
4.2 Copper and Copper Alloys

Copper and copper alloys are amongst the earliest metals known to man,
having been used from prehistoric times, and their present-day importance
is greater than ever before. Their widespread use depends on a combination
of good corrosion resistance in a variety of environments, excellent work-
ability, high thermal and electrical conductivities, and attractive mechanical
properties at low, normal and moderately elevated temperatures.

A wide range of cast and wrought alloys is available. For detailed exposi-
tions of properties and uses the reader is referred to publications on many
specialised aspects obtainable from the Copper Development Association
offices in various countries. Relevant publications of the British Standards
Institution include BS 1400, Copper Alloy Ingots and Castings1 and BS
2870-5, Copper and Copper Alloy Wrought Products2. All standards of
the American Society for Testing and Materials relating to copper and
copper alloys are included in a volume published annually3.

Composition and Properties

The mechanical properties of wrought alloys4 depend on composition and
metallurgical condition. At the extremes, annealed pure copper has a tensile
strength of 180 MN m~2 and a hardness of 40 Hv, and heat-treated beryl-
lium copper can have a tensile strength of 1 300 MN m~2 and a hardness of
390 Hv. Summaries of typical properties of some of the more important
wrought and cast copper alloys are given in Tables 4.9 and 4.10.

Coppers The purest grade of copper commercially available, and that with
the highest electrical conductivity, is oxygen-free high-conductivity copper.
The minimum copper content required by some specifications is 99- 99%,
and the method of manufacture is such that no residual deoxidant is pre-
sent. Oxygen itself has very little effect on conductivity, and the 'tough pitch'
coppers (either electrolytic or fire-refined), containing about 0-04% oxygen,
are high-conductivity materials.

One disadvantage of tough pitch coppers is the embrittlement that is liable
to occur when they are heated in atmospheres containing hydrogen. For
many purposes, therefore, and particularly where fabrication is involved,
deoxidised coppers are preferred. The usual deoxidising agent is phos-
phorus, and specifications require residual phosphorus contents of between



Table 4.9 Typical properties of wrought alloys

JVwCfVv Melting pt. Coefficient of Electrical Thermal Tensile _. . ... ,
Alloy t/™$\ (liWidus, expansion conductivity conductivity strength Elongation Vickers

(g/Cm > 0Q x 106 % I.A.C.S. (WXm0K) (MN/m2) % hardness

H.C. copper 8-94 1083 18 103 390 180-340 10-60 40-110
Deoxidised non-

arsenical copper 8-93 1682 18 80 340 180-340 10-55 40-120
Arsenical copper 8-93 1080 17 45 175 220-360 10-55 40-125
Tellurium copper 8-93 1075 18 96 360 230-320 10-50 40-110
Beryllium copper 8-2 955 18 23 85 500-1300 2-40 110-390
85/15 brass 8-74 1025 19 35 155 280-540 8-70 65-170
70/30 brass 8-53 955 20 27 125 280-600 5-75 55-180
60/40 brass 8-38 905 21 29 125 370-600 5-45 75-180
Aluminium-brass 8-33 980 19 23 100 320-700 6-75 70-200
Naval brass 8-41 890 21 25 110 370-620 5-45 75-180
H.T. brass 8-35 890 21 23 105 520-770 8-35 90-220
15% nickel silver 8-69 060 16 7 35 350-700 4-55 70-220
30% nickel silver 8-87 190 17 5 20 390-700 4-50 90-220
5% tin-bronze 8-89 050 18 17 80 340-740 5-70 70-220
12% tin-bronze 8-70 995 19 8 50 460-830 5-65 110-250
Silicon-bronze 8-52 030 18 8 40 260-630 5-75 60-200
7% aluminium-bronze 7-95 050 18 15 80 430-770 4-65 80-210
90/10cupro-nickel 8-91 150 16 10 50 310-620 8-55 90-200
70/30 cupro-nickel 8-94 240 16 5 30 370-700 5-55 95-210



0-004 and 0-05%. Phosphorus-deoxidised coppers commonly have elec-
trical conductivities about 80% of those of pure copper.

Arsenical coppers containing about 0-4% arsenic (tough pitch or de-
oxidised) are used where increased strength at elevated temperatures is
required. Additions of cadmium (1-0%), chromium (0-5%), and silver
(0-1%) also give improved high-temperature properties, but without any
serious loss of electrical conductivity. Tellurium (1-0%) gives improved
machinability. An addition of about 2% beryllium gives a heat-treatable
alloy that can develop extremely high strength.

Brasses Brasses are basically alloys of copper and zinc, containing between
about 10 and 45% Zn, but many other additions are made and the resulting
alloys are the most complicated of all the copper-base series. The single-
phase (a) brasses, containing up to about 31% Zn in the binary alloys, may
have additions of 1% Sn (Admiralty brass), 2% Al (aluminium-brass), or
1-2% Pb for ease of machining. Duplex (a-@) brasses containing more than
31% Zn, may have additions of 1% Sn (Naval brass), or 1-3% Pb to assist
machining. Both a and a-0 brasses, with and without lead, are used in the
cast as well as the wrought form.

