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A. INTRODUCTION

Galvanic corrosion, resulting from a metal contacting another conducting material in a corrosive
medium, is one of the most common types of corrosion. It may be found at the junction of a water
main, where a copper pipe meets a steel pipe, or in a microelectronic device, where different metals
and semiconductors are placed together, or in a metal matrix composite material in which reinforcing
materials, such as graphite, are dispersed in a metal, or on a ship, where the various components
immersed in water are made of different metal alloys. In many cases, galvanic corrosion may result
in quick deterioration of the metals but, in other cases, the galvanic corrosion of one metal may result
in the corrosion protection of an attached metal, which is the basis of cathodic protection by
sacrificial anodes.

Galvanic corrosion is an extensively investigated subject, as shown in Table 1, and is qualitatively
well understood but, due to its highly complex nature, it has been difficult to deal with in a quanti-
tative way until recently. The widespread use of computers and the development of software have
made great advances in understanding and predicting galvanic corrosion.

B. DEFINITION

When two dissimilar conducting materials in electrical contact with each other are exposed to an
electrolyte, a current, called the galvanic current, flows from one to the other. Galvanic corrosion is
that part of the corrosion that occurs at the anodic member of such a couple and is directly related to
the galvanic current by Faraday's law.

Under a coupling condition, the simultaneous additional corrosion taking place on the anode of
the couple is called the local corrosion. The local corrosion may or may not equal the corrosion,
called the normal corrosion, taking place when the two metals are not electrically connected. The
difference between the local and the normal corrosion is called the difference effect, which may be
positive or negative. A galvanic current generally causes a reduction in the total corrosion rate of the
cathodic member of the couple. In this case, the cathodic member is cathodically protected.

C. FACTORS IN GALVANIC CORROSION

Many factors play a role in galvanic corrosion in addition to the potential difference between the two
coupled metals. Depending on the circumstances, some or all of the factors illustrated in Figure 1
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TABLE 1. Studies on Galvanic Actions of Miscellaneous Alloys in Various Environments

Alloy 1

Steel, S. steel
Al, Cu, Pb, Sn, Mg,

Ni, Zn, steel, S. Steel
Pt
Al, Cu alloys, Ni, Pb,
Zn, steel, S. steels
Cu
Al alloys
Al, Cu alloys, Ni,
Pb, S. Steels

Alloy 2 Measurements"

Atmospheres

Al

Miscellaneous
Zn

Miscellaneous
Steel
S. Steel

Miscellaneous

Weight loss

Weight loss

^
Weight loss
/g, Weight loss
^corn ^g

Weight loss

Focus 1

Automotive parts

Corrosion rate
Humidity sensor

Tropical data
Corrosion probe
Inhibitors

Clad metals

Fresh Waters (pure, river, lake, and underground)

Co alloys
Cu
Steel
Steel
Al, Cu alloys, Ni, Pb,

Zn, steel, S. steels
Al

S. steel
S. steel, Ti
S. steel
Steel
Cu alloys
Miscellaneous
Al, Cu alloys, Ni, Pb,
Zn, steel, S. steels
Steels, S. steels,

Cu alloys
Cu-Ni, Ti
Al alloys
S. steel
Bronze, Ti,
Cu alloy, Fe, Zn, S. steel

Brass, steel
S. steel
Steel, Zn, Pb

S. steels, Ti
Ni alloys
Fe-Cr-Ni alloys
Fe-Ni, Ti,
S. steel, Ni alloys
Fe-Cr alloys
Ag, Au, Al, Ti,
Pt, Fe, Cu, Zn

Carbon
Ag
Zn
Zn

Miscellaneous
Steel

Steel
Brass, Bronze
Cu
Zn
Cu alloys
Miscellaneous

Miscellaneous

Ti alloys, S. steel
Bronze, Zn
S. steel
Ni alloys, graphite
Cu-Ni, Zn, Bronze
Miscellaneous

Brass, Pb, Cu, Zn
Zn
Pb, Cu, steel

Ni alloys
Ni alloys
Austenite/ferrite

Graphite, Ni alloys
Fe-Cr alloys

Minerals

E-I curves

Eton

EgJg

ESJS

Weight loss
Ecom Eg

Seawater

Thickness loss

is
E-I curves, Ecorr

EB
Weight loss
Ecom E-I curves

Weight loss

/g, £c,
E distribution

^com 'g

Miscellaneous
E-I curves
Eg, /g, EcorT

Soils

Weight loss

h
IR drop

Acids

/g, Eg, E-I, weight loss
Thickness loss
Weight loss, morphology

/g, Eg, E-I curves
Weight loss

£COm E -/curves

Magnetic disc
Electrical contact
Polarity reversal
Polarity reversal

Damage data
Polarity reversal

Metallic joints
Corrosion rate
Localized corrosion
Transient E - 1
Effect of sulfide
Review

Damage data

Power plant condense!
Cathodic protection
Inhibitors
Review
Time effect
Materials interaction

Corr. and protection
Soil resistance
F-F&c '-'a

Prediction
Welds
Phase interaction

Polarization effects
Phase interaction

Processing equipment
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TABLE 1. (Continued)

a/g, galvanic current; Eg, potential of couple; £c, potential of cathode; £corn corrosion potential; £a, potential of anode; S. Steel,
stainless steel; G.steel, galvanized steel; /corr corrosion current.
b Ringer's solution. c Humid gas. d Concrete. * Painted. ^Cyclic test. *Wet minerals. HOil and gas.

may be involved. Generally, for a given couple, the factors in categories (a)-(c) vary less from one
situation to another than the factors in categories (d)-(g). Effects of geometric factors on galvanic
actions can, in many cases, be mathematically analyzed. On the other hand, effects of electrode
surface conditions on reaction kinetics in real situations can be very difficult to determine. Compared
to normal corrosion, galvanic corrosion is generally more complex because, in addition to material
and environmental factors, it involves geometrical factors.

Alloy 1

Al, Cd films
SiC
Steel

Steel
Steel
Steel
Steel
Steel
Steel
Steel
Al, Ti alloys, Pt, Cu
S. Steel
Al alloys, S. steels
Al alloys

Al alloys
Al
Cu
Cu
Cu, Brass
Al, Ti, Fe, Ni,
Cu, S. steel
Cu
Sn, Cd, Zn,
Steel
G. steel, S. steel
Al, Au, Ag, Pt,
Si, Mg, Cu

S. steel*
Cuc

Steel d

Steele

Steel7

S. steel 8

Miscellaneous
Steel, S. steels'1

Steel d

Zinc

Alloy 2 Measurements0

Salt Solutions

4340 steel
Mg alloys
Al, Zn

Al
G. steel
G. steel
Zn coating
G. steel
Zn alloys
Cd, Zn Al
Cu, Zn, Fe
Graphite-epoxy
Graphite-epoxy
Cu, Cd, Zn, Ti,

steels
Ag, Cu, Ni, Sn, Zn
Graphite, TiB, SiC
Zn
Zn
Zn

Oxides
Zn
S. Steel, Ni, Cu, Ti,
Sn, steel, Zn
Polyethylene

Ig1 Eg1 stress
*g» 'corr

Weight loss,
E-I curves

Eg1 Ig1 weight loss

£̂a, EC, /g, E - 1 curves

'g
'g
Weight loss
Cracking

h
*-*g ^g' -^corr

'g
if

£g.'g
£com Egt Ig
E1 1 distributions
E distribution
E distribution, /g

Ig1 E-I curves
E distribution

Egjg1 weight loss

^
^COIT

Other Environments

Ti, Nb, Ta
Zn
Zn
Zn
Zn
S. Steel
Miscellaneous
Steel, S. steels
Zinc
Miscellaneous

