
1.7 Bimetallic Corrosion

This section is concerned with the kinetics of reactions occurring when
dissimilar metals are in direct electrical contact in corrosive solutions or
atmospheres. Under these conditions, enhanced and aggressive corrosion of
the more negative member of the bimetallic couple can be experienced
together with partial or complete cathodic protection of the more positive
metal*. In many cases the flow of current /galv resulting from the bimetallic
contact is intense and much greater than that experienced from variations of
oxygen content over the surface of a single metal (differential aeration) or
from variations of metal-ion concentration at different locations on a single
metal (concentration-cell corrosion). Bimetallic corrosion is qualitatively
well understood, but since it is a highly complex process, it has proved
difficult to handle its kinetics in a quantitative fashion. Furthermore, it must
be emphasised that metal surfaces are seldom unfilmed so that the kinetics
of electrode reactions will be affected by the film on the metal surface.

General Theory

The factors that are of importance in the enhancement of the corrosion rate
of one metal when it is in direct electronic contact with another (cf. cathodic
protection where contact is by conducting wire) are as follows.

1. The corrosion potentials of the metals MA and MB forming the couple
under the environmental conditions that prevail in practice.

2. The nature and kinetics of the cathodic reaction at the surface of the
more positive metal and the nature and kinetics of the anodic reaction
at the surface of the more negative metal.

3. The relative areas of MA and MB (see page 1.82).
4. The nature and the conductivity of the electrolyte solution.

The corrosion potentials of the two metals in the environment under
consideration will determine the direction of the transfer of electrons, but
will provide no information on the rate of electron transfer, i.e. the
magnitude of the galvanic current /galv . Thus if ECOTTiA is more positive than
£corr.,B the transfer of electrons will be from MB to MA with a consequent
increase in the corrosion potential (more positive) of Af3 and a decrease in
that of MA.; the corrosion rate of MB will consequently increase and the
corrosion rate of MA will decrease compared with the rates when the metals
"This is utilised in the cathodic protection of metals using sacrificial anodes (see Section 10.2).



are uncoupled. However, it must be emphasised that the difference in the
corrosion potentials provides no information on the kinetics of bimetallic
corrosion, a fact that may be illustrated by considering the couples Mg-Hg
and Mg-Pt immersed in sea-water. The corrosion potentials (vs. S.H.E.) of
the metals under consideration are Mg « — 1 - 0 V , Pt « O-O V and Hg «
0-0 V, so that the e.m.f.s are the same, i.e. about 1 -O V. However, whereas
coupling platinum to magnesium results in a pronounced increase in the
corrosion rate of the latter, the effect produced by coupling magnesium and
mercury is insignificant. The reason for this apparent anomaly is that
magnesium in sea-water corrodes by the overall reaction

Mg + 2H2O -* Mg(OH)2 + H2

in which the cathodic reaction is reduction of water to hydrogen gas. The
rate of corrosion is thus determined by the rate of the hydrogen evolu-
tion reaction which occurs with kinetic ease at a platinum surface
(/o « 10~3 Acm~2), but with extreme difficulty at a mercury surface
(/o « 10~n Acm~2). Thus the platinum provides an additional cathode at
which hydrogen evolution is kinetically easy, and since /c = /a (see Section
1.4) the corrosion rate of the magnesium is increased.

Graphic estimation of the corrosion rate and corrosion potential of a
metal immersed in a corrosive high-conductivity electrolyte, from the inter-
section of the polarisation curves for the appropriate anodic and cathodic
reactions, has been proposed and explained by several authorities1'2. These
polarisation curves can be further used to illustrate the effect of imposing
additional anodic or cathodic potentials on to a corroding metal (see also
Sections 1.4 and 10.1).

Figure 1.620 shows the effect of depressing the potential of a metal cor-
roding in a solution of high electrolytic conductivity. As the potential is
progressively depressed, the relation between potential and total cathodic
current is defined by the curve CBD9 which is a typical cathodic polarisation
curve for reduction of dissolved oxygen, of which the section CB is the
cathodic polarisation curve for local-cell corrosion in the absence of an
applied potential. As the potential is depressed along the curve BD by the
increasing polarising current yz, y'z', y"z", the corrosion current (rate) of
the metal is given by the progressively decreasing horizontal intercept of
the anodic polarisation curve, i.e. xy, x'y', x"y", etc. When the potential
of the metal is depressed below A9 complete cathodic protection results and
the original anodic sites now support the cathodic reduction of oxygen, and
of metal ions, as shown by curve AE. At potentials between B and A9 partial
cathodic protection is obtained, with the corrosion rates decreasing as the
potentials approach A.

Figure 1.62b shows the result of raising the potential of a corroding metal.
As the potential is raised above B9 the current/potential relationship is
defined by the line BD9 the continuation of the local cell anodic polarisation
curve, AB. The corrosion rate of an anodically polarised metal can very
seldom be related quantitatively by Faraday's law to the external current
flowing, /gaiv.3'4. Instead, the measured corrosion rate will usually exceed
that rate calculated from the external current flow by an amount that will
be designated as the local-cell corrosion rate of the anode, i.e. xy9 x'y',
x"y", which are the horizontal current intercepts, at the appropriate poten-
tial, of the cathodic polarisation curve CB (Fig. 1.626). Thus the higher the



potential of the anodically polarised metal, the smaller will be the local-cell
corrosion rate of the anode and the more closely will the total corrosion rate
of the anode approach that calculated from the flow of current in the external
circuit. Since the slope of the cathodic polarisation curve is usually much
greater than that of the anodic polarisation curve, it follows that the local-
cell corrosion rate should be relatively little affected by variations of galvanic
current.

When two dissimilar metals of different corrosion potentials are coupled
in the same solution, the more positive metal will serve as a cathode, its
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Fig. 1.62 Potential/current curves for a metal polarised (a) cathodically and (b) anodically.
The horizontal intercepts xy, x'y', x"y" with AB and CB represent the local cell currents
respectively, and yz, y'z', y"z" the externally applied currents (cathodic and anodic). In
bimetallic corrosion j>z, y f z ' , etc. will be the galvanic current /gaiv flowing from ME to MA (see

page 1.213)
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characteristic uncoupled corrosion rate in the same solution being partly or
completely retarded as shown in Fig. 1.62a. The more negative metal will
suffer enhanced corrosion, its total corrosion rate being given by the sum of
the rate due to the flow of current in the external circuit and the potential-
dependent local-cell corrosion rate as shown in Fig. 1.62&. If the areas of the
two metals are comparatively small and if the solution has a high conduc-
tivity the effect of the transfer of electrons /galv will be to make the whole
surface equipotential, but this will not be so if the areas are large or if the
solution has a high resistivity. In this connection (see Section 1.4) it should
be emphasised that the effective areas of the metals constituting the bimetal-
lic couple are not necessarily the same as the geometrical areas, and in a
solution of high resistivity only the areas of the metals adjacent to their inter-
face will be significant in relation to the magnitude of /galv and the anodic
current density at the more negative metal of the couple. For a discussion on
mathematical modelling of bimetallic corrosion distribution, the reader is
referred to the section entitled Distribution of Bimetallic Corrosion in Real
Systems, p. 1:238.

