of sulfide 
concentrations. Thus a difference in corrosion behavior of nickel-aluminum bronze coupled to 
90-10 or to 70-30 copper-nickel is expected. The reason this did not occur in these exposures 
may be due to the polarization characteristics of the nickel-aluminum bronze. 

In Fig. 13 an increased potential difference can be observed in sulfide between cast 70-30 
copper-nickel and 90-10 copper-nickel. Cathodic protection of the cast material and increased 
corrosion of the 90-10 copper-nickel should therefore be observed in sulfide-containing seawa-
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FIG. 11—Potentials of nickel-aluminum bronze and 90-10 copper-nickel. 
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FIG. 12—Potenlials of nickel-aluminum bronze and 70-30 copper-nickel. 

ter. Although tendencies in this direction can be observed in the corrosion data in Figs. 4 and 5, 
these tendencies are small compared to the data scatter. Figure 14 illustrates that the potentials 
of cast and wrought 70-30 copper-nickel are similar throughout the range of sulfide concentra
tions. Therefore, no galvanic interaction was expected and none was observed. 

It should be noted that the potentials of all alloys tested, except Monel, shifted in the electro
positive direction when sulfide was added. All of these materials derive their corrosion resis
tance from the buildup of a copper-oxide corrosion product film. The inclusion of sulfide ions 
into the film as it is being formed is thought to cause the cathodic shift by increasing film con
ductance through a semiconductor doping mechanism. The Monel derives its corrosion resis
tance from the formation of a complex nickel-oxide film that might not behave in the same 
manner as the copper oxide. In fact, the potential of the Monel shifted to being more electro
negative when sulfide was present. 
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FIG. 13—Potentials of 70-30 copper-nickel and 90-10 copper-nickel. 
Copyright by ASTM Int'l (all rights reserved); Wed Dec 23 18:35:47 EST 2015
Downloaded/printed by
University of Washington (University of Washington) pursuant to License Agreement. No further reproductions authorized.



350 GALVANIC CORROSION 

I 

I-o 

0 

-50 

100 

ISO 

200 

250 

300 

,|iseiei^^ 

J 
"" CAST 70-30 Cu-Ni 

' <v\> u< Wrought 70-30 Cu-Ni 

COUPLE 1:3 AREA RATIO 

1 

0.01 0.02 0.03 004 

SULFIDE CONCENTRATION mg/l 

0.05 

FIG. 14—Potentials of cast and wrought 70-30 copper-nickel. 

Conclusions 

There is a change in the galvanic relationship between normally compatible piping and fitting 
alloys in sulfide-containing seawater. This change causes an increase of corrosion of M-bronze 
or Monel when these materials are used with 70-30 copper-nickel in sulfide-containing seawa
ter. The behavior of these alloys when they are coupled to 90-10 copper-nickel is relatively unaf
fected by the sulfides. All of these couples have been used and are usually considered compati
ble in environments without sulfide. Therefore, if a polluted environment is to be encountered, 
the galvanic interrelationships of all materials in the systems involved should be reappraised. 
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tion) 

BASIC programming language, 53 
boundary-element modeling, 79 
COSMIC/NASTRAN program, 133 
finite-element modeling, 79, 136, 188 
general discussion, 96 
MARC program, 136 
in seawater systems, 53 
WECAN program, 136 

Condensers, power plant, 53, 301, 310 
Cooling systems, 53, 249, 323 
Copper alloys, 53, 136 

galvanic effect on aluminum, 162 
Muntz metal, 136, 301 
tubesheets, 301 

Corrosion, galvanic (See also Galvanic cou
ples; Hydrogen embrittlement; Steels) 

in acids, 203, 220 
atmospheric, 161, 298 
on automobiles, 249 
cathodic control methods, 53, 79, 96, 178 
causes, 299 
computer modeling and prediction, 53, 79, 

96, 133, 136, 188 
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356 GALVANIC CORROSION 

Corrosion, galvanic (cont.) 
in condensers, power plant, 53, 301, 310 
in cooling systems, 53, 249, 323 
corrosion products, 23 
in desalination plants, 323 
designing for, 174 
electrochemical theory (^ee also Galvanic 

couples; Ionic currents), 5, 16, 80, 178 
in evaporators, 323 
of fasteners, dissimilar metal, 249 
of flash chambers, 323 
in gas production, 260 
in heat exchangers, 53, 79, 136, 297, 323 
marine, 53, 96, 291 
mathematical modeling and prediction, 5, 

11, 118, 136 
of offshore structures, 107 
in oil and gas production, 260 
in oxidizing solutions, 203 
of pipes and piping systems, 53, 107, 178, 

293 
potential, 203 
of pumps, 297, 323 
in seawater, 53, 136, 260, 301, 310, 323 
of ships, 53, 96, 291 
in soils, 178, 193 
of telephone cable plant, 283 
testing 

atmospheric corrosion of bare metals, 
161 

of cladded steel, 35 
condensers, simulated, 301 
wire-on-bolt, 161 

tube-tubesheet, 53, 79, 136, 301, 323 
tubing, 53, 136, 301, 310, 323 
underground, 178, 283 
of valves, 174, 296 
of waterboxes, 323 

Corrosion prevention (See Cladding; Corro
sion, galvanic; Paint blistering) 

Corrosion products, 23 
dielectric properties, table, 25 

COSMIC/NASTRAN computer program, 
133 

Coupling (See Galvanic couples; Galvanic 
series) 

Crevice corrosion, 23, 310, 323 
Crude oil, 260 
Cupronickel, 323 
Current density mapping, 118, 136 

E 

Electric fields, 53, 118 
Electrode potential, 53 
Electroplated bumpers, 249 
Evaporators, 323 