Eg.'g
E distribution
£c,/g
Morphology
Morphology
£Com Jg> E — I curves
£COm E-I curves
Weight loss
Weight loss
Miscellaneous

Focus References

Hydrogen embritt.
Composite material
Mechanism

pH, dissov. oxygen
Corrosion products
Zn coating composition
Effect of paint
Polarity reversal
Solution composition
SCC protection
Current measurement
Area effect
Composite materials
Area effect

Galvanic series
Composite materials
Solution resistance
Modeling
Corrosion rate

Corrosion products
Geometry analysis

Corrosion rate
Telephone cable

Galvanic series

Biocompatibility
Kelvin probe
Cathodic protection
Paint adhesion
Humidity, time
Abrasion-corrosion
Review
Database
Galvanic protection
Review
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(a) Reversible eletrode
potentials

(g) Geometric factors
area
distance
position
shape
orientation

(b) Reactions
dissolution
oxygen reduction
hydrogen evolution

(f) Environmental effects
forms of moisture
cyclic wet/dry
solar radiation
climate
seasonal variations

(c) Metallurgical factors
alloying
heat treatment
mechanical working

(d) Surface conditions
surface treatment
passive film
corrosion products

(e) Electrolyte properties
ionic species
PH
conductivity
temperature
volume
flow rate

FIGURE 1. Factors involved in galvanic corrosion of a bimetallic couple.

D. MATERIAL FACTORS

1. Effects of Coupled Materials

As listed in Figure 1, all the factors affecting the electrode properties, such as those under categories
(a)-(g), have an influence on galvanic action between any two metals. The reversible electrode
potentials of the two coupled metals determine the intrinsic polarity of a galvanic couple, whereas
the reactions, metallurgical factors, and surface conditions determine the actual polarity under a
given situation because the actual potential (the corrosion potential) of a metal in an electrolyte
is usually very different from its thermodynamic equilibrium value due to kinetic processes. For
example, titanium has a very negative reversible electrode potential and has an active position in the
ernf series. However, titanium occupies a noble position in the galvanic series in many practical
environments due to passivation of the surface.

The extent of galvanic activity is not always related to the difference in the corrosion potentials of
two metals. Table 2 shows that, for steel, the galvanic corrosion is much higher when coupled to
nickel and copper than when coupled to 304 stainless steel and Ti-6Al-4V, for which the potential
differences were larger. The galvanic corrosion of zinc is the highest when coupled to steel, although
the potential difference between zinc and steel is much less than between zinc and most other alloys.

Similar results have been reported on galvanic corrosion in atmospheres [2] where, in addition to
the potential differences between the two metals, other factors, such as reaction kinetics and
formation of corrosion products, are important in determining the galvanic corrosion rate. When the
cathodic reaction is oxygen reduction and diffusion limited, different galvanic corrosion rates of an
anode, coupled to different cathode materials, can be explained by the different diffusion rates of
oxygen through the oxide films. When diffusion is not the limiting process, differences in galvanic
corrosion rates can result from differences in cathodic efficiency of oxygen reduction in the
oxide scale on the cathode surface [58], which may not depend on the corrosion potential.
The difference in corrosion potentials of uncoupled metals is, thus, not a reliable indicator of the rate
of galvanic corrosion.

Anode Cathode



TABLE 2. Galvanic Corrosion Rate of Steel and Zinc Coupled to Various Metal Alloys Tested in 3.5%
NaCl Solution0'*

Coupled Alloy

SS 304
T1-6A1-4V
Cu
Ni
Sn
Cd
Zn

SS 304
Ni
Cu
Ti-6Al-4V
Sn
4130 steel
Cd

tf
(um/year)

?wi
(urn/year)

4130 Steel r0 = 90

119
79

343
341
122

625
589

1260
1050
581
38
14

Zn, r0 = 101

244
990

1065
315
320

1060
600

705
1390
1450
815
810

1550
660

AV*
(mV)

-439
-338
-316
-299
-69

+ 221
+ 483

-905
-817
-811
-729
-435
-483
-258

a Tested for 24 h, equal size surface area of 20 cm2.
b See [58].
c Measured as galvanic current.
d Measured as weight loss.
e Potential difference between the coupled metals before testing.

The extent of galvanic corrosion can be ranked with actual corrosion loss data (i.e., the increase in
corrosion rate relative to uncoupled conditions) [51,58]. There is a difference between the corrosion
loss determined by weight loss, which includes the loss due to local corrosion, and due to galvanic
current, which measures the true loss due to galvanic action. As noted in Table 2, the weight loss of
zinc, when galvanically coupled to other metal alloys, can be much larger than the sum of the
galvanic corrosion calculated from the Faradaic current plus the normal corrosion measured in an
uncoupled condition. This indicates that the local corrosion of zinc is increased by galvanic coupling
to another alloy. Some of the factors that determine the relationship of galvanic current and weight
loss have been discussed in the literature [51].

In general, addition of small amounts of alloying elements does not change the reversible
potential of a metal to a large extent, but may change significantly the kinetics of the electrochemical
processes and, thus, behavior in galvanic action. For example, significant differences have been
found in the corrosion behavior of different aluminum alloys in galvanic couples [51].

For alloys with a microstructure of more than two phases, there can be significant galvanic action
among the different phases. Microscale galvanic action has been studied for the active dissolution of
duplex stainless steel in acidic solutions [34], and for the interaction between martensite and ferrite
in grinding media [66]. Potential and current distributions on the surface of a metal, consisting of two
randomly distributed phases, have been mathematically modeled by Morris and Smyrl [7O].

Increased corrosion of the cathodic member in a galvanic couple may also occur (e.g., the zinc/
aluminum couple). Although aluminum is cathodic to zinc in 3.5% solution, the rate of aluminum
corrosion is greater when coupled to zinc than in the uncoupled condition [51]. The higher corrosion
rate of the coupled aluminum is attributed to the increased alkalinity near the surface due to the
cathodic reaction, since aluminum is not stable in a solution of high alkalinity. Similar effects have been
reported for tin/zinc and cadmium/zinc couples, where the corrosion of tin and cadmium, being the
cathodic members, in 3.5% NaCl solution increased compared to the uncoupled condition [58].



Historically, galvanic corrosion has been reported to occur mostly in bimetallic couples. With the
ever-increasing use of nonmetallic materials, galvanic corrosion is now being identified in many
situations where a metal is in contact with a nonmetallic material (e.g., galvanic corrosion of metals
occurs in metal-reinforced polymer matrix composites and graphite metal matrix composites [53,49],
in processing of semiconducting minerals [35], in contact with conducting polymers [59], with
semiconducting metal oxides [57], and with conducting inorganic compounds [8]). It has been found
that minerals, in general, exhibit potentials more noble than most metals and, therefore, may cause
galvanic corrosion of metals used in processing equipment [35].