Potentials

It is evident that the standard electrode potentials of MZ+/M equilibria, as
given in the e.m.f. series of metals, are quite irrelevant in predicting the effect
of coupling two dissimilar metals. The galvanic series of metals (see Table
21.8) in which metals are listed according to their corrosion potentials in
chloride solutions, are more helpful, but these too can be misleading when
other environments are involved, and when data are not available in tables
or in the literature it is necessary to determine the corrosion potentials of the
metals under the environmental conditions that prevail in practice. Further-
more, the magnitude of the galvanic current is dependent only in part on the
difference in corrosion potentials, being also strongly influenced by the slope
of the cathodic polarisation curve of the more positive metal, and/or that
of the anodic polarisation curve of the less positive metal. Films of oxide or
insoluble reaction products on the anode or the cathode also introduce

Table 1.23 Weight loss of iron for Fe/M bimetallic couples in 1% NaCl*

M

Copper
Nickel
Tin
Lead
Aluminium
Cadmium
Zinc
Magnesium

Weight loss of
iron
(mg)

183-1
181-1
171-1
183-2

9-8
0-4
0-4
0-0

Weight loss of
M

(mg)

0-0
0-7
2-5
3-6

105-9
307-9
688-0

3104-0

Difference in
standard electrode

potentials6

Vt

+ 0-785
-I-0-19
-I-0-30
+ 0-31
-1-23
+ 0-04
-0-32
-1-90

* Weight loss data after Bauer and Vogel5.
fThe + sign indicates that iron has a more negative standard electrode potential than the second metal.



important kinetic and resistive effects which have a major influence on the
magnitude of the galvanic current flow and which are not accounted for by
standard electrode potentials. Some of the foregoing factors are illustrated
by Table 1.23 which contains early information developed by Bauer and
Vogel5 on the weight losses of iron and various dissimilar metals coupled
together in 1% sodium chloride solution containing dissolved oxygen.

Even discounting the case of aluminium, which is usually covered by pro-
tective oxide films, it is evident from Table 1.23 that the quantitative con-
nection between the galvanic corrosion rate of the more active member of
the couple and the difference of reversible potentials of the two metals, is
non-existent.

This situation has encouraged the empirical approach of using the differ-
ence in corrosion potentials of dissimilar metals in a single solution (usually
sea-water or sodium chloride) as a means of assessing the anticipated inten-
sity of galvanic corrosion of the less positive metal in the same solution. This
approach has sometimes been carried to the extreme of setting a maximum
value of 0-25 V difference in corrosion potential in sea-water as representing
the safe limit for elimination of greatly aggravated corrosion of the less
positive member of the couple. Such a criterion clearly has little or no tech-
nical significance, not only because it ignores polarisation effects, but also
because irreversible corrosion potentials cannot be subtracted in the fashion
of reversible half-cell potentials (see page 1.59). The fallacy of employing
corrosion potential difference as a means of quantifying or even predicting
the severity of bimetallic corrosion has been emphasised by a number of
authors7"16.

Table 1.24 Grouping of compatible metals and alloys

*The studies of Bothwell79 would suggest that super-purity aluminium could be placed in Group I.

Galvanic corrosion rates can, of course, be reliably obtained by direct
measurement using zero-resistance ammetry or weight-loss determinations
(see below) or can be estimated in various electrolytes if the corrosion poten-
tials of the dissimilar metals and the slopes of the appropriate anodic and
cathodic polarisation curves are known4'11'12'16'17. Unfortunately, the slopes
of the anodic and cathodic polarisation curves are strongly dependent on the
particular metal and on the composition of the electrolyte. Non-stable oxide
or reaction-product films, which may either thin or thicken during galvanic
corrosion, also impose variable resistive effects which make the practical
prediction of galvanic corrosion rates uncertain. Accordingly, it is hardly
surprising that a combination of practical experience and less frequent quan-
titative investigation often dictates the choice of compatible metals in
different environments. Promisel and Mustin (Table 1.2418) and Evans and
Ranee (Table 1.2519) have published reliable classifications of compatible
and incompatible metals. The type of information in Table 1.25 has now

Group I
Group II
Group III
Group IV

Magnesium and its alloys*
Cadmium, zinc and aluminium, and their alloys
Iron, lead and tin, and their alloys (except stainless steels)
Copper, chromium, nickel, silver, gold, platinum, titanium, cobalt and
rhodium, and their alloys; stainless steels; graphite



*Based on data provided by members of the I.S.M.R.C. Corrosion and Electrodeposition Committee and others, and arranged by
Mrs. V. E. Ranee.
A. The corrosion of the 'metal considered' is not increased by the 'contact metal'.
B. The corrosion of the 'metal considered' may be slightly increased by the 'contact metal'.
C. The corrosion of the 'metal considered' may be markedly increased by the 'contact metal'. (Acceleration is likely to occur only
when the metal becomes wet by moisture containing an electrolyte, e.g, salt, acid, combustion products. In ships, acceleration may
be expected to occur under in-board conditions, since salinity and condensation are frequently present. Under less severe conditions
the acceleration may be slight or negligible.)
D. When moisture is present, this combination is inadvisable, even in mild conditions, without adequate protective measures.

Table 1.25 Degree of corrosion at bimetallic contacts*

Contact
metal

Metal
considered

1. Gold, platinum,
rhodium, silver

2. Monel, Inconel,
nickel-molybdenum
alloys

3. Cupronickels, silver
solder, aluminium
bronzes, tin bronzes,
gun metals

4. Copper, brasses,
'nickel silvers'

5. Nickel
6. Lead, tin and soft

solders
7. Steel and cast iron (a)

(/) (W)

8. Cadmium (w)
9. Zinc (u)

10. Magnesium and
magnesium alloys
(chromated) (b) (a)

11. Austenitic
Fe-18Cr-8Ni

12. Stainless steel
Fe-18Cr-2Ni

13. 13% Cr
14. Chromium
15. Titanium
16. Aluminium and

aluminium
alloys (n) (a) (w)

1

Gold,
platinum,
rhodium,

silver

B

C(k)

C(k)
C

C

C
C
C

D
A

C
C
A
A

D

2

Monel,
Inconel,

nickel-moly-
bdenum
alloys

A

BorC

BorC
B

B or C(t)

C
C
C

D
A

A or C(s)
C
A
A

C

3

Cupronickels
silver solder,
aluminium

bronzes,
tin bronzes,
gunmetals

A

A

B or C(g)
A

B OT C(q)

C
C
C

D
A

A or C(s)
C
A
A

D(e)

4

Copper
brasses,
'nickel
silvers'

A

A

A

A

B OT C(q)

C
C
C

D
A

A OT C(s)
C
A
A

D(e)

5

Nickel

A

A

A

BOT C

B

C(k)
C
C

D
A

A
BOTC

A
A

C(k)

6

Lead, tin
and soft
solders

A

A

A

B OT C(p)
A

C(k)
B
B

C
A

A
A
A
A

BOTC

7

Steel
and
cast
iron

A

A

A

A
A

A or C(r)

C
C

D
A
A

A
A
A

BOTC



8

Cad-
mium

A

A

A

A
A

A

A(m)

B

BOT C
A
A

A
A
A

A

9

Zinc

A

A

A

A
A

A or C(r)

A(m) (I)
A

B or C
A
A

A
A
A

A

10

Magnesium
and

magnesium
alloys

(chromated)

A

A

A

A
A

A

A
A
A

A
A

A
A
A

A(C) (h)

11 12 13

Stainless

Austenitic
Fe-18Cr-2Ni

A

A

BOT C

BOT C
BOT C

BOT C

C
C
C

C
(V)
A

C
A
A

BOTC

Fe-18Cr-2Ni

A

A

B

BOTC
BOTC

BOTC

C
C
C

C
A
(V)

C
A
A

BOTC

13% Cr

A

A

A

A
A

BOT C

C
C
C

C
A
A

(V)
A
A

BOTC

14

Chromium

A

A

BOTC

BOT C
BOT C

BOT C

C(k)
C
C

C
A
A

C

A

B OT C(d)

15

Titanium

A

A(X)

BOTC

BOTC
BOT C

BOT C

C
C
C

C
A
(o)

C
A

C

16

Aluminium
and

aluminium
alloys

A

A

A(e)

A(e)
A

A

A(m)
B

C(J)

B or CYc7'
A
A

A
A
A

(V)



been further refined and extended by a committee meeting under the auspices
of the British Standards Institute20. Reference 20 gives detailed guidance
on bimetallic corrosion effects for both aqueous and atmospheric condi-
tions. The most commonly considered electrolyte is sea-water because
highly aggravated corrosion of less noble metals commonly occurs in this
environment.

Degree of Corrosion at Bimetallic Contacts

Table 1.25 is reproduced from Corrosion and its Prevention at Bimetallic
Contacts (H.M.S.O., London, 1958) by permission of the Director of
Publications. The reader should note that it is recommended that the Table
be used only in conjunction with the Introduction to the original publication.