High-tensile brasses are a-/3 (or, occasionally, /3) alloys containing up to
5% Al and 1-2% of one or more of the following: Sn, Pb, Fe, Mn. These
alloys also are used in both wrought and cast form.

Copper/nickel alloys Alloys containing 5-30% Ni, used mostly in the
wrought condition5, have a very good combination of properties. For
optimum corrosion resistance, additions of 0-5-2-0% each of Fe and Mn
are made.

Tin-bronzes and gunmetals Alloys containing 3-0-12-5% Sn and 0-02-
0-04% P, known as phosphor-bronzes, are widely employed. Cast as well
as wrought alloys are used, and cast leaded bronzes are also available.

Gunmetals are alloys of copper, tin and zinc, with or without lead,
used in the cast condition. Commonly used alloys are (a) 10Sn-2Zn, and
(b) 5Sn-5Zn-5Pb.

Aluminium-bronzes Aluminium-bronzes usually contain 5-10% Al, the
structure being duplex when more than about 8% Al is present. Plain Cu-Al

Alloy

1 OSn-O -2P
1 OSn-I OPb
10Sn-2Zn
5Sn-5Zn-5Pb
9-5Al-2Fe
Silicon-bronze
30Zn-2Pb
Naval brass
H.T. brass (up to 2 -5Al)
H. T. brass (up to 5 -OAl)
H.T. 0 brass

M in. tensile
strength

(MN/m2)

230
190
260
200
490
310
190
310
460
590
740

M in.
elongation

(%)

1
5

15
15
20
15
12
20
20
15
12

Table 4.10 Properties of cast alloys



alloys are sometimes used, but wrought (single-phase) alloys may have addi-
tions of about 0-25-2% of one or more of the following: Ni, Fe, Mn, Ag,
Sn, As. Cast alloys of high strength and complex structure usually contain
about 10% Al and additions of Fe, Mn and Ni.

Silicon-bronzes Silicon-bronzes usually contain 1-5-3% Si and 0-5-1%
Mn6. They are used in wrought or cast form, though the cast alloys may
also contain some Zn and Fe.

Nickel silvers These wrought alloys consist essentially of Cu, Zn and Ni,
with Ni in the range 10-30%. Leaded nickel brasses are also used, usually
where some machining is involved.

General Considerations of Corrosion Behaviour

Copper is the first member of Group IB of the periodic table, having atomic
number 29 and electronic configuration 2.8.18.1. Loss of the outermost elec-
tron gives the cuprous ion Cu+, and a second electron may be lost in the
formation of the cupric ion Cu2+.

Copper occurs in the uncombined state in nature and is relatively easily
obtained by the reduction of its compounds. It is not very active chemically
and oxidises only very slowly in air at ordinary temperatures.

In the electrochemical series of elements, copper is near the noble end and
will not normally displace hydrogen, even from acid solutions. Indeed, if
hydrogen is bubbled through a solution of copper salts, copper is slowly
deposited (more rapidly if the process is carried out under pressure). (See
Section 1.2 for thermodynamic considerations.)

As copper is not an inherently reactive element, it is not surprising that the
rate of corrosion, even if unhindered by films of insoluble corrosion pro-
ducts, is usually low. Nevertheless, although the breakdown of a protective
oxide film on copper is not likely to lead to such rapid attack as with a more
reactive metal such as, say, aluminium, in practice the good behaviour of
copper (and more particularly of some of its alloys) often depends to a con-
siderable extent on the maintenance of a protective film of oxide or other
insoluble corrosion product.

Many of the alloys of copper are more resistant to corrosion than is copper
itself, owing to the incorporation either of relatively corrosion-resistant
metals such as nickel or tin, or of metals such as aluminium or beryllium that
would be expected to assist in the formation of protective oxide films. Several
of the copper alloys are liable to undergo a selective type of corrosion in cer-
tain circumstances, the most notable example being the dezincification of
brasses. Some alloys again are liable to suffer stress corrosion by the com-
bined effects of internal or applied stresses and the corrosive effects of certain
specific environments. The most widely known example of this is the season
cracking of brasses. In general brasses are the least corrosion-resistant of the
commonly used copper-base alloys.

The various grades of copper available do not differ to any marked extent
in their corrosion resistance, and a choice is usually based on other grounds.
Subsequent references to the corrosion behaviour of copper may therefore
be taken to apply broadly to all types of copper.



The choice of alloy for any particular application is determined by the
desired physical, mechanical and metallurgical properties. Within these
limits, however, a range of materials is usually available. It is essential that
at the very earliest stage the choice of materials and the details of design of
the installation should be considered from the point of view of corrosion, if
the best performance is to be obtained in service. This is particularly true of
copper alloys, where protective measures are not normally applied.

Several books contain general summaries of the corrosion behaviour of
copper and its alloy7"15 and the formation of copper corrosion products
and methods for their identification have been described in a number of
papers16.