2. Effect of Area

The effect of anode and cathode areas on galvanic corrosion depends on the type of control in the
system, as illustrated in Figure 10. If the galvanic system is under cathodic control, variation in the
anode area has little effect on the total rate of corrosion, but variation of the cathode area has a
significant effect. The opposite is true if the system is under anodic control.

Galvanic currents in many situations are proportional to the surface area of the cathode (e.g.,
Fig. 2 shows that the galvanic corrosion of zinc increases with increasing iron cathode area). On the
other hand, the galvanic corrosion of zinc changes only very slightly with increasing zinc anode
area. These results indicate that the galvanic corrosion of zinc in the system is mainly cathodically
controlled. Similar results were found for aluminum alloys, coupled to copper, stainless steels, or
Ti-6Al-4V, where the total galvanic current is independent of the surface area of the anode but is
proportional to the cathode area [5O].

3. Effect of Surface Condition

The surface of metals in contact with an electrolyte is generally not "bare," but is covered with a
surface layer, at least an adsorption layer, but often a solid surface film. This is the most important
factor that causes the difference between the intrinsic polarity and apparent polarity and between the
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difference in potentials and the extent of galvanic corrosion. Formation of a surface film, whether a
salt film or an oxide film, may significantly change the electrochemical properties of the metal
surfaces, resulting in very different galvanic action.

A corrosion product film may serve as a physical barrier between the metal surface and the
environment. It may also be directly involved in the electrochemical reactions if it conducts electri-
cal current, either as a conductor or a semiconductor. Most metal oxides, common corrosion
products, are conductive materials, mainly as semiconductors [71]. Depending on the electronic
structure, oxide films exhibit potentials that are generally very different from the base metals. In
many situations, these oxides, rather than the metals themselves, determine the electrode potential
and the position in a galvanic series. Figure 3 shows a galvanic series and the cathodic efficiency for
O2 reduction on a number of metal oxides [57]. The highest current densities for O2 reduction are
observed for w-type semiconductor oxides (Fe2O3) and metal-like oxides (Cr2O3). Insulators (Al2O3)
and /?-type oxides (NiO) are inefficient cathodes. The oxides, having a high cathodic efficiency and
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FIGURE 3. Corrosion potentials and oxygen reduction rates of metal oxides. PFE: passive film electrode; TOE:
thermal oxide electrode [57]. Copyright ASTM. Reprinted with permission.
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exhibiting a more noble potential value in a galvanic couple, result in a larger galvanic corrosion rate
of the coupled metal.

According to Stratman and Muller [72], oxygen reduction of an iron electrode is greatly increased
due to the formation of rust because oxygen can be reduced in the iron oxide scale, which is generally
porous and has a large effective surface area. The corroded steel surface is, thus, a highly effective
cathode when coupled to metals that have more negative potentials, such as zinc, aluminum, and
magnesium [40, 73].

Surface passivation is important in the galvanic action of a bimetallic couple (e.g., aluminum is
normally passivated in neutral aqueous solutions), but the extent of passivity is relatively low in
solutions containing species such as chloride ions and may break down under certain conditions.
When aluminum is coupled to steel, it acts as an anode in chloride solutions, whereas it acts as a
cathode in tap water and distilled water [37].

When a surface film does not fully cover the entire surface, part of the metal surface is passivated
and acts as the cathode, forming a local galvanic cell, increasing the corrosion rate of the non-
passivated part of the surface, and possibly causing pitting corrosion [57]. For example, galvanic
current develops between a passivated zinc sample and a partially passivated zinc sample in a cell of
two compartments, containing O. IM K2CrO4 in one and O. IM K2CrO4 and NaCl in the other,
respectively [74]. Pitting occurred on the sample placed in the compartment containing NaCl [74].

When considering surface condition, the effects of time should also be included. With the passage
of time, two basic changes invariably occur in a corrosion system: (1) a change of the physical
structure and chemical composition of the corroding metal surface and (2) a change in the compo-
sition of the solution, particularly in the vicinity of the surface [75]. Specific changes may occur in
surface roughness and area, adsorption of species, formation of passive films, saturation of
dissolution products, precipitation of a solid layer, and exhaustion of reactants. Mechanistically,
these changes may lead to alterations in the equilibrium potentials, the type of reactions involved, the
rate-controlling process, and so on. As a result, the corrosion potential may vary greatly depending
on the nature and extent of these changes.

The steady-state corrosion potential of a metal electrode depends on whether the surface is active
or passive, and the time required for reaching a steady-state value varies with the conditions. The rate
of galvanic corrosion may change with time as a result of changes in polarity and in potential
difference between the metals in the couple. It has been reported that the potentials of various
bimetallic couples, including iron, stainless steel, copper, bronze and zinc, exposed in flowing
seawater are highly variable, and the galvanic currents are reduced by about one order of magnitude
within the first 120 days [26].

E. ENVIRONMENTAL FACTORS

A corrosive environment is characterized by its physical and chemical nature, which may affect the
electrochemical properties. Given that the electrochemical properties of each metal are distinctive in
a given electrolyte, galvanic corrosion is essentially unique for each metal couple in each environ-
ment. The combination of metal couples and environmental conditions is, thus, limitless, as can be
appreciated from Table 1.

1. Effects of Solution

As discussed in Section D, galvanic action of a bimetallic couple depends on the surface condition
of the metals which, in turn, is determined by environmental conditions. A metal surface exhibits
different potentials in different electrolytes, as shown in Table 3, which lists the corrosion potentials
of a number of metals in four different electrolytes of similar ionic strength. A galvanic series
provides information on the polarity of a bimetallic couple but is environment-specific because the
relative position of each metal changes with solution.



TABLE 3. Corrosion Potentials (mVsce) of Metals after 24-h Immersion in Four Different Solutions,
Compared with the emf Series0

emf O. IM HCl O.lMNacl 0.1MNa2SO4 O. IM NaOH

a Sample surface area about 1 cm ; polished with 600-grade emery paper; solution open at air at room temperature

The extent of galvanic corrosion also varies with solution composition. The corrosion rates of
zinc and steel in coupled and uncoupled conditions in several solutions [44] can be seen in Table 4. In
all the solutions, galvanic action results in protection of the steel, but the amount of zinc corrosion
varies with solution composition. The difference in the corrosion rates in magnesium sulfate and
sodium sulfate solutions indicates the significant effect of cations on the reaction kinetics.

The conductivity of the electrolyte is a very important factor because it determines the distri-
bution of galvanic corrosion across the anode surface. When conductivity is high, as in seawater,
the galvanic corrosion of the anodic metal is distributed uniformly across the surface. As the
conductivity decreases, galvanic corrosion becomes concentrated in a narrow region near the
junction, as illustrated in Figure 4. Usually, the total galvanic corrosion is less in a poorly conducting
electrolyte than in a highly conducting one.

TABLE 4. Corrosion Rate of a Zinc-Steel Couple in Various Solutions (urn/year)"

Uncoupled Coupled

Solution

0.05MMgSO4

0.05MNa2SO4

0.05NaCl

0.005MNaCl

Carbonic acid

Calcium carbonate

Tap water

Zinc

+
285

254

112

10.2

+

+

Steel

66

254

254

178

73.7

150

71.1

Zinc

86.4

838

762

218

38.1

+
+

Steel

+

+

+

+

+

+

+

a See [44].
b Specimen of equal surface area partially immersed for 39 days. Plus signs indicate specimens gained weight.



cathode

original surface

after corrosion
in tap water

cathode
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in seawater

FIGURE 4. Effect of solution conductivity on distribution of galvanic corrosion: (a) low conductivity and
(b) high conductivity.