Notes to Table 1.25

(a) The exposure of iron, steel, magnesium alloys and unclad aluminium-copper alloys in an
unprotected condition in corrosive environments should be avoided whenever possible even in
the absence of bimetallic contact.

(b) The behaviour of magnesium alloys in bimetallic contacts is particularly influenced by
the environment, depending especially on whether an electrolyte can collect and remain as a
bridge across the contact. The behaviour indicated in the table refers to fairly severe conditions.
Under conditions of total immersion or the equivalent, magnesium alloys should be electrically
insulated from other metals. In less severe conditions complete insulation is not necessary, but
steel, brass and copper parts should be galvanised or cadmium plated, and jointing compound
(D.T.D. 369A) used during assembly. Under conditions of good ventilation and drainage, con-
tacts classified as D have given satisfactory service, e.g. brass and steel push-fit and cast-in
inserts in magnesium castings.

(c) Where contact between magnesium alloys and aluminium alloys is necessary, adverse
galvanic effects will be minimised by using aluminium alloys containing little or no copper
(0-1% max.).

(d) If in contact with thin (decorative) chromium plate, the symbol is C, but with thick
plating (as used for wear resistance) the symbol is B.

(e) When contacts between copper or copper-rich materials and aluminium alloys cannot be
avoided, a much higher degree of protection against corrosion is obtained by first plating the
copper-rich material with tin or nickel and then with cadmium, than by applying a coating of
cadmium of similar thickness.

(/) The corrosion of mild steel may sometimes be increased by coupling with cast iron,
especially when the exposed area of the mild steel is small compared with the cast iron.

(g) Instances may arise in which corrosion of copper or brasses may be accelerated by contact
with bronzes or gunmetals, e.g. the corrosion of copper sea-water-carrying pipelines may be
accelerated by contact with gunmetal valves, etc.

(H) When magnesium corrodes in sea-water or certain other electrolytes, alkali formed at the
aluminium cathode may attack the aluminium.

(J) When it is not practicable to use other more suitable methods of protection e.g. spraying
with aluminium, zinc may be useful for the protection of steel in contact with aluminium,
despite the accelerated attack upon the coating.

(k) This statement should not necessarily discourage the use of the 'contact metal' as a
coating for the 'metal considered', provided that continuity is good; under abrasive conditions,
however, even a good coating may become discontinuous.

(/) In most supply waters at temperatures above about 6O0C, zinc may accelerate the corro-
sion of steel.

(m) In these cases the 'contact metal' may provide an excellent protective coating for the
'metal considered', the latter usually being electrochemically protected at gaps in the coating.



(ri) When aluminium is alloyed with appreciable amounts of copper it becomes more noble
and when alloyed with appreciable amounts of zinc or magnesium it becomes less noble. These
remarks apply to bimetallic contacts and not to inherent corrosion resistance. Such effects are
mainly of interest when the aluminium alloys are connected with each other.

(o) No data available.
(p) In some immersed conditions, the corrosion of copper or brass may be seriously

accelerated at pores or defects in tin coatings.
(q) In some immersed conditions there may be serious acceleration of the corrosion of

soldered seams in copper or copper alloys.
(f) When exposed to the atmosphere in contact with steel or galvanised steel, lead can be

rapidly corroded with formation of PbO at narrow crevices where the access of air is restricted.
(5) Serious acceleration of corrosion of Fe-18Cr-2Ni stainless steel in contact with copper

or nickel alloys may occur at crevices where the oxygen supply is low.
(O Normally the corrosion of lead-tin soldered seams is not significantly increased by their

contact with the nickel-base alloys, but under a few immersed conditions the seams may suffer
enhanced corrosion.

(u) The corrosion product on zinc is, in certain circumstances, more voluminous and less
adherent than that on cadmium. Where this is known to be the case, it should be borne in mind
in making a choice between these two metals.

(v) These joints are liable to corrosion in crevices where these are not filled with jointing com-
pound (see para. 8 of the Introduction).

(w) Corrosion products from iron or steel reaching aluminium, or corrosion products from
aluminium reaching iron or steel, may sometime cause serious local corrosion through oxygen
screening or in other ways, even when the total destruction of metal is finished.

(x) The corrosion of Monel can be increased under immersed sea-water conditions.

The realisation that the current flowing between the two members of a
bimetallic couple, rather than their potential difference, provides a more
realistic measure of the degree of hazard involved, is inherent from the dis-
cussion on polarisation curves already presented earlier in this chapter.
Because, however, the traditional method of measurement of current flow
necessarily involves a series resistance insertion between the coupled
members, this affects the behaviour of the couple, and valid galvanic-
current-flow measurement has only become possible with the development
of zero-resistance ammeters and potentiostats. Although the first zero-
resistance ammeter was developed in 195121 they did not come into more
general use until about 197022. Fully automatic balancing zero-impedance
ammeters are now available commercially and their use has enabled a more
accurate assessment of the degree of galvanic hazard to be made. Using this
technique, a fresh assessment has been made of the galvanic hazard involved
when a range of materials of construction used in marine engineering are
coupled in the presence of sea-water8'9. A summary of some of the results
of this investigation is provided in Table 1.26, in which the degree of
acceleration of corrosion is expressed by means of a numerical factor which
should be used with the uncoupled rate of corrosion of each metal or alloy
in sea-water, which is obtained under the same experimental conditions.
Data shown in the table, and those given in References 8 and 9, are based
on both short-term (100 hours) zero-resistance ammetry8'9 and long-term
(ca. one year) weight-loss studies8'9'23"25. Account has therefore been made
of the effects of long-term film deposition and local-cell corrosion. Even such
a sophisticated treatment does not produce a faultless assessment of the
hazard in every circumstance. In practice, uncertainty is almost inevitable
in systems subject to varying speeds of liquid flow26, and where anyway
deep crevices may exist between coupled metals. In addition, uncertainty



* Corrosion rates relate to general corrosion only and are average rates obtained over about one year's exposure,
t Acceleration factors quoted for coupled metal corroding unless indicated by suffix (MS) for mild steel corroding.

will attach to the cathode to anode area ratio in a real system (see Distribu-
tion of Bimetallic Corrosion in Real Systems, p. 1.238).

Bimetallic Corrosion in Aqueous Solutions

Dissolved Oxygen

Most cases of practical bimetallic corrosion in solutions occur under condi-
tions when the solution contains dissolved oxygen. Accordingly, the primary
cathodic reaction is the reduction of dissolved oxygen

O2 + 4H+ + 4e -> 2H2O

at the surface of the cathodic metal. The maximum rate at which dissolved
oxygen, at a given bulk concentration and pH, can be cathodically reduced
is clearly limited by the rate at which the oxygen can diffuse from the bulk
electrolyte to the surface of the cathode. Accordingly, in static solutions a
maximum concentration and temperature dependent diffusion rate exists,
which often limits the galvanic current, and the rate of bimetallic corrosion
is then under cathodic diffusion control. This situation is quite common in
practical bimetallic corrosion. Although /L should be independent of the
nature of the metal (c.f. the hydrogen evolution reaction) it will be seen that
the noble metals are far more efficient cathodes than metals filmed with
unreducible corrosion products.

It also follows that if the solution is stirred the rate of arrival of oxygen
at the cathode will be increased. This will result in a corresponding increase
in the rate of bimetallic corrosion as is shown in Fig. 1.63 for the aluminium-
mild steel couple in stirred 1 - O N NaCl solution27. The increase in galvanic
corrosion rate will be in the inverse relation to the slope of the anodic
polarisation curve of the more negative metal, provided that the cathodic
reaction is not totally diffusion controlled.