Electrode Potential Relationships

The standard potentials for the equilibria

Cu2+ + 2e^Cu . . .(4.1)
Cu+ +e^ Cu ...(4.2)

Cu2+ + e ̂  Cu+ . . .(4.3)

are +0-34V, -I-0-52 V and + O-17 V respectively, based on values in the
book by W. M. Latimer17. For the equilibrium

2Cu+ ^ Cu2+ + Cu
K = ac»2+/(a2

Cu+)2 . . .(4.4)

K has the value of about 1 x 106 at 298 K, and in solutions of copper ions
in equilibrium with metallic copper, cupric ions therefore greatly predomi-
nate (except in very dilute solutions) over cuprous ions. Cupric ions are
therefore normally stable and become unstable only when the cuprous ion
concentration is very low. A very low concentration of cuprous ions may be
produced, in the presence of a suitable anion, by the formation of either an
insoluble cuprous salt or a very stable complex cuprous ion. Cuprous salts
can therefore exist in contact with water only if they are very sparingly solu-
ble (e.g. cuprous chloride) or are combined in a complex, e.g. [Cu(CN)2]",
[Cu(NH3 )2] + . Cuprous sulphate can be prepared in non-aqueous condi-
tions, but because it is not sparingly soluble in water it is immediately decom-
posed by water to copper and cupric sulphate.

The equilibrium between copper and cuprous and cupric ions is disturbed
by the presence of oxygen in solution, since the reaction shown in equation
4.3 is facilitated, the oxygen acting as an electron acceptor.

Behaviour of Copper Electrodes

The electrode potential behaviour of copper in various solutions has been
investigated and discussed in considerable detail by Gatty and Spooner18.
According to these workers a large part of the surface of copper electrodes
in aerated aqueous solutions is normally covered with a film of cuprous oxide
and the electrode potential is usually close to the potential of these film-
covered areas. The filmed metal simulates a reversible oxygen electrode at



the existing oxygen concentration and pH, less an overvoltage determined by
the existing current density. The principal factors that affect the electrode
potential are thus the nature of the solution and the way in which this
influences the area of oxide film, and the supply of oxygen to the metal
surfaces.

In solutions containing chloride there is a tendency for the establishment
of the Cu/CuCl/Cr electrode potential, so that the activity of chloride
ions is an important factor in determining the electrode behaviour. From a
knowledge of the solubility products of cuprous chloride and cuprous oxide
it is possible to predict under what conditions chloride or hydroxyl ions are
the potential-determining ions. According to Gatty and Spooner, chloride
determines the potential if aOH- < 10~8 ' x aa- and hydroxyl if aOH- >
10~8 ] x aa-. This will not hold in concentrated solutions, however, since
complex [CuCl2]" ions as well as simple ions will be present. A further fac-
tor to be considered is the ready formation of insoluble basic compounds.
In solutions not containing chloride (e.g. sulphate or nitrate solutions), cor-
rosion rates are usually lower and the electrode potential is more steady over

Fig. 4.10 Potential-pH equilibrium for the system copper-water at 250C (courtesy M. J. N.
Pourbaix of Centre Beige d'Etude de Ia Corrosion, after Delhez, R., Depommier, C. and van

Muylder, J., Report RT 100, July (1962))
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a wide range of conditions. In this case Gatty and Spooner consider that
the rate of corrosion is probably determined by the rate at which metal ions
can escape through pores in the protective oxide film, and this is supported
by the results of experiments on the anodic and cathodic polarisation of
copper.

The potential-pH equilibrium diagrams devised by Pourbaix19-20 are con-
sidered in detail in Section 1.4, and one of the diagrams for the Cu-H2O
system is shown in Fig. 4.10. Such diagrams are of considerable assistance
in discussing many problems related to the chemistry, electrochemistry, elec-
trodeposition and corrosion of copper. It is well recognised, of course, that
the thermodynamic approach has limitations, the most important of which
is that though predictions can be made about the possibility of a given reac-
tion proceeding in certain circumstances no information can be gained about
the rate at which it will proceed.

A method of representing the behaviour of copper in dilute aqueous solu-
tions by means of corrosion-current/pH diagrams has been given by Rubinic
and Markovic21.

A study of the behaviour of copper when anodically polarised has been
made by Hickling and Taylor22, using an oscillographic method that
records the variation of potential with quantity of electricity passed. In
alkaline solutions the main stages of polarisation were (a) the charging of a
double layer, and (b) the formation of a film of cuprous oxide which was
almost at once oxidised to cupric oxide. In O-1 N NaOH the film was about
four molecules thick when oxygen evolution first commenced. In buffer solu-
tions of decreasing pH, the formation of sparingly soluble salts preceded or
accompanied the formation of the oxide film and in acid solutions giving
soluble copper salts no passivity developed, the anodic process being merely
dissolution of copper. Other workers have also studied the anodic behaviour
of copper or copper alloys in alkaline23 and in acid24 solutions.

Atmospheric Corrosion

Copper has a high degree of resistance to atmospheric corrosion, and is
widely used for roofing sheets, flashings, gutters and conductor wires, as well
as for statues and plaques. The resistance of copper and its alloys is due
to the development of protective layers of corrosion products, which reduce
the rate of attack. The formation, in the course of time, of the typical green
'patina' gives copper roofs a pleasing appearance; indeed efforts have been
made to produce it artificially or to accelerate its formation25'26. The nature
of the corrosion products formed on copper exposed to the atmosphere
was exhaustively studied by Vernon and Whitby25'27. In the early periods of
exposure the deposit contains sulphide, oxide and soot. By the action of
sulphuric acid and by the oxidation of sulphide, copper sulphate is formed,
and this hydrolyses and forms a coherent and adherent basic copper
sulphate. This approximates initially to CuSO4-Cu(OH)2, but gradually
increases in basicity until after 70 years or so it becomes CuSO4-SCu(OH)2

and is identical with the mineral brochantite. In some cases small quantities
of basic carbonate, CuCO3-Cu(OH)2 (malachite), are also present, and
near the sea coast basic chloride CuCl2 • 3Cu(OH)2, (atacamite) is produced.