Ions of noble elements in solution may cause galvanic corrosion of a less noble metal immersed
in the solution because precipitation of the noble element can cause small galvanic cells to form [76].

If there is only a limited amount of electrolyte, the composition of the electrolyte may
significantly change as a result of electrochemical reactions. Massinon et al. [77, 78] found an
increase of pH in a confined electrolyte after a certain time of galvanic action for a zinc/steel couple.
Pryor and Keir [79] pointed out that, when the distance between the anode and cathode is small
compared to the dimension of the electrodes, the galvanic corrosion is small due to the limitation in
the mass transport of the reactants and reaction products.

One important solution factor is the thickness of thin-layer electrolytes, which is encountered in
atmospheric environments. The thickness of an electrolyte affects corrosion processes in several
different ways. First, it affects the lateral resistance of the electrolyte, and thus, affects the potential
and current distribution across the surface of the coupled metals. Second, it affects the transport rate of
oxygen across the electrolyte layer and, thus, the rate of cathodic reaction. Third, it changes the volume
and the solvation capacity of the electrolyte and, thus, affects the formation of corrosion products.

As shown in Figures 11 and 12, changes in potential and galvanic current across a metal surface
are greater for thinner electrolytes due to the larger electrical resistance involved. Under a thin-layer
electrolyte, the galvanic corrosion is the most intense at the anode area near the anode/cathode
boundary, while there is very little galvanic corrosion away from the boundary, as illustrated in
Figure 4(a). Variation of electrolyte thickness also determines the rate-controlling process for a given
cell dimension. Figure 5 shows that, for a thinner electrolyte, the galvanic current is larger when the
anode and the cathode are close, but the reverse applies when the two electrodes are far apart [8O].
Since the oxygen diffusion rate under thin-layer electrolytes changes with electrolyte thickness,
the change of the relative galvanic current values for small and large distances, shown in Figure 5, is
due to the change of the rate-limiting process from oxygen diffusion at a close distance to ohmic
conduction in the electrolyte at a large distance [8O].

The physical position of a galvanic couple in solution can also affect the galvanic action between
coupled metals. Shams El Din et al. [74] found a large potential variation near the solution surface
between a zinc anode and a copper cathode that were half-immersed in solution, due to the higher
oxygen concentration near the surface than in the bulk solution.

2. Atmospheric Environments

Galvanic corrosion occurs commonly in atmospheric environments as different combinations of
materials are used in buildings and structures exposed to indoor and outdoor atmospheres. A test
program of galvanic corrosion in atmospheres was started as early as 1931 by ASTM [2]. Since then,
a number of extensive exposure programs have been carried out all over the world [81-84]. The
various aspects of atmospheric galvanic corrosion have been discussed in a comprehensive review by
Kucera and Mattsson [2],

anode anode



Distance (cm)

FIGURE 5. Galvanic current as a function of distance between zinc and steel in 0,001 M Na2SO4 solutions of
different electrolyte thickness [8O]. Reprinted from Corrosion Science, 34, X. G. Zhang and E. M. Valeriote,
"Galvanic Protection of Steel and Galvanic Corrosion of Zinc under Thin Layer Electrolytes," p. 1957 (1993),
with permission from Elsevier Science.

Galvanic corrosion under atmospheric environments is most often evaluated by weight-loss
measurement. In other environments, potentials and/or galvanic currents of coupled metals can be
measured, but it is very difficult to measure in situ potentials of metals under atmospheric conditions
due to the thin layer of the electrolyte.

Data in Table 5, reported by Kucera and Mattsson [2], show the galvanic corrosion rates of a
number of metal alloys, in the form of wire coupled to bolts of various metals. Depending on the bolt
metal and the type of atmosphere, the galvanic corrosion rate of the wire can be many times that of
the normal corrosion rate. For example, the galvanic corrosion of zinc is as much as five times the
normal corrosion in a rural atmosphere and three times that in a marine atmosphere [85]. The amount
of corrosion shown in Table 5 does not appear to relate to differences between the reversible
potentials of the coupled metals. Steel and copper, as cathodic members of a couple, cause the most
galvanic corrosion of the coupled anodic material.

Galvanic corrosion in atmospheres is usually restricted to a narrow region of the anode metal near
the bimetallic junction because of the high resistance of thin-layer electrolytes formed by rain and
water condensation [80, 86, 87]. Even for the most incompatible metals, direct galvanic action will

TABLE 5. Corrosion Rate (jim/year) of Wire Specimens Coupled to Bolts of Other Materials Exposed for
1 Year in an Urban Environmenta

Bolt

Wire

Steel
S. Steel
Cu
Zn
Ni
Al
Sn
Mg

Nylon

25.7

1.2

0.2

Steel

0.3
3.3

1.8
0.4

18

S. Steel

31

1.0
1.8
1.3
0.6
1.5

10

Cu

32
0.2

2.0
0.1
5.3
3.5

10

Pb

23

0.6
2.4

0.6

13

Zn

1.2

0.0
0.0
9.0

Ni

29
0.2
1.0
1.9

0.6
1.5

20

Al

22

1.1

0.4
5.3

Sn

32

0.7
2.6

0.6

8.1

Cr

27
0.02
0.4
1.4
1.0
0.3
0.3
9.2

Mg

0.6

0.1
0.04

0.0
0.0

a See [2].
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not extend more than a few millimeters from the junction. Because of the very narrow range of
galvanic action, geometrical factors of the coupled metals, such as shape and size, generally do not
have a strong effect on galvanic corrosion in atmospheric environments.

Galvanic action is most significant in marine atmospheres because of the high conductivity of sea
water. Compared to other types of moisture formed under atmospheric conditions, rain is particularly
effective in causing galvanic corrosion. The galvanic corrosion rate is several times that of the
normal corrosion rate in an open exposure, whereas they are similar when under a rain shelter
because the electrolyte layer formed by rain is thicker and has a smaller lateral electric resistance
than the moisture formed by condensation [2].

3. Natural Waters

Natural waters are commonly classified as seawater and fresh waters, such as river, lake, and
underground waters. A distinct difference between seawater and fresh waters is that seawater has
a high conductivity due to its high salt content, whereas fresh waters generally have low
conductivities. In comparison to other environments, waters as corrosion environments are
homogeneous (e.g., seawater is almost constant with respect to time and geographic location). The
galvanic action in seawater, due to its high conductivity and uniformity, is long range and spreads
uniformly across the entire surface area of a metallic structure. The galvanic effect in fresh waters is
generally much less than in seawater because of the lower conductivity [14].

Table 6 presents the galvanic series of some commercial metals and alloys obtained in seawater
[88]. As discussed previously, such a galvanic series differs from the emf series and is specific to
seawater. A galvanic series of a number of common alloy couples in flowing seawater has also been
reported [26, 89, 9O].