Table 1.26 Total corrosion rate accelerration factors due to dissimilar metal coupling at 1:1
area ratio in flowing sea-water (mean flow rate about 1-2 m/s)

Coupled metal
(wrought form)

Zinc
SIC aluminium
Mild steel
Lead
2% aluminium brass
10% aluminium bronze
Nickel aluminium bronze
Copper
90/10 cupro-nickel (1% Fe)
Monel 400
Stainless steel type 316

Uncoupled
corrosion

rate*
(mm/y)

0-05
0-008
0-15
0-01
0-01
0-02
0-015
0-03
0-02
0-005
0-005

Acceleration factor^ due to
dissimilar metal coupling with:

Titanium

4
30
2
3
3
3
1
6
3
2
2

Mild steel

10
60

1
3 MS
3MS
3 MS
3 MS
3 MS
3MS
3 MS
3 MS



Stirring rate (rev/min)

Fig. 1.63 Effect of stirring rate on the aluminium-mild steel couple in 1 -O N NaCl at 250C.
Equal areas (20cm2) of aluminium and steel coupled together for 24 h (after Pryor and

Keir27)

The rate at which dissolved oxygen can be reduced under fixed experi-
mental conditions is also strongly dependent on the nature of the surface of
the cathodic member of the couple. If the cathode carries no oxide films, or
if any pre-existing oxide films are reduced by the flow of galvanic current,
reduction of dissolved oxygen takes place readily; it follows that the noble
metals Pt, Au, Ag and Cu will be efficient cathodes in bimetallic corrosion
involving oxygen reduction as the cathodic reaction. If, however, the reduc-
tion of oxygen takes place on a stable oxide film on the cathode, the reaction
often tends to be much more polarised. Figure 1.64 shows polarisation
curves for zinc anodes coupled to copper and aluminium cathodes in 1 -ON
NaCl. Any pre-existing oxide films on the copper will be cathodically
reduced at very low current densities, as shown by Dyess and Miley28, as
follows:

Cu2O + 2H+ + 2e -> 2Cu + H2O

and/or

CuO + 2H+ + 2e -> Cu H- H2O

Accordingly, a bare copper surface is soon presented to the electrolyte.
Aluminium, on the other hand, maintains an oxide-covered surface under
these conditions, and it is evident from Fig. 1.64, which is constructed from
the work of Pryor and Keir27'29, that the reduction of dissolved oxygen is
highly polarised and severely limits the galvanic current flow. Aluminium is
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Fig. 1.65 Potential/time curves for cathodically polarised and unpolarised iron in 1 • O N NaCl
at 250C. Curve a unpolarised Fe; curve b Fe polarised cathodically at 20 piA/cm2, pH = 6-2;
curve c Fe polarised cathodically at 20/xA/cm2, pH = 8-9; and curve d Fe polarised

cathodically at 40^A/cm2, pH = 6-2 (potentials IAS. S.H.E.) (after Pryor30)
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Fig. 1.64 Polarisation curves for zinc anodes coupled to aluminium and copper cathodes in
!.ON NaCl at 250C (potentials vs. S.H.E.) (after Pryor and Kier27'29)

an extreme example of an oxide-covered cathode because the electronic resis-
tance of the natural oxide film is so high that it permits only small isolated
areas to act as effective cathodes at low current density29.

The existence of oxide films of varying resistance on the surface of a
cathode results in a corresponding variation of galvanic current flow. This
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Fig. 1.66 Effect of area of steel cathode on the polarisation curves of the Al-Fe couple in
1 -O NNaCl at 250C using 100 cm2 of aluminium (potential vs. S.H.E.) (after Pryor and Keir27)

shows anodic and cathodic polarisation curves for the aluminium-mild steel
couple in 1-0N NaCL The polarisation curves were determined by short-
ing different areas of mild-steel cathode to 100cm2 of aluminium for 24 h,
rapidly introducing a variable and increasing external resistance into the
circuit, and measuring the potential of both electrodes. Figure 1.66 shows
that the transient open-circuit potentials of the steel cathodes are ennobled
far above the normal value of corrosion potential (around —0-45 V) in this
solution, particularly when smaller cathodes are used. In fact, maximum
values of around —0-25 V are obtained, which are similar to the values

situation is far more common than is generally believed, since it is frequently
observed on steel cathodes at current densities of less than 40/AA/cm2.
Figure 1.65 shows the variation of potential with time of mild-steel cathodes
polarised cathodically at constant impressed current densities of 20 and
40/xA/cm2 in 1-0N sodium chloride solution30. The potential fluctuates
rapidly but generally moves in the noble direction with increasing time to
values of around -O-2 V (S.H.E.). This behaviour has been attributed to an
overall thickening of the original air-formed oxide film due to a combina-
tion of locally increased pH at the cathode and the presence of dissolved
oxygen31. The potential fluctuations in the active direction have been
attributed to sporadic film breakdown by the large concentration of chloride
ions.

Similar effects to those shown in Fig. 1.65 have been observed by Pryor
and Keir27 in certain bimetallic couples having steel cathodes. Figure 1.66
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obtained by impressed current methods (Fig. 1.65). Since the closed-circuit
potential of the couples in Fig. 1.66 remains remarkably constant, the gal-
vanic current at zero external resistance shows marked fluctuations with
time, somewhat similar to, but less extreme than, the potential fluctuations
in Fig. 1.65. Comparable behaviour has also been observed with the zinc-
mild steel couple in sodium chloride solution27, but the open-circuit poten-
tials of the cathodes are less ennobled and the current fluctuations are more
gradual.

The electrochemical effects of slowly and erratically thickening oxide films
on iron cathodes are, of course, eliminated when the film is destroyed by
reductive dissolution32 and the iron is maintained in the film-free condition.
Such conditions are obtained when iron is coupled to uncontrolled magne-
sium anodes in high-conductivity electrolytes and when iron is coupled to
aluminium in high-conductivity solutions of pH less than 4 • O or more than
12-O33. In these cases, the primary cathodic reaction (after reduction of the
oxide film) is the evolution of hydrogen.

In sea-water, the increase of pH adjacent to the surface of cathodes
brought about by the reduction of oxygen leads to the deposition of films
of calcium carbonate and magnesium hydroxide34'35. Such film deposition
often results in a gradual decrease in the rate of galvanic corrosion of the
more negative members of couples immersed in sea-water.

Catchment Area Principle

Practical instances of bimetallic corrosion usually involve electrolytes con-
taining dissolved oxygen. Where the galvanic current is limited by the rate
of diffusion of dissolved oxygen to the cathode, the galvanic corrosion rate
will be under cathodic control. Whitman and Russell36, in their classic
investigation, showed that, under these conditions, the galvanic corrosion
rate war, directly proportional to the area of the cathodic metal and indepen-
dent of the area of the anodic metal. This principle was later referred to as
the catchment area principle. It follows from the work of Whitman and
Russell that the intensity (i.e. the anodic current density) of galvanic corro-
sion of an anode coupled to a cathode of constant area is inversely propor-
tional to the anodic area. This principle is of major practical importance in
view of its obvious use in minimising galvanic corrosion by proper selection
of the relative areas of cathodic and anodic metals.

The catchment area principle is well illustrated by experiments on the
Al-Fe and Zn-Fe couples shown in Figs. 1.67 and 1.6827. In Fig. 1.67 the
area of aluminium and zinc was held constant and the area of steel cathode
varied. Both the number of coulombs flowing between the two metals and
the anodic weight losses increase with increasing cathodic area, and the cur-
rent flow is approximately proportional to the cathodic area of each couple.
Figure 1.68 shows the effect of holding the steel cathode area constant
(100cm2) and varying the area of the aluminium anode. The weight loss of
aluminium (the dotted line) increases slightly with increase in the anodic area
exposed rather than remaining constant as predicted by the catchment area
principle. Similar results have been obtained with zinc anodes of various
areas coupled to steel cathodes27. In part this is due to an increase in the



Area of steel cathode (cm2)

Fig. 1.67 Effect of mild-steel cathode on the weight loss of aluminium and zinc anodes
(100cm2 area) and on the number of coulombs flowing in the aluminium-mild steel and

zinc-mild steel couples over a 96 h period in 1 -O N NaCl at 250C (after Pryor and Keir27)

local action corrosion with increasing anodic area27. Furthermore, the
anodic polarisation curves for both aluminium and zinc have small but finite
slopes and so the couple potential decreases slightly with increasing anodic
area (decrease in polarisation of the anode metal) thereby increasing the pro-
portion of the weight loss due to local action (Fig. 1.626). However, the
intensity of corrosion (solid line) is very much as predicted by the catchment
area principle and increases greatly with decreasing anodic area.