Even very near the sea coast, however, sulphate usually predominates over
chloride. The presence of atmospheric pollution is thus an essential factor
in the development of green patina.

In laboratory tests Vernon28 showed that the relative humidity and the
presence of sulphur dioxide have a profound effect on the rate of corrosion
of copper, as of many other metals. When the relative humidity was less than
63%, there was little attack even in the presence of much sulphur dioxide,
but when the relative humidity was raised to 75%, corrosion became severe
and increased with the concentration of sulphur dioxide present.

By exposing specimens to the atmosphere at different times of the year,
Vernon found that the rate of attack on copper was determined by the con-
ditions prevailing at the time of first exposure. For specimens first exposed
in winter there was a linear relationship between increase in weight and time
of exposure, indicating that the layer of corrosion product formed under
these conditions was non-protective. For specimens first exposed in summer
the square of the increase in weight was proportional to the time of expo-
sure, indicating that the coating formed in summer, when the atmospheric
pollution was relatively low, was protective. The parabolic law holds when
the corrosion product layer obstructs the access of the corrosive agent to the
metal, the rate of attack then being inversely proportional to the thickness
of the layer. The protective character of the layer persisted through subse-
quent periods when the pollution was relatively high.

Copper tarnishes rapidly when exposed to atmospheres containing
hydrogen sulphide29 and the reaction is not dependent on the presence of
moisture.

Atmospheric corrosion tests on copper and several copper alloys were
carried out by Hudson30 at a number of sites in Great Britain. Corrosion
damage was assessed by one or more of the following methods: gain in
weight, loss of weight after cleaning, loss of electrical conductivity, and
loss of tensile strength. Hudson found that the resistance to atmospheric
corrosion was high and that the rate of attack tended to decrease with time
of exposure. Little difference was found between the behaviour of arsenical
copper and high-conductivity copper, and most of the alloys tested behaved
very similarly except for the brasses, which deteriorated more rapidly owing
to dezincification.

Several series of atmospheric exposure tests have been carried out since
Hudson's work, and the loss in weight data obtained in five of the most
important investigations are summarised in Table 4.11. In all cases, losses
in tensile strength were also determined, and the results from the two
methods were, in general, in good agreement. However, for alloys suffering
selective attack (such as dezincification of brasses), change in mechanical
properties usually provided a more reliable indication of deterioration than
weight loss. Some other findings common to all the tests were that (a) corro-
sion rates decreased with time, (b) least attack occurred at rural sites and
most in urban and industrial atmospheres, (c) corrosion was uniform and
with few exceptions there was no significant pitting.

Tracy, Thompson and Freeman31 exposed specimens of 11 different
grades of copper in the form of sheet and wire to rural, marine and indus-
trial atmospheres in the USA for periods up to 20 years. The differences in
the behaviour of the materials were small and of little, if any, practical
significance. Very similar results for various types of copper were found by



Mattsson and Holm34 in Sweden and Scholes and Jacob35 in the UK (see
Table 4.11).

The results of tests on copper alloys have been given by Tracy32,
Thompson33, Mattsson and Holm34 and Scholes and Jacob35, the first two
of these investigations being made under the aegis of the American Society
for Testing and Materials. The tests of Tracy, and Scholes and Jacob were
both for periods up to 20 years; in those of Thompson, and Mattsson and
Holm specimens have been removed after 2 years and 7 years and further
specimens remain exposed for removal after 20 years. The numbers of
materials tested are given in Table 4.11; they included brasses, nickel silvers,
cupro-nickels, beryllium coppers and various bronzes. Mattsson and Holm
tested 14 alloys in the form of rod in addition to the sheet materials, the
results for which are given in Table 4.11.

In the tests described by Tracy, a high-tensile brass suffered severe dezinc-
ification (Table 4.11). The loss in tensile strength for this material was 100%
and for a non-arsenical 70/30 brass 54%; ho other material lost more than
23% during 20 years' exposure. In Mattsson and Holm's tests the highest
corrosion rates were shown by some of the brasses. Dezincification caused
losses of tensile strength of up to 32% for a /3 brass and up to 12% for some
of the a-0 brasses; no other materials lost more than 5% in 7 years. Dezinc-
ification, but to a lesser degree, occurred also in the a brasses tested, even
in a material with as high a copper content as 92%. Incorporation of arsenic
in the a brasses consistently prevented dezincification only in marine
atmospheres.