Fasteners, dissimilar metal, 249 
Finite-element analysis, 79, 98, 118, 136 
Flash chambers, 323 

Galvanic corrosion (See Corrosion, galvanic) 
Galvanic couples (See also Galvanic series) 

aluminum-steel, 35, 162, 249 
cadmium-steel, 35 
chromium-steel, 249 
copper-nickel-Muntz metal, 136 
iron-copper, 118 
Monel-copper-nickel, 136 
nickel-aluminum-bronze-Alloy 625, 136 
in oxidizing solutions, 203 
titanium-nickel-aluminum-bronze, 136 
zinc-copper-nickel, 136 
zinc-steel, 193, 249, 288 

Galvanic series, table, 17, 180 
Galvanized steel, 162, 249 
Gas production, 260 
Graphite 

galvanic effect on aluminum, 162 
in oxidizing solutions, 203 

H 

Heat exchangers, 53, 79, 136, 297, 323 
Heyrovsky's reaction, 19 
Hydrogen embrittlement, 35, 193, 260, 310 
Hydrogen evolution, 5 
Hydrogen stress cracking, 35, 193, 260, 310 
Hydrogen sulfide, 260 

I-L 

Impressed current protection, 53, 310 
Ionic currents, 118 
Joints, bimetallic (See also Galvanic couples), 

323 
Lead, 162 

D 

Deaeration, 323 
Desalination plants, 323 
Designing for corrosion control, 174 

M 

Magnesium anodes, 178 
MARC computer program, 136 
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Marine systems, 53, 96, 291 
Mathematical modeling and prediction (See 

also Computer modeling and predic
tion) 

electrochemical theory, 5 
nonlinear polarization, 118 
Wagner numeric analysis, 11, 151 

Metal oxides, 23 
Metal sulfides, 23 
Metallic corrosion (See Corrosion, galvanic; 

Galvanic couples; Hydrogen embrittle-
ment) 

Metals (See under specific metals; See also 
Galvanic couples) 

energy required to convert from ore, table, 
179 

galvanic series, tables, 17, 180 
hydrogen evolution on, table, 20 
on navy ships, 291 
soil resistivity and temperature effects on, 

193 
standard potentials, table, 17 

Mixed potentials, 5 
Monel, 136, 162 
Muntz metal, 136, 301 

N 

Nickel alloys 
ALLCORR, 235 
Hastelloy, 203, 235 
Inconel, 235 
Monel, 136, 162 
in oil and gas production, 260 
in seawater systems, 53 
welded dissimilar, 235, 310 

Ni-resist, 323 
Nonlinear polarization, 118 
Numerical analysis (See Computer modeling 

and prediction; Mathematical model
ing and prediction) 

O 

Offshore structures, 107 
Oil and gas production, 260 
One-dimensional flow, 53 
Oxidizing solutions, 203 
Oxygen reduction, 5 

Paint blistering, 249 
Pipes and piping systems, 339-351 

metal, 53, 107, 178, 293 
plastic, 53 

Pitting, 23, 323 
Polarization curves 

iron-copper, illus., 126 
oxidizing solutions, 203 

Polarization parameter, 11 
Potential distribution, 118, 136 
Primary current, 136 
Probes, vibrating, 118 
Protection, cathodic (See Cathodic protec

tion) 
Pumps, 297, 323 

Radioactive waste, 235 
Rectifiers, 184 

Scanning vibrating electrodes, 118 
SEA-CURE (UNS S44660) condenser tubing, 

310 
Seawater systems, 260, 

cathodic protection in, 53 
condensers, 301, 310 
desalination plants, 323 
distribution of galvanic corrosion in, 53 
oil and gas production, 260 
tube-tubesheet galvanic corrosion, 136 

Secondary current, 136 
Semiconductor oxides, 23 
Semiconductor theory of corrosion, 23 
Ship hulls, corrosion in, 53, 96, 292 
Ships, naval, 291 
Simulated testing (See also Computer model

ing and prediction), 301 
Simulation, computer (See Computer model

ing and prediction) 
Soils, 178, 193 
Solution resistivity, 136 
Steam condensers, 53, 301, 310 
Steels 

austenitic stainless, 203, 220 
chromium content, galvanic effects of, 220 
chromium plated, 162 
in desalination plants, 323 
duplex Fe-Cr-10%Ni alloys, 203, 220 
Ferralium, 203 
ferrite, 220 
ferritic stainless tubing, 310 
galvanized, 162, 249 
high-strength 4340, 35 
hydrogen evolution on, table, 20 
low alloy, 35 
mild, galvanic influence on aluminum, 162 
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358 GALVANIC CORROSION 

Steels (cont.) 
stainless tubing, 136, 301 
Type 301 stainless, 193 
Type 304 stainless, 162 
Type 316 stainless, 277 
Type 410 stainless, 276 

Stress cracking, 35, 193, 260, 310 

U-V 

Underground corrosion, 178, 283 
Valve engineering, 174, 296 
Volmer's reaction, 19 

Tafel equations, 7, 203 
Tafel's reaction, 19 
Telephone cable plant, 283 
Tertiary current, 136 
Testing, simulated {See also Computer mod

eling and prediction), 301 
Three-dimensional electric fields, 118 
Titanium alloys, 53, 136, 203, 301, 323 
Trim, automotive, 249 
Tube-tubesheet galvanic corrosion, 53, 79, 

136, 301, 323 
Tubing, 53, 136, 301, 310, 323 

W 

Wagner number analysis, 11, 151 
Waterboxes, 323 
WECAN computer program, 136 
Welded dissimilar nickel alloys, 235 
Wire-on-bolt test, 161 

Zero-resistance ammeter, 203 
Zinc anodes, 53, 136, 186 
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