Galvanic corrosion in seawater has been extensively investigated, as indicated in Table 1. Table 7
shows the data on the galvanic action of various bimetallic couples after long-term exposure in
seawater and fresh water [14]. Galvanic action is much stronger in seawater than in fresh water. In
seawater, the corrosion rate of an anodic metal, such as zinc or steel, is larger by a factor of 5 to 12
than in the uncoupled condition, whereas the increase is a factor of only 2 to 5 in fresh water. The
data also indicate the great effect of the relative sizes of the anode and cathode; a factor of 6 to 7 times
more corrosion was observed on the anode by changing the anode from the strip to the plate for the same
bimetallic couple (e.g., 316 stainless steel/carbon steel, phosphor bronze/carbon steel and 316 stainless
steel/phosphor bronze). Table 7 also indicates that the corrosion of the cathodic member was generally
decreased, in varying degrees, as a result of the galvanic corrosion of the anodic member.

R POLARITY REVERSAL

The normal polarity of some galvanic couples under certain conditions may reverse with the passage
of time. This phenomenon was first reported by Schikorr in 1939 on a zinc/steel couple in hot supply
water with iron becoming anodic to zinc, which has been a serious problem for galvanized steel hot-
water tanks [91]. It has subsequently been extensively investigated [10, 12, 43].

Polarity reversal is invariably caused by the change of surface condition of at least one of the
coupled metals, such as formation of a passive film. The degree of passivity, the nature of the redox
couples in the solution, and the stability of the system determine the polarity and its variation with
time. For a zinc/steel couple, the change in the zinc electrode potential is chiefly responsible for the
reversal of polarity since the potential of the steel remains relatively unchanged with time in hot
water [12]. It has generally been found that polarity reversal does not occur in distilled water up to
650C and without the presence of oxygen [12, 43, 92].

Depending on the conditions, it may occur rather quickly, taking several minutes, or rather
slowly, taking many days. In addition to temperature, other factors, such as dissolved ions, pH, and
time of immersion, affect the polarity of a zinc/steel couple. The necessary conditions for polarity



°See [88]. Reprinted from M. G. Fontana and N. D. Greene, Corrosion Engineering,
2nd ed., 1978, McGraw-Hill, with permission of The McGraw-Hill Companies.

reversal of a zinc/steel couple are passivation of the zinc surface and sufficient reducing species,
such as dissolved oxygen, in the water to provide cathodic depolarization.

Polarity reversal of an aluminum/steel couple has also been found to occur in natural environ-
ments where aluminum alloys are used as anodes for cathodic protection of steel. The general
mechanism is similar to that occurring with a zinc/steel couple. However, unlike zinc, aluminum is
normally passivated by a thin oxide film in most natural environments. The potential of aluminum
depends on the degree of passivity, which is sensitive to the ionic species in the environment. For
example, carbonate and bicarbonate ions promote passivity and, thus, produce more noble potential
values, whereas ions like chloride give the opposite effect [15]. In practice, sacrificial aluminum
anodes are alloyed with various elements to prevent reversal of polarity.

The consequence of polarity reversal can be serious. In the zinc/steel and the aluminum/steel
couples, zinc and aluminum serve as sacrificial anodes for protecting the steel. Polarity reversal
results in the loss of cathodic protection of steel, causes galvanic corrosion of the steel, and shortens
the life of the steel structure.

TABLE 6. Galvanic Series of Some Commercial Metals and Alloys in
Seawater*

T
Noble or
cathodic

Active or
anodic
I

Platinum

Gold
Graphite
Titanium
Silver

Chlorimet 3 (62 Ni- 18 Cr- 18 Mo)
Hastelloy C (62 Ni- 17 Cr- 15 Mo)
18-8Mo stainless steel (passive)
18-8 stainless steel (passive)
Chromium stainless steel 11-30% Cr (passive)
Inconel (passive) (80 Ni- 13 Cr-7 Fe)
Nickel (passive)

Silver solder
Monel (70 Ni-30 Cu)
Cupronickels (60-90 Cu-40-10 Ni)
Bronzes (Cu-Sn)
Copper
Brasses (Cu-Zn)
Chlorimet 2 (66 Ni-32 Mo-I Fe)
Hastelloy B (60 Ni-30 Mo-6 Fe-I Mn)
Inconel (active)
Nickel (active)

Tin
Lead
Lead-tin solders

18-8Mo stainless steel (active)
18-8 stainless steel (active)

Ni-Resist (high Ni cast iron)
Chromium stainless steel, 13% Cr (active)

Cast iron
Steel or iron

2024 aluminum (4.5Cu, 1.5Mg, 0.6Mn)
Cadmium
Commercially pure aluminum (1100)
Zinc
Magnesium and magnesium alloys



TABLE 7. Galvanic Corrosion of Various Metal Alloys in Seawater and Fresh Waters After 16-Years
Exposure"'*

Strip/Plate c

316 S. Steel/carbon steel
316 S. Steel/naval brass
316 S. Steel/phosphor bronze

Phosphor bronze/carbon steel
Phosphor bronze/aluminum
Phosphor bronze/ 2% Ni steel
Phosphor bronze/cast steel
Phosphor bronze/302 S. Steel
Phosphor bronze/316 S. Steel
Phosphor bronze/70 Cu-30 Ni
Phosphor bronze/monel

Carbon steel/aluminum
Carbon steel//2%Ni steel
Carbon steel/70 Cu-30 Ni
Carbon steel/nickel
Carbon steel/copper
Carbon steel/phosphor bronze
Carbon steel/302 S. Steel
Carbon steel/316 S. Steel
Carbon steel/20%Zn brass

Zinc /carbon steel
Zinc/2%Ni steel
Zinc /cast steel
Zinc/ 18% Ni cast iron

Seawater

0.1/49.5 (2.0, 48.1)
0.0/16.2 (2.0, 12.4)
0.0/9.4 (2.0, 5.5)

0.4/55.1 (5.5, 48.1)
0.7/6.5 (5.5, 1.0)
0.5/60.8 (5.5, 52)
0.2/51.6 (5.5, 43,3)
21.9/6.3 (5.5, 9.3)
41.3/0.2 (5.5, 2.0)
4.6/3.8 (5.5, 2.3)
71.8/7.0 (5.5, 8.7)

1.6/7.8 (48.1, 0.9)
63.1/48.2 (48.1, 52)
310^/1.6 (48.1, 2.3)
320d/4.8 (48.1, 19)
350^/2.9 (48.1, 6)
318d/1.9 (48.1, 5.5)
298*70.8 (48.1, 9.5)
260^/0.0 (48.1, 2.0)
281^/2.4 (48.1, 3.7)

5/15.5 (14.9, 48.1)
187d/14.9 (14.9, 52)
198/11.4(14.9,43.3)
167d/0.1 (14.9, 22.8)

Fresh Water

0.0/32.4 (0.0, 26.0)
(0.0/2.5) (0.0, 1.9)
0.0/0.7 (0.0, 0.7)

0.1/28.9 (0.7, 26.0)
0.1/12.4 (0.7, 5.0)
0.2/24.6 (0.7, 21.1)
0.1/30.1 (0.7, 26.3)
3.8/0.0 (0.7, 0.0)
1.8/0:0 (0.7, 0.0)
0.5/1.3 (0.7, 1.3)
14.1/0.8 (0.7, 0.6)

17/9.4 (26.0, 1.5)
33.9/19.1 (26.0, 22.9)
68.2/0.3 (26.0, 1.3)
71.3/0.2 (26.0, 0.0)
77.7/0.2 (26.0, 1.0)
65.5/0.3 (26.0, 0.7)
52.7/0.0 (26.0, 0.0)
44.4/0.0 (26.0, 0.0)
63.4/0.3 (26.0, 1.7)

43.1/19.9 (7.9, 26.0)
36.6/17.4 (7.9, 22.8)
45.6/21.9 (7.9, 26.3)
23.7/7.7 (7.9, 8.0)

a See [97].
b Average penetration in mils (lmil = 25.4(xm), the values in brackets are the corrosion loss of the alloys in uncoupled
conditions;
cStrip area= 141 cm2, plate area = 972cm2, carbon steel (0.24%C), 316 S. steel (18Cr-ISMo), 302 S. Steel (18Cr-SNi),
phosphor bronze (4 Sn-0.25 P), low brass (20%Zn), Aluminum (99%), Zinc (99.5%), Lead (99.9%), Aluminum bronze (5%A1),
Monel (70 Ni-30 Cu).
d Estimated according to the data at 8 years.