In the tests described by Thompson, the alloy showing the lowest rate of
attack at all sites was a bronze containing 7A1-2SL Relatively high corrosion
rates were shown by Cu-SSn-0-2P at a marine site, and Cu-2.5Co—0-5 Be
in the industrial environment. The beryllium-copper alloys were the only
materials to show measurable pitting, the deepest attack being O • 06 mm after
7 years. In Scholes and Jacob's tests some pitting, intergranular or trans-
granular penetration, or selective attack occurred on some of the alloys. The
maximum depth of attack exceeded O-2 mm in 20 years on 6 of the 21
materials (three brasses, two nickel silvers and Cu-20Ni-20Mn), but
exceeded O • 5 mm in 20 years only on Cu-20Ni-20Mn and 60/40 brass. These
two latter alloys lost up to 73% and 13% respectively of their tensile
strength; no other alloys lost more than 10% in 20 years.

From the work described and other investigations199, it is evident that
copper and most copper alloys are highly resistant to atmospheric corrosion.
In general, copper itself is as good as, or better than, any of the alloys. Some
of the brasses are liable to suffer rather severe dezincification and it is unwise
to expose these to the more corrosive atmospheres without applying some
protection.

When unusually rapid corrosion of copper and its alloys occurs during
atmospheric exposure, it is likely to be for one of the following reasons:

1. Extreme local pollution by products of combustion.
2. Bad design or construction, e.g. the presence of crevices where moisture

may lodge for long periods.
3. Constant dripping of rain water contaminated by atmospheric pollution

(e.g. from near-by chimney stacks) or by organic acids from lichens,
etc.



Table 4.11 Atmospheric corrosion tests on copper and copper alloys

A verage rates of attack from weight losses
(mm/y x 104)

Urban /industrial sitesMarine sitesRural sites

Period of
exposure
(years)

No. of
sites

No. of
different

alloys

No. of
types

of
copper

8-6-12
13-30*
13-27
10-12
9-22

11-20
14-38

6-9-9-4
1-3-23*
4-3-25

7-8
6-11
6-10
8-26

3-6-4-3
0-5-7-6
3-3-10

5-6
2-5

20
20

7
7
7

20
20

4
7
4
3
3
2
2

9
17

18

17

11
2
1i-(-

Tracy, Thompson and Freeman31

Tracy32

Thompson 33

Mattsson and Holm34

Scholes and Jacob35

* Rates of attack for a high-tensile brass were 45 x 10 4 to 1 15 x 10 4 mm/y.



4. Corrosion fatigue due to inadequate allowance for expansion and con-
traction with consequent buckling as the temperature fluctuates.

Most of these can be avoided by attention to design.
Corrosion in tropical environments has been the subject of several

papers36, some of which deal with corrosion at bimetallic contacts37.

Soil Corrosion

Several extensive series of soil-corrosion tests have been carried out by the
National Bureau of Standards in the United States, and the results have
been summarised by Romanoff38. In one series two types of copper and ten
copper alloys were exposed in fourteen different soils for periods up to 14
years. The results for the copper specimens are summarised in Table 4.12.

The behaviour of the phosphorus-deoxidised and tough pitch coppers was
in general very similar. At the less corrosive sites, copper was, with few
exceptions, the best material, but most of the alloys lost not more than about
twice as much weight, with maximum depths of attack usually not more than
two or three times as great as with copper. At the other sites copper was also
usually rather better than the alloys, but some of the alloys were occasionally
superior.

The three most corrosive sites were rifle peat (pH 2-6), cinders (pH 7-6)
and tidal marsh (pH 6-9). Corrosion of some of the alloys was particularly
severe in the cinders. The behaviour of the brasses tested, particularly those
high in zinc, was rather different from that of the other materials. In most
cases dezincification occurred and the brasses were the worst materials; in

Table 4.12 Soil-corrosion tests on copper by National Bureau of Standards
and British Non-ferrous Metals Research Association

BNFMRA 1st series:
5 least corrosive soils

BNFMRA 2nd series:
4 least corrosive soils

Nat. Bur. Standards:
9 least corrosive soils

Nat. Bur. Standards:
2 next most corrosive soils

BNFMRA 1st series:
acid clay and acid peat

BNFMRA 2nd series:
cinders

Nat. Bur. Standards:
3 most corrosive soils:
rifle peat, cinders, tidal
marsh

Period of
exposure
(years)

10

5

14

14

10

5

14

A verage rate
of attack from
loss in weight

(mm/y x 104)

0-5-2-5

5-0-25

4-0-25

25-130

53-66

66

160-355

Maximum
rate of
pitting
(mm/y)

Nil

0-040

0-043

0-033

0-046

0-32

0-115



the cinders, for instance, several brass specimens were completely destroyed
by dezincification. In some of the soils rich in sulphides, however, the brasses
were the best materials.

The British Non-Ferrous Metals Research Association carried out two
series of tests, the results of which have been given by Gilbert39 and Gilbert
and Porter40; these are summarised in Table 4.12. In the first series37 tough
pitch copper tubes were exposed at seven sites for periods of up to 10 years.
The two most corrosive soils were a wet acid peat (pH 4-2) and a moist
acid clay (pH 4-6). In these two soils there was no evidence that the rate of
corrosion was decreasing with duration of exposure. In the second series40

phosphorus-deoxidised copper tube and sheet was exposed at five sites for
five years. Severe corrosion occurred only in cinders (pH 7 • 1). In these tests
sulphides were found in the corrosion products on some specimens and the
presence of sulphate-reducing bacteria at some sites was proved. It is not
clear, however, to what extent the activity of these bacteria is a factor accel-
erating corrosion of copper.