For further discussion of cathode to anode area ratio effects see Refer-
ences8'9'11'15'20'37^38, and also refer to the section entitled Distribution of
Bimetallic Corrosion in Real Systems, p. 1.238.

Hydrogen Evolution

When the predominant cathodic reaction is reduction of dissolved oxygen
the magnitude of /galv will often be determined by the rate of diffusion of
oxygen to the surface of the more positive metal constituting the bimetallic
couple, and providing the metal surface is free from films or corrosion pro-
ducts the rate will be independent of the nature of the cathode. The position
is quite different when the predominant cathodic reaction is hydrogen evolu-
tion, since under these circumstances charge transfer rather than diffusion is
rate determining, and different metals will have different catalytic activities
for the hydrogen evolution reaction.
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Airea of aluminium anode (cm2)

Fig. 1.68 Effect of anode area on the total corrosion and on the intensity of corrosion of
aluminium coupled with mild-steel cathodes (100 cm2 area) over a 96 h period in 1 -O N NaCl

at 250C (after Pryor and Keir27)

If it is assumed that anodic polarisation of the more negative metal of the
couple is insignificant, then it can be shown39 from the Tafel relationship
for the hydrogen evolution reaction that

i • -£corr.-0-059pH S
log lga,v. = + log —/0,c

DC ^a

where Econ is the corrosion potential of the couple (vs. S.H.E.) determined
at some distance away from the couple to obtain the average value, bc is the
Tafel slope, and /0>c the exchange current density for the hydrogen evolu-
tion reaction at the surface of the more positive metal, and Sc and S3 are
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the areas of the cathode and anode metal, respectively. In this equation it is
assumed that the potential of the more positive metal at which hydrogen
evolution occurs is that of a reversible hydrogen electrode at 1 atm pressure,
i.e. £I

H = 0-00-0-059pH.

Electrolyte Composition

The composition of the electrolyte has, of course, a major influence on the
magnitude and often the direction of the galvanic current flow. The majority
of these effects can be rationalised from the effect of the electrolyte on the
corrosion potential and, more particularly, the slopes of the appropriate
anodic and cathodic polarisation curves. The electrolyte does, however, have
one further and important effect on the distribution of galvanic corrosion on
the anodic metal40. When the electrolyte has a high conductivity, such as
would be experienced in sea-water, the galvanic corrosion on the less noble
metal is distributed in a comparatively uniform fashion and the total weight
loss is high. As the electrolyte conductivity decreases, galvanic corrosion of
the less noble metal becomes concentrated primarily around the bimetallic
junction and the total weight loss of the anode decreases. The intensity of
the galvanic corrosion in the interfacial region is relatively little influenced
by electrolytic conductivity since it is generally controlled at near to a maxi-
mum value by polarisation effects, although it is usually somewhat greater
in electrolytes of lower conductivity41. It is also implicit that the catchment
area principle is not applicable in very low conductivity solutions. The effect
of the resistivity of the electrolyte solution on the distribution of attack is
illustrated in Fig. 1.69. Methods for quantifying the distribution of galvanic
corrosion are described in the section entitled Bimetallic Corrosion in Real
Systems, p. 1.238.

More
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^cor r., A

Anodic curve

^corn, couple
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corn, couple

Corrosion£"corr., C

Fig. 1.69 Effect of resistivity of solution on the distribution of corrosion on the more negative
metal MA of a bimetallic couple, (a) Solution of very low resistivity and (b) solution of very
high resistivity. Note that when the resisitivity is high the effective areas of the cathodic and

anodic metals are confined to the interface between the two metals
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Published work relating to bimetallic corrosion in sodium chloride
solution is reported in References 3^'7'17'27'29'30*""142-44; in sea-water in Refer-
ences8'9'12-14'16'23-25^44-47; in fresh waters in References 10'16'42and48; in mine-
ral acids in Referencesn'38'39and49; in water/glycol mixtures in Reference50

and in the oral cavity in Reference51.
A large proportion of these references contain quantitative data on

bimetallic corrosion obtained either by electrochemical methods or by
weight-loss determination. References giving useful quantitative data may
be classified in terms of the metal couples studied, as follows: Refer-
ences 8-10>12'14and25

 each deals with a wide range of metal couples; Refer-
ences 7»13>16«42-45and5° deai specifically with couples including aluminium
alloys; References17and23 deal specifically with couples including titanium;
References24and49 deal specifically with couples including mild steel; Refer-
ence38 deals specifically with galvanic corrosion between phases in ferritic/
austenitic stainless steels and Reference11 deals with couples made up from
stainless steels, nickel alloys, titanium or graphite.

Note that Reference11 draws attention to the possibility of an increase of
anodic polarisation of the more negative member of a couple leading to a
decrease in galvanic corrosion rate. There can also be a risk of increased
corrosion of the more positive member of a couple. Both these features can
arise as a result of active/passive transition effects on certain metals in cer-
tain environments.

Data relating to the galvanic effects of graphite contained in compo-
site materials exposed to sodium chloride solution are to be found in
References52and53.

Bimetallic Corrosion in Corrosive Atmospheres

There are many special factors controlling atmospheric bimetallic corrosion
that entitle it to separate treatment. The 'electrolyte' in atmospheric corro-
sion consists of a thin condensed film of moisture containing any soluble
contaminants in the atmosphere such as acid fumes from industrial atmo-
spheres and chlorides from marine atmospheres. This type of electrolyte has
two characteristics which are summarised in a paper by RosenfePd54.

1. The cathodic reduction of dissolved oxygen contained in a thin con-
densed electrolyte layer is much less severely polarised than the reduc-
tion of dissolved oxygen in the corresponding bulk electrolyte.

2. The electrolytic resistance of the condensed layer parallel to the surface
of the metal is high even when it contains dissolved acid fumes or
chlorides.

It follows from (1) that the more negative metal, at a bimetallic junction,
can be subject to more aggravated attack because of this lowered cathodic
polarisation. In part, this may result from the greater ease of replenishment
of dissolved oxygen under conditions where the ratio of surface area to elec-
trolyte volume is very high. RosenfePd has also produced evidence to show
that rapid convective mixing in the condensed layer, under conditions of
lowered relative humidity which permit rapid evaporation, further hastens
the arrival of dissolved oxygen at the cathode and results in an additional



decrease of cathodic polarisation and a corresponding increase in galvanic
corrosion rate. Atmospheric galvanic corrosion rates are defined mainly by
contact with a less polarised cathode, but also, to a lesser degree, by the
nature of the dissolved salts in the condensed electrolyte layer. RosenfePd54

showed that anions in condensed electrolyte layers do not necessarily have
the same effect on bimetallic corrosion rates as is observed under conditions
of total immersion in the bulk electrolyte. His experiments demonstrate that
sulphates produce more intense atmospheric galvanic corrosion of iron than
chlorides and that the latter anion is without specific harmful effects on iron.
This contention is not universally supported by atmospheric bimetallic cor-
rosion tests on couples with iron anodes. The high electrolytic resistance
of the thin condensed electrolyte layer parallel to the bimetallic surface has
a controlling influence on the distribution of corrosion on the anode. The
galvanic attack will normally be highly localised and qualitatively similar
to that experienced under conditions of total immersion in very low con-
ductivity electrolytes. Indeed it is quite rare to find atmospheric galvanic
corrosion extending much further than 12-25 mm from the bimetallic junc-
tion. The effective cathodic area of the more noble metal tends to be limited
by similar considerations (see Fig. 1.696). It is, accordingly, evident that the
catchment area principle is not applicable in the strict sense to atmospheric
bimetallic corrosion since only small and approximately equal areas of the
dissimilar metals in the immediate vicinity of a bimetallic junction interact
electrochemically; thus although the geometrical area of the cathode metal
may be large, its effective area is very limited. It should also be noted that
whereas under immersed conditions the rate of bimetallic corrosion often
remains reasonably constant, it could be variable when the couple is exposed
to the atmosphere owing to the variation in atmospheric conditions, i.e.
periodic wetting and drying of the surface. Rust forming on unprotected
mild steel lowers the dew point thus promoting wetting conditions16.