G. PREVENTIVE MEASURES

The essential condition for galvanic corrosion to occur is two dissimilar metals that are both
electrically and electrolytically connected. Theoretically, prevention of galvanic corrosion can be
achieved by avoiding the use of dissimilar metals in an assembly, by electrically separating the
dissimilar metals with an insulating material or by physically insulating the environment from the
metal surface with a coating impermeable to water. In reality, however, complete prevention is often
not practical, as dissimilar metals need often to be used in direct contact and exposed to a corrosive
environment and there is no absolute impermeable coating. Thus, measures to minimize the possi-
bility and extent of galvanic corrosion must be implemented. All the factors listed in Figure 1 can be
considered and controlled in order to reduce galvanic corrosion. Some practical approaches are as
follows:

a. Avoid combinations of dissimilar metals that are far apart in the galvanic series applicable to
the environment.

b. Avoid situations with small anodes and large cathodes.
c. Isolate the coupled metals from the environment.



d. Reduce the aggressiveness of the environment by adding inhibitors.
e. Use cathodic protection of the bimetallic couple with a rectifier or a sacrificial anode.
f. Increase the length of solution path between the two metals. This method is beneficial only in

electrolytes of low conductivity, such as fresh waters, because strong galvanic action exists
several meters away in highly conductive media, such as seawater.

The use of these approaches must meet the specific requirements of each application [93, 94].
Sometimes one is sufficient, but a combination of two or more may be required in other situations. It
must be emphasized that the most effective and efficient way to prevent or minimize galvanic
corrosion is to consider the problem and take measures early in the design stage.

H. BENEFICIAL EFFECTS OF GALVANIC CORROSION

As a result of galvanic corrosion of the anodic metal, the corrosion of the cathodic, coupled metal or
alloy is generally reduced (i.e., cathodically protected). This effect has been well utilized in the
application of sacrificial anodes, coatings, and paints for corrosion protection of many metal
components and structures in various environments.

Sacrificial anodes, mainly made of zinc, aluminum, and magnesium and their alloys, are widely
used in corrosion prevention underwater and underground for structures such as pipelines, tanks,
bridges, and ships. Each alloy possesses a unique set of electrochemical and engineering properties
and has its own characteristic advantages as an anode for galvanic protection of a more noble alloy,
mostly steel, in a given situation [95, 96]. Anodes can be designed for composition, shape, and size
according to specific applications [95].

Galvanized (i.e., zinc coated) steel is a typical example of a metallic coating that provides a
barrier layer to protect the steel and also sacrificially protects the locations where discontinuities
occur in the coating [39, 97]. The combination of barrier and galvanic protection by the zinc coating
results in very effective corrosion protection of steels. Table 8 shows that galvanic corrosion resulted
in a reduction of the corrosion of steel by 3 times in rural, 40 times in industrial, and 300 times in
seacoast industrial atmospheres. On the other hand, the galvanic corrosion of zinc, an increase of
corrosion by a factor of 1.6 to 3 compared to uncoupled conditions, is very little compared to the
reduction of steel corrosion. Galvanic protection of the steel is more effective in industrial and
marine atmospheres than in rural ones, suggesting that the pollutants in the atmospheres are
beneficial to the galvanic protection of steel, although they are very harmful to the normal corrosion
of the uncoupled steel.

The protection distance of steel by a zinc coating in atmospheric environments is limited to a
region only a few millimeters from the zinc coating because of the high resistance of thin-layer

TABLE 8. Corrosion of Galvanic Couples in Different Atmospheres after 7 Years of Exposure0

Couple

Zn/Zn
Zn/Fe
Fe/Fe
Fe/Zn

Industrial

Wb

187
332

1825
43

Rc

1.8

1/40

Rural

W

27
81

470
147

R

3.0

1/3

Industrial, Marine

W

195
349

1534
5

R

1.8

1/300

a Weight loss of the first metal in a couple (e.g., Zn in Zn/Fe). Samples consisted of two 1.5-in. diameter disc 1/16 in. in
thickness, clamped together with 1-in. diameter Bakelite washers, giving an exposed area of 1/16 in. all round the edge of the
disc, and an annular area 1/4 in. deep = 1.275 sq. in.
frSee [94]. Weight loss in milligrams.
c Corrosion ratio of galvanic couple to non-galvanic couple.



FIGURE 6. Protection distance X as a function of the electrolyte thickness (f), steel width (W), and the distance
between the zinc and steel (D); (a) Z) = O; (b) D = 5 mm [87]. Copyright ASTM. Reprinted with permission.

electrolytes formed in the atmosphere [87]. The protection distance, as a function of electrolyte
thickness and surface area of steel, is shown in Figure 6. Figure 7 shows the protection distance as a
function of separation distance and width of steel determined in an atmospheric environment
[86]. The data indicate that the largest protection distance is ~ 1 mm, implying that the width of a
scratch on a zinc-coated steel, which is fully protected is ~ 2 mm in the atmosphere. However,
the actual protected area, which also includes the areas under partial protection, is considerably
larger [86].

FIGURE 7. Protection distance of a zinc/steel couple as a function of the steel width and separation distance
under natural atmospheric exposure.
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L FUNDAMENTAL CONSIDERATIONS

1. Electrode Potential and KirchhofPs Law

The direction of galvanic current flow between two connected bare metals is determined by the
actual electrode potentials (i.e., corrosion potentials of the metals in a corrosion environment). The
metal, which has a higher (i.e., more positive, more noble, or more cathodic) electrode potential, is
the cathode in the galvanic couple and in the other is the anode.

The polarity of galvanic couples in real situations may be different from that predicted by the
thermodynamic reversible potentials emf series, because the corrosion potentials are determined by
the reaction kinetics at the metal/electrolyte interface. Thus, the actual position of each metal or
alloy in a specific environment forms a galvanic series that generally differs from the emf series.
Also, as has been discussed earlier, the relative positions of two coupled metals in a galvanic series
indicate only the polarity or the flow direction of the galvanic current, but not the magnitude of the
current or the rate of corrosion, which is also determined by many other factors. The fundamental
relationship in galvanic corrosion is described by KirchhorFs second law:

Ec-E& = IRe+IRm (1)

where Re is the resistance of the electrolytic portion of the galvanic circuit, Rm the resistance of the
metallic portion, Ec the effective (polarized) potential of the cathodic member of the couple, and Ea

the effective (polarized) potential of the anodic member. Generally, Rm is very small and can be
neglected. Both Ea and E0 are functions of the galvanic current /; hence, the potential difference
between the two metals, when there is a current flow through the electrolyte, does not equal the open-
circuit cell potential.