Cinders and acid peaty soils are obviously among the soils most corrosive
toward copper. There is, however, no direct relationship between the rate of
corrosion and any single feature of the soil composition or constitution41.
For instance, in the American tests corrosion in several soils with either low
pH or high conductivity was not particularly severe, while the British tests
show that high chloride or sulphate contents are not necessarily harmful.

The above-mentioned tests show that bare copper can safely be buried in
a wide range of soils without fear of excessive corrosion. Experience of the
behaviour of copper water service pipes, which are used widely, confirms
this. Trouble is confined to 'made-up' ground containing cinders, etc. and a
few other aggressive soils, and in these circumstances it is necessary to apply
protection such as bitumen-impregnated wrappings or plastic coatings. Tin
coatings cannot be recommended since experience shows that accelerated
attack is liable to occur at pores and scratches in the coating, leading to
premature failure. Copper water pipes have been known to fail by the action
of stray electric currents but this is not a common cause of trouble.

There is also agreement between the soil-corrosion tests carried out by
the National Bureau of Standards and practical experience of the behaviour
of hot-pressed brass fittings used for joining copper water service pipes.
These duplex-structure brass fittings are liable to suffer attack by dezincifica-
tion in many soils in which copper behaves satisfactorily, and for burial
underground fittings of copper or gun metal are to be preferred. In general,
it may be said that unless there is some special reason for using a copper
alloy, it is preferable to choose copper for applications involving service
underground.

Copper and Copper Alloys in Natural Waters

Copper and copper alloy pipes and tubes are used in large quantities both
for conveying fresh and salt waters and in condensers and heat exchangers
where fresh or salt waters are used for cooling. Pumps, screens, valves and
other ancillary equipment may also be largely constructed of copper alloys.
Large tonnages of these materials are therefore used in power stations, on



board ship, in sugar factories and in oil refineries, as well as in hot-and cold-
water circuits and heating and cooling systems in hospitals, hotels, factories
and homes.

Corrosion problems that arise are frequently discussed under the headings
(a) sea-water, and (b) fresh waters, but there is, in fact, no sharp dividing
line, since some harbour, estuarine and brackish well waters are mixtures of
sea-water and fresh water and are often variable in composition. In the past,
corrosion problems were serious, particularly in sea-water service, but resis-
tant alloys have been developed and although trouble still occasionally arises
this is more frequently due to poor design or operation rather than to lack
of materials suitable for the application.

There are several distinctive types of corrosion that copper and copper
alloys may suffer, particularly in sea-water, but also on occasion in fresh
waters. The more important of these are discussed briefly below.

Impingement attack When moving water flows over copper or copper
alloys the turbulence may be sufficient to cause breakdown of the surface
film. This is particularly likely to happen if air bubbles entrained in the water
break as they hit the metal surface. The resulting corrosion is characteris-
tic, producing clean-swept pits, often of a 'horseshoe' shape as shown in
Fig. 4.11. This type of attack was first described by Bengough and May42'43.
The action can be very rapid, the local anodes being depolarised by the con-
tinuous removal of metal ions and corrosion product, and the local cathodes
by the dissolved oxygen in the rapidly moving well-aerated water stream.

Factors that tend to increase the severity of impingement attack are
increase of water speed and particularly of local turbulence, pollution of the
water, and, within certain limits, increase in the size and the amount of
entangled air bubbles (see also Section 1.6).

A laboratory test designed to simulate the conditions occurring in con-
denser tubes in practice was devised by May43 and newer versions of this
'jet impingement apparatus' have been described44, as has some of the test-
ing equipment in use in the USA45. Use of the jet impingement apparatus
has been an important factor in the development of alloys resistant to
impingement attack, but it has to be borne in mind that the results obtained
when the water is recirculated may be different from those obtained when it
is passed once through the apparatus, as shown by Gilbert and LaQue46.

Fig. 4.11 Typical impingement attack on Admiralty brass condenser tube. Magnification x 2



Details of jet impingement tests will be found in Section 19.1. Alloys resis-
tant to impingement attack will be considered subsequently.

Dezincification of brasses When dezincification occurs, regions of the
brass become replaced by a porous mass of copper which, though retaining
the shape of the original article, has virtually no strength. There has long
been discussion as to whether there is selective corrosion of the zinc in the
brass, which leaves the copper behind, or whether complete dissolution of
the brass occurs, followed by re-deposition of copper. Possibly both pro-
cesses occur in different circumstances. The mechanism has been investigated
and discussed by Evans7, Fink47, Lucey48, Feller49 and Heidersbach50, and
is referred to in many other papers51.

With a single-phase brass the whole of the metal in the corroded areas is
affected. Dezincification may proceed fairly uniformly over the surface, and
this 'layer type* takes much longer to cause perforation than the localised
'plug type' that more often occurs52. With a two-phase brass the zinc-rich
/3 phase is preferentially attacked as shown in Fig. 4.12. Eventually the a
phase may be attacked as well. The zinc corrosion products that accompany
dezincification may be swept away, or in some conditions may form volumi-
nous deposits on the surface which may lead to blockages, e.g. in fittings.