Further information on atmospheric bimetallic corrosion can be found in
References15'20'24'25 and55to61.

Bimetallic Corrosion in Other Environments

Information on bimetallic corrosion for buried metals may be obtained in
References 15'62and63; for embedded metals in References15and64, and for non-
aqueous liquids in References15'65 (liquid fluorine)and66 (liquid ammonia).

Variable Polarity

Instances where the normal polarity of a galvanic couple becomes reversed
during service have given rise to severe practical corrosion problems and
have been the subject of a great deal of investigation. Schikorr67 was pro-
bably the first to note that the polarity of the zinc-iron couple could reverse,
with iron becoming anodic to the zinc in certain supply waters when the
temperature was raised above 6O0C. Subsequently this problem was widely
investigated by Hoxeng and Prutton68, Kenworthy and Smith69, Schuldener
and Lehrman70 and many others in view of its major importance relative to



the severe corrosion of galvanised-steel domestic hot-water heaters71. It has
been confirmed that the polarity reversal occurs at elevated temperature,
in excess of about 6O0C, and is aided by the presence of bicarbonates and
nitrates in the water68. It has also been shown that the presence of sulphates
and/or chlorides in the water decreases the probability of the polarity rever-
sal. Schuldener and Lehrman72 showed that under conditions of tempera-
ture and electrolyte composition which favour the zinc-steel polarity
reversal, the reversal occurs more rapidly when the area of steel exposed to
the electrolyte is increased. This observation suggests that galvanised steel
that has been extensively pre-corroded, with zinc as the anode, may be more
susceptible to subsequent polarity reversal under the appropriate conditions.
Furthermore the grain size of hot-dipped galvanised coatings may well influ-
ence the rate of polarity reversal, since Caplan and Sereda73 showed that
voids of up to O- 5 mm in diameter and extending at least as far as the Fe-Zn
intermetallic layers, exist in these coatings where three zinc 'spangles' meet
at a point. The size of the flaws was observed to increase with increasing
thickness of the base steel.

This polarity reversal has sometimes been attributed74 to the formation,
at the higher temperatures involved, of an electronically conducting zinc
oxide film rather than the normally observed zinc hydroxide of poor elec-
tronic conductivity which is stable at room temperature. Recent work by
Glass and Ashworth indicates that, subsequent to polarity reversal, zinc does
not promote significant galvanic corrosion on steel, but rather that the prin-
cipal damage results from failure of zinc to cathodically protect the steel75.
It is generally less well realised that the aluminium-iron couple also under-
goes a polarity reversal, like the zinc-iron couple, at elevated temperatures
and under somewhat similar conditions76. The form of the corrosion pro-
duct on aluminium also changes with increasing temperature from bayerite
(/3-Al2O3.3H2O, monoclinic) to boehmite Oy-AlO.OH, monoclinic) to
boehmite (7-AlO. OH, orthorhombic), but since the boehmite has a very low
electronic conductivity, the intensity of galvanic attack on the steel is low.
Polarity reversal has also been observed for cadmium-iron77 and lead-iron
couples78.

The relative polarities of iron and tin are considered in Sections 4.6 and
14.5 and will not be discussed here.

The variable polarity of the aluminium-iron couple has already been
noted. It is also known that it is virtually impossible to protect commercial
aluminium alloys cathodically by coupling them to magnesium in a high-
conductivity electrolyte such as sea-water, since the development of a high
local pH at the aluminium cathode results in cathodic corrosion. Some
interesting results have been reported by Bothwell79 concerning the compa-
tibility of super-purity >99-99% Al aluminium with the magnesium alloys
AZ31B (3% Al, 1% Zn, 0-4% Mn) and AZ3IA (3% Al, 1% Zn, 0-4% Mn,
0-15% Ca) in sodium chloride and sea-water. Here the higher electronic
resistance of the natural oxide film on super-purity aluminium appears to
limit the current flow and the local rise of pH at the cathode, thereby preven-
ting normal aggressive cathodic corrosion.

Akimov80 was one of the earliest investigators to report that the pitting
of aluminium and aluminium alloys in sea-water could be prevented by
coupling to zinc. He also drew attention to the occurrence of a tenacious



black film on the aluminium. Since then additional observations have been
made on the beneficial effects of coupling zinc to various aluminium alloys
in chloride solutions. For instance, zinc will often stop the stress-corrosion
cracking of susceptible Al-Mg alloys. The protective action of zinc is, how-
ever, somewhat unreliable and strongly dependent on the method of surface
preparation of the aluminium alloy81.

Experiments carried out by Keir, van Rooyen and Pryor have clarified the
variable behaviour of the Al-Zn couple in chloride solutions. Using high-
purity aluminium and zinc electrodes of equal size coupled together in
sodium chloride solution, it was found that zinc is initially anodic to alumi-
nium but that within one day the polarity of the couple reverses and remains
as such subsequently (Fig. 1.70). This reversal in polarity appears to be due
to the accumulation of Zn2+ in solution. Accordingly, with decrease in dis-
tance between the electrodes, and in solution-volume: electrode-area ratio,
the polarity reversal occurs much more rapidly. The accumulation of Zn2+

in solution depresses the potential of the aluminium from an initial value of
about —0-5 V to a final open-circuit value of about — 1 - 0 V (vs. S.H.E.).
The corrosion rates of both the aluminium and the zinc electrodes are greater
than in the absence of bimetallic contact, but the corrosion of the aluminium
is changed from the characteristic pitting, usually observed in nearly neutral
chlorides, to a desirable mild uniform attack. The polarity reversal is not

Zinc anodic

Time (h)

Fig. 1.70 Polarity reversal of the Al-Zn couple in 1 -O N sodium chloride at 250C. Curve a
aluminium and zinc electrodes 150 mm apart; 16 ml of solution per square centimetre of elec-
trode; curve b aluminium and zinc electrodes 20 mm apart, 10 ml of solution per square centi-

metre of electrode
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detectable by potential measurements alone, since the potential of the couple
remains constant, to within a few millivolts at a value of around —0-83 V.
When the aluminium is cathodic, polarisation curves indicate that the gal-
vanic corrosion is under cathodic control; after the polarity reversal, the
much weaker galvanic corrosion appears to be under anodic control.

It remains to be determined whether the previous experiments80'81, which
have been interpreted as confirming the cathodic protection of aluminium by
zinc, can be truly interpreted in this fashion or whether they are due to the
accumulation of Zn2+ in the electrolyte. Under laboratory conditions, and
under some practical conditions in stagnant solutions or in recirculating
systems, the latter explanation is quite likely.

Two dissimilar metals, such as iron and aluminium, may cause aggravated
corrosion effects even if they are not in electrical contact. This subject is,
however, outside the scope of this section, and has been treated in detail
elsewhere82'83. Heavy metal ions, such as copper ions, are particularly liable
to produce galvanic effects by redeposition on a less noble metal; the
phenomenon is discussed in Sections 4.1, 4.2 and 9.3.

Protective Measures

Under Conditions of Total Immersion

Protective measures against bimetallic corrosion should ideally start before
the particular installation or equipment is built15. Reference should be
made to tables showing compatibility of metals, alloys and non-metallic
materials (see Table 1.25) and to the literature. However, it must be empha-
sised that the environment obviously plays a most important role in
bimetallic corrosion, and that there are a number of situations in which
apparently incompatible materials in contact can be used without adverse
effects.