2. Analysis

Although the mathematical description of galvanic corrosion can be very complex because of the
many factors involved, particularly geometric factors, it can be simplified for certain situations.
Following is an analysis of coplanar, coupled metals, as illustrated in Figure 8(a). Such a geometry
applies to a wide range of situations. The distance between anode and cathode (d) may equal zero
(e.g., metal joints or a coated metal with the coating partially removed), as shown in Figure 8(b). On
the other hand, when one metal is used as a sacrificial anode to cathodically protect another metal,
the distance between the anode and cathode may be very large, as shown in Figure 8(c), that is,
d »(xae — d) and d »jcce (where *ae — d and jcce are the lengths of anode and cathode, respectively).

The basic current and potential relationships for the geometrical arrangement shown in Figure
8(a) can be expressed as follows:

/ a= /c (2)

and

£c,corr - £a,corr = TU(^) - T}c(x
C) + AVR(^) *» < O (3)

* c>0

where £a,corr and Ec,COrr are the uncoupled corrosion potentials of the anode and cathode respectively;
r)a and T]c, the overpotentials of the anode and cathode, respectively, in the couple; and AVR, the
ohmic potential drop across the electrolyte between xa on the anodic surface and xc on the cathodic



FIGURE 8. (a) General geometry of a bimetallic couple; (b) A bimetallic joint and a metal partially coated with
a metallic coating; and (c) An anode coupled to a distant cathode.

surface; /a, the total anodic current; and /c, the total cathodic current. Then,

/a = f ̂  i*(x*}l<tf (4)
Jd

Ic= fXCC ic(x
c)ldxc (5)

Jo

where / is the width of the electrodes, and /a(;t
a) and ic(x

c) are the anodic and cathodic current
densities, respectively. When both the anodic and cathodic reactions are activation controlled, they
can be expressed by the Butler-Volmer equation:

ia = /oa ea [exp(paana(*
a)) - exp(-pacr|a(*

a))] (6)

ic = /oc ec [exp(Pacr|c(*
c)) - exp(-pccr|c(*

c))] (7)

where i'0a and /Oc are the exchange currents for the anodic and cathodic reactions, respectively; Paa,
Pac, Pea, and pec, the kinetic constants; and 0a and 0C, the area factors, varying between O and 1. Here
6 = 1 when the whole surface is fully active and 9 is close to zero if the surface is fully passivated.
When the cathodic reaction is limited by oxygen diffusion in the electrolyte, Eq. (7) is replaced by

ic=4^DoC02/8 (8)

where T is the Faraday constant; D0, the diffusion coefficient of oxygen in the electrolyte; C02, the
oxygen concentration in the bulk electrolyte; and 5, the thickness of the diffusion layer.
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The total ohmic potential drop in the electrolyte between any two points on the surface of the
anode and the cathode for the situation in Figure 8(a) consists of three parts:

AVR(Jt",*") = AVaC*") + AVC(*C) + AVa (9)

where AVa, AVC, and AVd represent the ohmic potential drop in the electrolyte in the jc direction
across the anode, across the cathode and across the distance between the anode and cathode,
respectively. These potential drops can be further expressed by

AVa(*a) = [*№№(*) (10)
Jd

AVC(*C) = T jc(X')dR(S) (11)
,/o

AVd = /a*d = /cJl,, (12)

where Rd = pd/tl, with p the resistivity of the electrolyte; t the electrolyte thickness; d the distance
between the anode and cathode; / the width of the electrodes; andja andjc, the sums of the current
from jca to *ae on the anode and from xc to ;tce on the cathode, respectively, given by the following
Eqs. (13) and (14),

A M = fae/a(*a)^a (13)
Jx*

№ = r k(*)taf (H)
j&

The factors listed under categories (a)-(f) in Figure 1 contribute to galvanic action through the
electrochemical reaction kinetics given by Eqs. (6) and (7). For example, changing the pH of the
solution may cause a change of the kinetic parameters, /Oa» *oc» Pa» or pc. On the other hand, the
geometric factors under category (g) affect galvanic corrosion through the parameters in all the
equations from (4) to (14).

Equations (4)-(14) describe a general situation. It can be simplified for specific applications and
geometry. For example, for Figure 8(b), representing the galvanic action of a metal joint or a partially
coated metal, the term AV d in Eq. (9) becomes zero. For the geometry in Figure 8(c), representing
galvanic action of two metals separated by a large distance [i.e., d^> (jcae — d) and d^> jcce] /a and /c

in Eqs. (4) and (5) become iaAa and /c Ac with Aa = /(jcae — d) and Ac = /jcce, the areas for the anode
and the cathode, respectively. In addition, AV a and AVC in Eq. (9) can be taken as zero because they
are very small compared to AVd. In such a case, the geometry in the galvanic cell (i.e., shape and
orientation of electrodes, and size of the electrode) becomes insignificant in the galvanic action of
the couple, and the galvanic corrosion of the anode, as well as the galvanic protection of the cathode
surface, become uniform. Thus, the galvanic action can be fully described by the polarization
characteristics of the anode and the electrolyte resistance without consideration of geometric factors.

3. Polarization and Resistance

In a galvanic couple, it is important to know the relative contributions from the polarization of the
coupled metals and the electrolyte resistance, as described by

£c,corr ~ £a,corr = AVC + AVa + IR (15)

which is essentially Eq. (3) simplified when geometric factors are not considered.
Equation (15) can be graphically illustrated by the anodic and cathodic polarization curves shown

in Figure 9. When the solution resistance, R, is infinite, no current flows, and Ec — Ea equals the



Galvanic current

FIGURE 9. Graphic estimation of galvanic current.

difference in corrosion potentials of the separated (not coupled) metals (i.e., £c> corr- E^ COTT). As R
decreases, /increases and Ec — Ea becomes smaller because of polarization. When R is zero, Ec — Ea

becomes zero and the galvanic current reaches the maximum, known as the "limiting galvanic
current," which is at the intersection of the polarization curves of the anode and cathode. The exact
shapes of the anodic and cathodic polarization curves depend on the electrochemical reaction
kinetics of each metal in the electrolyte and, thus, are functions of pH, temperature, solution
concentration, diffusion, formation of passive films, and so on. Often, the anodic dissolution of a
nonpassivated metal is activation controlled with a relatively small Tafel slope, while the cathodic
reactions on the other metal surface, on the other hand, can either be activation- or diffusion-
controlled depending on the conditions, particularly solution pH and aeration conditions.

The controlling mechanisms in a galvanic corrosion system depend on the relative extent of the
anodic and cathodic polarization, on the potential drop in the solution, and on the total potential
difference between the coupled metals. If the anode does not polarize and the cathode does, then, in
solutions of low resistivity, the current flow is controlled entirely by the cathode. Such a situation is
considered to be under cathodic control [Fig. 10(a)]. If the anode polarizes and the cathode does not,
the status is reversed and the system is said to be under anodic control [Fig. 10(b)]. If neither
electrode polarizes and the current flow is controlled by the resistivity of the path, mostly in the
electrolyte, then the system is said to be under resistance control [Fig. 10(c)]. In most situations, a
galvanic system is under mixed control, by anodic and cathodic polarization and electrolyte
resistance [Fig. 10(d)].