In general, the rate of dezincification increases as the zinc content rises,
and great care needs to be exercised in making brazed joints with copper/zinc
brazing alloys, particularly if they are to be exposed to sea-water. Under
these conditions, a properly designed capillary joint may last for some time,
but it is preferable to use corrosion-resistant jointing alloys such as silver
solders (e.g. BS 1845, Type AGl or AG5)53.

Fig. 4.12 Dezincification of two-phase brass showing preferential attack of the (3 phase (upper
half of photomicrograph). Magnification x 133



Factors that cause increased rates of dezincification are high temperature,
high chloride content of water and low water speed. Dezincification is also
likely to occur preferentially beneath deposits of, for instance, sand or silt
on the metal surface, or in crevices where there is a low degree of aeration.

Addition of about 0-04% arsenic will inhibit dezincification of a.
brasses42 in most circumstances and arsenical a brasses can be considered
immune to dezincification for most practical purposes54. There are condi-
tions of exposure in which dezincification of these materials has been
observed, e.g. when exposed outdoors well away from the sea34, or when
immersed in pure water at high temperature and pressure, but trouble of this
type rarely arises in practice. In other conditions, e.g. in polluted sea-water,
corrosion can occur with copper redeposition away from the site of initial
attack, but this is not truly dezincification, which, by definition, requires
the metallic copper to be produced in situ. The work of Lucey48 goes far in
explaining the mechanism by which arsenic prevents dezincification in a
brasses, but not in a-0 brasses (see also Section 1.6). An interesting observa-
tion is that the presence of a small impurity content of magnesium will pre-
vent arsenic in a brass from having its usual inhibiting effect55.

Additions of antimony or phosphorus, in amounts similar to arsenic, are
claimed to be also capable of preventing dezincification of a brasses. Most
manufacturers use arsenic, however, and it certainly appears desirable to
avoid phosphorus, since Bern56 has shown that this element can, in some
circumstances, lead to an undesirable susceptibility to intercrystalline corro-
sion. The same appears to be true of excessive amounts of arsenic (over
about 0-05%).

No reliable method of inhibiting dezincification of two-phase brasses has
been discovered. Various additions, including arsenic, have been advocated
from time to time, but nothing is known that will render a-& brasses immune
to dezincification under all conditions of exposure. The addition of 1% tin
can markedly reduce the rate of dezincification, and naval brass (6ICu-
38Zn-ISn) is attacked considerably more slowly than 60/40 brass in sea-
water, though there may be virtually no difference in most fresh waters.
Some of the cast complex high-strength two-phase brasses containing tin,
aluminium, iron and manganese appear to have relatively good resistance to
dezincification, but they are by no means immune to it.

Selective attack in other alloys Selective attack analogous to dezincification
can occur in other copper alloys, particularly aluminium bronzes and less
frequently tin bronzes57, cupro-nickels58, etc. In recent years de-aluminifi-
cation of aluminium bronzes has been studied extensively59 and the results
indicate that whilst a-phase alloys suffer such attack comparatively rarely,
alloys of higher aluminium content can be more susceptible. The electro-
chemical relationships are such that preferential corrosion of the second
phase is liable to occur in oi-y2 alloys, but a-/3 alloys are relatively resistant
to attack. Retention of /3 phase is favoured by rapid cooling after casting or
after high-temperature heat treatment, and also by incorporating manganese
in the alloy.

Deposit attack and pitting When water speeds are low and deposits settle
on the surface (particularly at water speeds below about 1 m/s), pitting of
copper and copper alloys is liable to occur by differential aeration effects.



In sea-water systems such attack may occur under dead barnacles or shell-
fish, the decomposing organic matter assisting corrosion. Pitting is most
likely to occur in polluted in-shore waters, particularly when hydrogen
sulphide is present. In such contaminated waters non-protective sulphide
scales are formed and these tend to stimulate attack.

Corrosion of condenser tubes and related equipment There have been
many surveys60 of the problems of corrosion of condenser and heat-
exchanger tubes and related components in marine service and others61

dealing with oil refinery service.
Corrosion of condenser tubes was a problem of great magnitude during

the first quarter of this century. Its solution was based on research carried
out for the Institute of Metals by Bengough etal.42'52'62, one of whom,
May43'54, remained associated with the research when it was transferred to
the auspices of the British Non-Ferrous Metals Research Association in
1930. A history of condenser tubes up to 1950 has been published206.

In early times 70/30 brass condenser tubes failed by dezincification and
Admiralty brass (70Cu-29Zn-lSn) was brought into use. This proved little
better, but some time later the addition of arsenic was found to inhibit
dezincification. Failures of Admiralty brass by impingement attack became
a serious problem, particularly as cooling water speeds increased with the
development of the steam turbine. The introduction of alloys resistant to
this type of attack was a great step forward and immediately reduced the
incidences of failure.