Assuming that some incompatible materials of construction must be used,
much can be done in the way of initial design to minimise future problems.
Under conditions of total immersion in high-conductivity electrolytes con-
taining dissolved oxygen, the catchment area principle is fundamental in
minimising galvanic corrosion problems. Reduction of the area of the more
noble metal together with use of the maximum area of the less noble metal
gives a combination of small galvanic current and minimum intensity of
attack on the less noble metal. This approach becomes less effective as the
conductivity of the electrolyte decreases.

In simple equipment, galvanic corrosion can be eliminated by complete
electrical insulation. Bushings, washers and pipe fittings of nylon or Teflon
have become quite popular for this purpose despite their obvious limitations
in mechanical properties (see Section 9.5). Particular examples of the use of
this type of fitting include insulating domestic aluminium or galvanised-iron
hot-water heaters and tanks from black iron or copper plumbing. Electrical
insulation often tends to be ineffective in complicated equipment on account
of the numerous other electronically conducting paths that may exist84. It is
always well to check supposedly electrically isolated metal components with
an ohmmeter in order to confirm that the desired electrical isolation has, in
fact, been achieved.



Increasing the electrolytic resistance of the solution path is a possible
method of reducing the galvanic corrosion rate. Little significant practical
benefit accompanies this approach in high-conductivity electrolytes since
severe galvanic corrosion can exist at locations which are several metres
distant from the actual bimetallic joint84. This approach, accordingly, has
merit mainly in low-conductivity electrolytes such as certain supply waters,
and in the case of atmospheric galvanic corrosion.

Deaeration has occasionally been used as a means of controlling bimetallic
corrosion under conditions of total immersion, and this method of control
can be used successfully, if physical conditions permit, provided that the less
noble metal is not sufficiently electrochemically active to permit rapid evolu-
tion of hydrogen at the more noble metal, as is observed, for instance, in
many bimetallic couples involving magnesium anodes.

Metallic coatings have been widely and successfully used as a means of
alleviating many bimetallic corrosion problems both under conditions of
total immersion and in corrosive atmospheres. If, for instance, aluminium
and steel must be jointed together in sea-water, the galvanic corrosion can
be largely eliminated by aluminising the steel either by hot dipping or by
flame spraying, as is more popular in Europe. Both zinc and cadmium are
also fairly compatible with aluminium and so the steel may be protected with
thin coatings of these metals without incurring the risk of aggravated gal-
vanic corrosion; cadmium plating has even been applied to stainless steel for
this purpose. The use of dissimilar metallic coatings eliminates bimetallic
corrosion only if the coating is initially free from voids and remains so in
service, a circumstance seldom realised in practice. Metallic coatings on the
steel that contain or develop voids still reduce the galvanic corrosion rate
(because of the smaller area of steel exposed) provided that they are anodic
to the substrate.

Cathodic protection with a sacrificial anode that is less noble than either
member of the couple is frequently used to reduce the severity of bimetallic
corrosion, particularly that resulting from the use of bronze propellers in
steel ship hulls.

Paint coatings also receive extensive practical use for protecting against
galvanic corrosion in atmospheres and under conditions of total immer-
sion. The best practice, where feasible, calls for complete painting of both
members of the bimetallic couple. If only one member of the couple can be
painted, the cathodic metal should receive this treatment; since paint coat-
ings are seldom free from holidays, painting the cathode will reduce the total
cathodic area and hence the galvanic corrosion rate. Painting the anodic
metal alone represents bad practice under conditions of total immersion in
a high-conductivity electrolyte, because the original cathode area is undimi-
nished, and corrosion will then take place at holidays or damaged areas in
the coating on the anodic metal at a high intensity85. For optimum protec-
tion against galvanic corrosion, repainting should be carried out on a regular
schedule since the protection afforded by most paints can be rather limited
in duration.

The use of soluble inhibitors as a means of controlling bimetallic corrosion
presents many technical problems. Apart from the fact that this method is
limited in applicability to recirculating systems, efficient anodic inhibitors,
such as chromates, are frequently quite specific in their action and so certain
bimetallic couples, such as the Al-Cu couple in chloride solutions40, are



extremely difficult to control by a single anodic inhibitor. Accordingly, other
methods of treating bimetallic corrosion, as already described, are often
preferred, with inhibition being relegated to special applications such as
automotive cooling systems where these previous methods are either not
feasible or economical. Inhibition of automotive cooling systems is generally
achieved by highly complex mixtures of inhibitors, often involving combina-
tions of borax, nitrates and organic adsorption inhibitors, and even then
complete success is not always attained (see Section 17.2). Various inhibitors
were compared in tests by Brunoro etal*6.

Advice on the reduction of bimetallic corrosion at welded and brazed
joints can be found in Reference87. The use of replaceable wastage pieces
to take up the bimetallic corrosion in various systems is proposed in
References84and85.

In Corrosive Atmospheres

Bimetallic corrosion in atmospheres is confined to the area of the less noble
metal in the vicinity of the bimetallic joint, owing to the high electrolytic
resistance of the condensed electrolyte film. Electrolytic resistance consider-
ations limit the effective anodic and cathodic areas to approximately equal
size and therefore prevent alleviation of atmospheric galvanic corrosion
through strict application of the catchment area principle.

With this exception, many of the methods already described for protect-
ing against bimetallic corrosion under conditions of total immersion may
be similarly used for preventing atmospheric galvanic corrosion. These
include selection of compatible metals, metallic coatings and painting. It is,
however, more common to use the principle of increasing the resistance of
the solution path for preventing galvanic corrosion. Since the solution-path
resistance is already high, the additional means that are required to increase
resistance further are simple and generally inexpensive. In many cases, tap-
ing the immediate joint area with mastic tapes, with or without chromate
impregnation, will suffice, provided that the whole of the bimetallic contact
is covered to a distance of about 25 mm from the junction and on either side.
Vulcanising a rubber or Neoprene ball around small joints has also been used
very satisfactorily. While these methods protect a joint against atmospheric
galvanic corrosion, it can hardly be overemphasised that they are not applic-
able to protecting against bimetallic corrosion where the same joint is totally
immersed in a high-conductivity electrolyte.

Some Beneficial Effects of Galvanic Coupling

So far this section has been primarily concerned with the harmful aspects of
bimetallic corrosion, in which the less noble member of the couple is sub-
jected to attack of unusual severity. It is, however, implicit that bimetallic
corrosion can be beneficial in that it will usually reduce or prevent corrosion
of the more noble metal. Refer to Sections 11.2 and 11.4 for further details.
Another very beneficial aspect of bimetallic corrosion is power generation
from chemical cells, but this subject is outside the scope of this section.



The principles of bimetallic corrosion have, in addition, been used in an
elegant fashion for the development of highly corrosion-resistant alloys.

Draley and Ruther88 observed that commercial-purity aluminium (1100
alloy) was subject to catastrophic intergranular corrosion in distilled water
above 20O0C with the corrosion rate increasing very rapidly with temper-
ature. In most cases enhanced attack occurred at grain boundaries and
around second-phase stringers. Draley and Ruther showed that the rapid
intergranular disintegration of the aluminium was associated with the entry
of hydrogen into the metal from cathodic sites. They proposed that, if alter-
nate cathodic sites of lower hydrogen overpotential could be provided, the
hydrogen would have a much better chance of being evolved as harmless
bubbles instead of entering the aluminium and causing intergranular dis-
integration. This hypothesis was confirmed by adding 5 p.p.m. of Ni2+ to
the distilled water. The small amounts of nickel plating-out on the alumi-
nium surface were sufficient to protect against catastrophic corrosion of
1100 alloy at 2750C, although the 1100 was subject to slow and uniform
attack. Subsequently, 1100 alloy specimens were electroless nickel-plated
and found to resist catastrophic corrosion for 80 days at 3150C. Finally
Draley and Ruther alloyed small amounts of nickel (0-5% or more) with
commercially pure aluminium and obtained consistent protection against
catastrophic corrosion at temperatures of up to 35O0C. The nickel, being
largely insoluble in aluminium, exists primarily as NiAl3 constituent which
evidently possesses a low hydrogen overpotential and protects against
catastrophic corrosion. Its action is augmented by the simultaneous presence
of iron in the alloy, the improved corrosion resistance probably being due
to the presence of an Al-Ni-Fe constituent89. A commercial aluminium
alloy designated as 8001 (1% Ni, 0-6% Fe) now exists for high-temperature
water service.