The relative magnitude of polarization resistance and solution resistance determines the effective
dimension of a galvanic cell, which can be estimated using the polarization parameter, L1:

L1 = \lp\dr\.Jdh\ (16)

where p is the specific resistivity of the electrolyte; I1 is the current density, and rji is the overpotential
of the anode or the cathode. The polarization parameter, defined by Wagner [98], has the dimension
of length and provides an electrochemical yardstick for classifying electrochemical systems. It has
been widely used to describe the behavior of galvanic corrosion cells [99-102]. Whether the anode
and cathode behave "microscopically" or "macroscopically" is determined by the ratio of the
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FIGURE 10. Schematic illustration of the anodic and cathodic polarization curves for four different controlling
modes: (a) cathodic control, (b) anodic control, (c) resistance control, and (d) mixed controlled.

dimension of either electrode Q, divided by the polarization parameter L1 [10O]. Mathematical
modeling has indicated that, when the ratio, C-JL^ is small, the variation of current density across an
electrode is small (i.e., the electrode behaves microscopically). On the other hand, when the
characterizing ratio is large (i.e., when the electrode dimension is much larger than L1), the electrode
process can be regarded as macroscopic, and the variation of current density across the electrode
surface is large.

4. Potential and Current Distributions

The galvanic action between two metals is governed essentially by the potential distribution across
the surface of each electrode. The galvanic current distribution can be determined from the potential
distribution when the potential-current relationships for the electrodes are known. Potential distri-
bution can be calculated theoretically or determined experimentally.

Theoretically, a complete description of the potential distribution on the surfaces of a galvanic
couple can be obtained by solving Laplace's equation:

V2E(X^z)=Q (17)

This equation is derived from Ohm's law, which states that, at any point in the electrolyte, the current
density is proportional to the potential gradient

/ = aVE (18)

and from the electroneutrality law, which states that, at any point in the electrolyte, the net current
under the steady state must be zero

V/ = O (19)

Many numerical models, with varying mathematical methods and in geometrical and polarization
boundary conditions, have been developed for different galvanic systems, as listed in Table 9.

These numerical models provide many useful insights to galvanic corrosion. As an example,
McCafferty [111] modeled the potential distribution of a concentric circular galvanic corrosion
cell, assuming a linear polarization for both the anodic and the cathodic reactions. Figures 11 and 12
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TABLE 9. Studies of Mathematical Modeling for Various Galvanic Systems

Galvanic Couple

Cu, Ti, Ni alloys/Zn
Steel/I-600
Fe/Zn
Steel/zinc
Fe/Cu
S. Steel/steel
Miscellaneous
Carbon/Co
Miscellaneous
Generic
Generic
Generic
Generic
Pt/Fe
Cu/Zn
Fe/Zn

Solution

Seawater
EDTA solution0

Seawater
Seawater
0.6MNaCl
Water
Seawater
Generic
Seawater
Generic
Generic
Generic
Generic
0.05MNaCl
0.01 M HCl
Seawater

Geometry

Cylindrical
Various
General
General
Circular disc
Coplanar and tubular
Tube/sheet
Sandwich structure
Cylindrical
Random distribution
General
Coplanar strips
Annular electrodes
Circular cells
Coplanar electrodes
General geometries

Focus

Seawater systems
Numerical models
Modeling
Modeling
Local current
Simulation
Heat exchanger
Defects in films
Heat exchanger
Heterogeneous surface
Numeric method
Size effects
Thin-layer electrolyte
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FIGURE 11. Distribution of electrode potential for length of anode La = 1 cm and length of cathode Lc = 10 cm
for different electrolyte thicknesses. (Anode radius a = 0.5 cm, cathode radius c= 1.0cm; EQ =0 V, EQ = 1 V)
[Ul].

ELECTROLYTE
THICKNESS
b = 0.001 (cm)

BULK
ELECTROLYTE

CATHODEANODE

E
LE

C
T

R
O

D
E

 
P

O
T

E
N

T
IA

L,
 E

(r
,0

) 
(v

ol
ts

)



RADIUS, r (cm)

FIGURE 12. Current distribution for different electrolyte thicknesses under the same conditions as in
Figure 11 [111].

show the results of the potential distribution and current distribution, respectively, as a function of
electrolyte thickness. In the bulk electrolyte, the potential variation across the electrodes is small, but
both the anode and the cathode are strongly polarized; thus, the actual electrode potentials are far
away from E°a and EQ

C. Under a thin-layer electrolyte, the potential variation is large from the anode
to the cathode, but both the anode and cathode are only slightly polarized, except for the areas near
the boundary between the anode and the cathode. The galvanic current increases with increasing
electrolyte thickness. Also, the current is distributed on the electrode surface more uniformly in bulk
solutions than in thin-layer solutions where the current is more concentrated near the contact line in
the thin electrolyte. According to the calculations of Doig and Flewitt [55], the potential distribution
is uniform in the thickness direction under a thin layer of electrolyte (e.g., 1 mm), whereas it is
nonuniform under a thick layer of electrolyte. Similar results were reported by Morris and Smyrl
[114] for a galvanic cell with coplanar electrodes. The potential distribution under more general
geometrical conditions has also been modeled [99, 105].

The results of numerical modeling can be used to predict the galvanic action for the entire surface
area of coupled metals. For galvanic corrosion in a real structure made of different metals, the
boundary conditions must be simplified because it is not possible to include all the conditions
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FIGURE 13. Distribution of potentials on the electrode surface of a galvanic couple Cu-Zn in a 0.1 N NaCl
solution as a function of electrolyte thickness [54].

experienced by a structure during service, particularly the geometry and the electrode polarization
conditions [104, 105, 115]. The geometry of a structure, no matter how complex, is generally fixed
for a given situation and is independent of the materials and environmental conditions; the
polarization properties of the metals, on the other hand, depend on the interaction of the metals with
the environment. The polarization characteristics of a metal electrode are generally different for the
anode and for the cathode and they vary in different potential ranges. Sometimes, they also vary with
the physical elements in the galvanic system, such as electrolyte thickness [8O]. In addition, the
electrode properties of the coupled metals usually change with time due to changes on the surfaces
and in the solution. These elements must be considered when using a numerical model for predicting
long-term behavior in a real galvanic system. More detailed discussion on the advantages and
limitations of numerical modeling of galvanic corrosion can be found in the literature [104-106].

The potential distribution on the surface of a galvanic couple can also be experimentally
determined by placing a reference electrode close to the metal surface and scanning across the whole
surface area of the galvanic couple. Rozenfeld [54] showed that the potential variation on the surface
of a coplanar zinc/copper couple greatly increases with decreasing electrolyte thickness on top of the
surface, as shown in Figure 13. The sharpest potential changes take place on the copper cathode,
whereas the anode, except for a very narrow region near the junction, does not polarize. Using this
experimental approach, data on potential distribution and galvanic action of the system can be
obtained, but this method can be impractical in many situations (e.g., when the structure is so
complex that not all the surface area is accessible by a reference electrode).
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