It has long been known that alloys such as austenitic stainless steel and
metals such as titanium, while exhibiting passive behaviour in mildly or
strongly oxidising solutions, often suffer active corrosion at a high rate in
reducing acids. Tomashov etal.90'91 were among the first to point out the
possibility of improving the corrosion resistance of stainless steel, chromium
and titanium by increasing the stability of the passive state with small alloy-
ing additions of noble metals such as silver, palladium and platinum. This
work was extended for titanium in reducing-type acids by Stern and
Wissenberg92 who primarily investigated the effect of platinum and palla-
dium. The principle by which noble alloying additions are effective in
improving the corrosion resistance of titanium is illustrated in Fig. 1.71
which is taken from the work of Stern and Wissenberg. In a reducing acid
where hydrogen is evolved from a titanium surface, the exchange current is
relatively small. It may be increased and the cathodic Tafel slope decreased
by providing local noble-metal cathodes. The intercept of the cathodic and
the anodic polarisation curves is shifted in the more noble direction and, if
the shift is large enough to raise the mixed potential into the passive potential
region in Fig. 1.71, essentially passive behaviour in reducing acids such as
boiling HCl can result (see Section 5.4). Similar improvements in the corro-
sion resistance of chromium in sulphuric and hydrochloric acids have been
found by Greene, Bishop and Stern93 to accompany alloying with small
amounts of rhodium, palladium or osmium. These noble-metal alloying
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Fig. 1.71 How alloying with a noble metal produces a passive mixed potential and a marked
reduction in corrosion rate (after Stern and Wissenberg92)

additions have the further advantage of not significantly reducing the nor-
mally excellent corrosion resistance of chromium in oxidising acids such as
nitric acid, whereas elements such as platinum, iridium and ruthenium con-
fer excellent corrosion resistance on chromium in non-oxidising acids, but
increase its corrosion rate in oxidising acids.

It is evident from the foregoing that the principles of bimetallic corrosion
are being applied in a progressively more widespread and successful fashion
to the development of alloys of maximum corrosion resistance.

Distribution of Bimetallic Corrosion in Real Systems

The influence of electrolyte conductivity on the distribution of bimetallic
corrosion has already been described in qualitative terms earlier in the
section (see Fig. 1.69). For a bimetal couple of small size, one could expect
an approximately even distribution of corrosion in an electrolyte of high
conductivity, such as sea-water. In real systems, such as heat-exchangers,94

steam condensers, pumps, pipework and off-shore rigs, the almost inevitable
presence of a mix of different metals leads to the development of galvanic
corrosion which is unevenly distributed, even in electrolytes of high con-
ductivity, because of large system dimensions. Furthermore, the effective
cathode to anode area ratio in real mixed-metal systems will differ from the
geometrical area ratio. Indeed, there could well be doubt as to which metals
will be cathodic and which anodic in complex systems. Thus laboratory-
derived data relating to simple bimetal couples made up from small electrode
samples cannot be used to give an accurate indication of even the maximum
corrosion rates of the more negative metals in a real system9. Maximum
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corrosion rates of the more negative metals in a real system9. Maximum
corrosion rates calculated on the basis of geometrical area ratio can be
typically two or three times too low.

The quantification of the probable extent and magnitude of bimetallic
corrosion for a new system at the design stage, for it is at this stage that
remedial actions, such as the provision of wastage pieces of thicker material,
can most readily be made34'35, is difficult to achieve by means of a corrosion
evaluation using a-scaled-down model of the full-scale prototype design.
Such a procedure is time consuming and also presents grave problems asso-
ciated with necessary scaling of the conductivity of the test electrolyte by
dilution which can itself have an effect upon the anodic and cathodic reac-
tions95. An alternative to setting up scaled-down tests is to mathematically
model the corrosive processes for the full-sized system in order to predict the
distribution of bimetallic corrosion, using cathodic and anodic polarisation
curves relating to fresh or filmed metal, as desired. Such modelling also, of
course, enables the prediction of the extent of cathodic protection on the
more positive metals in the system.

As the corrosion rate, inclusive of local-cell corrosion, of a metal is related
to electrode potential, usually by means of the Tafel equation and, of course,
Faraday's second law of electrolysis, a necessary precursor to corrosion
rate calculation is the assessment of electrode potential distribution on each
metal in a system. In the absence of significant concentration variations in
the electrolyte,96 a condition certainly satisfied in most practical sea-water
systems, the exact prediction of electrode potential distribution at a given
time involves the solution of the Laplace equation for the electrostatic poten-
tial (P) in the electrolyte at the position given by the three spatial co-
ordinates (x, y, z).

32P d^P 82P _
ax2 + ay

2 + az2

The solution of the Laplace equation is not trivial even for relatively simple
geometries and analytical solutions are usually not possible. Series solu-
tions have been obtained for simple geometries assuming linear polarisation
kinetics97'101. More complex electrode kinetics and/or geometries have been
dealt with by various numerical methods of solution such as finite differ-
ence102'103, finite element104'105 and boundary element.41'106

The numerical approaches to the solution of the Laplace equation usually
demand access to minicomputers with fast processing capabilities. Numeri-
cal methods of this sort are essential when the electrolyte is unconfined, as
for an off-shore rig or a submarine hull. However, where the electrolyte is
confined, as within essentially cylindrical equipment such as pipework and
heat-exchangers, or for restricted electrolyte depths, a simpler modelling
procedure may be adopted in the case of electrolytes of good conductivity,
such as sea-water34'35. This simpler procedure enables computation to be
carried out on small, desk-top microcomputers.

For electrolytes of low resistivity, it can be shown that the electrode poten-
tial distribution within cylindrical equipment is often very closely approx-
imated to by neglecting the radial potential variation i.e. by assuming current
flows only axially34'35'107'108. Astley35 has demonstrated that sea-water sys-
tems with diameters of up to at least 500 mm can be examined making a
'unidirectional current flow' assumption.



Fig. 1.72 Schematic representation of calculated bimetallic corrosion distribution; (a) con-
nected header, (Z?) electrically-insulated heater

The differential equation to be solved for a cylindrical system assuming
unidirectional current flow conditions apply is34'35

A2E _ 2pi
dx2 ~T~

where E is the electrode potential at distance, x, along the system, p is the
electrolyte resistivity, / is the local surface current density at distance, X9

and r is the system radius. The solution of this equation depends upon the
potential dependence of i, i.e. the form of the cathodic or anodic polar-
isation curve for each metal in the system. Analytical solutions have been
derived for linear polarisation kinetics34'107'109"111, for Tafel conditions34'112,
for Butler-Volmer conditions9'35'107'110'111'113'114 and for combinations of
linear polarisation kinetics with a potential-independent current density34.

Astley has used unidirectional current flow analysis to assess bimetallic
corrosion and cathodic protection distribution within a number of real sea-
water systems35'115. Thus, design-stage analysis has been made of the
bimetallic corrosion distribution within a marine heat-exchanger system
having a cathodic metal tube-bundle, two conical bronze headers and two
seven-metre long, 350 mm dia cupronickel feed-pipes each connected to a
steel hull by lengths of plastic piping.35'115 Mathematical modelling for this
system revealed the likely magnitude of corrosion rates within the headers
and feed-pipes, both before and after electrical insulation of the headers
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at their flanges, and also quantified any possible decrease in bimetallic cor-
rosion that could arise due to electrical connection of the steel hull to the
feed-pipes. The schematic corrosion rate distributions are shown in Figure
1.72. Design decisions with respect to header insulation and the employment
of wastage pieces were thereby facilitated. Quantitative confirmation of the
predicted corrosion pattern in this system was subsequently obtained in
pilot-scale trials.

The development of mathematical modelling techniques is proving to be
a significant advance in the assessment of the bimetallic corrosion hazard in
real systems.

M. J. PRYOR
D. J. ASTLEY
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