The alloys in most common use today are aluminium brass (76Cu-22Zn-
2Al-0-04As) and cupro-nickels containing appropriate iron and manganese
additions15'63. Three cupro-nickel alloys are in widespread use containing
(approximately) (i) 3ONi-O-7Fe-O-7Mn, (ii) 30Ni-2Fe-2Mn and (iii) 10Ni-
1 -5Fe-IMn. These materials are extensively and successfully used in ships,
power stations, oil refineries, etc., in condensers and heat exchangers, with
nominal water speeds through the tubes of up to about 3 m/s, sometimes
with much entangled air present. At the highest water speeds there is a rather
greater factor of safety with 70/30 cupro-nickel, and this alloy is also usually
to be preferred under most polluted water conditions, although Occasion-
ally other alloys are as good or even better. There is evidence to indicate
that when the operating conditions involve relatively high temperatures,
aluminium-brass or 90/10 cupro-nickel is to be preferred to 70/30 cupro-
nickel58. Admiralty brass is no longer considered a suitable alloy for sea-
water service, except possibly where water speeds are very low, i.e. not more
than about 1 m/s. In some oil refineries, for instance, Admiralty brass is
preferred because it has good resistance to corrosion by oil products, and
in these installations the heat exchangers are designed to have low cooling-
water speeds, so that corrosion from the sea-water side is kept within reason-
able bounds.

Tin-bronze containing about 12% Sn has been shown to have good resis-
tance to impingement attack64, to attack by acid cooling waters, and to
abrasion in cooling waters containing suspended solid particles, but the alloy
has so far only been used on a limited scale. The alloy most commonly used
when suspended abrasive matter is a problem is the 30% Ni alloy contain-
ing 2% each of Fe and Mn. Aluminium-bronze tubes have sometimes given



good results, but their use has been limited because of their susceptibility to
pitting attack.

The occasional failures that still occur in condenser tubes are usually due
to one (or sometimes several) of the following factors:

1. Localised attack or pitting in badly contaminated waters.
2. Pitting under decaying barnacles, shell fish or other deposits.
3. Impingement attack due to high local water velocities, e.g. at partial

obstructions in a tube such as pieces of coke, shell fish, etc.
4. Erosion due to sand or other abrasive particles suspended in the

water65.
5. Use of tubes of the wrong alloy, or of incorrect composition, or con-

taining manufacturing defects.

A difficult condenser-tube corrosion problem arises from the use of
polluted cooling waters from harbours and estuaries that may be severely
contaminated. All condenser-tube materials are liable to suffer corrosion in
these circumstances, and the choice of materials is made difficult by the fact
that different orders of merit apply at different locations and even at the
same location at different times. The state of the water when the tubes first
enter service may well determine whether or not a satisfactory life will be
obtained66. The most corrosive waters are those containing free hydrogen
sulphide produced by the action of sulphate-reducing bacteria. Waters may
also be rendered abnormally corrosive by the presence of small amounts of
organic sulphur compounds produced by bacterial action, as shown by
Rogers67.

Corrosion of power-station condenser tubes by polluted waters68 has
been particularly troublesome in Japan and efforts have been made to study
the problem by electrochemical methods69 and by exposing model con-
densers at a variety of power station sites70. Improved results have been
reported using tin brasses71 or special tin bronzes72. Pretreatment with
sodium dimethyldithiocarbamate is reported to give protective films that
will withstand the action of polluted waters73, though the method would be
economic only in special circumstances.

Electrochemical studies, including the determination of polarisation
curves, have been carried out in recent years by many authors74 in
endeavours to understand more fully the mechanism of protective film
formation on copper alloys in sea-water. Other authors have described
experiences with condenser tubes in fresh or brackish waters75. Methods of
maintaining tube cleanliness include chlorination76, use of high molecular
weight water-soluble polymers77 and use of the Taprogge system of circu-
lating sponge-rubber balls78'79.

Condenser tube-plates of Naval brass usually undergo some dezincifica-
tion in sea-water service, but this is normally not serious in view of the thick-
ness of metal involved. Attack can, however, be more serious with 60/40
brass (Muntz metal) and such plates may have to be renewed during the life
of the condenser. Increasing use is now being made of tube-plates of more
resistant materials such as aluminium-brass, silicon-bronze, aluminium-
bronze or cupro-nickel. Plates that are too large to be rolled in one piece can
be fabricated by welding together two or more pieces. In some special appli-
cations the tubes are fusion welded or explosively welded to the tube-plates.



Fusion welding operations are rather more difficult with brasses than with
other copper alloys (because of evolution of zinc fume from brasses).

Condenser water-boxes were hitherto usually made of unprotected (or
poorly protected) cast iron and these afforded a measure of cathodic protec-
tion to the tube-plates and tube ends. This beneficial effect has been lost with
the general adoption of water-boxes completely coated with rubber or some
other impervious layer, or of water-boxes made from resistant materials such
as gunmetal, aluminium-bronze or cupro-nickel, or steel clad with cupro-
nickel or Monel. To prevent attack on tube-plates and tube-ends in these
circumstances, it is highly desirable to install either a suitable applied-current
cathodic-protection systems80, or sacrificial soft-iron or mild-steel anodes.
Ferrous wastage plates have the additional advantage that the iron corrosion
products introduced into the cooling water assist in the development of good
protective films throughout the length of the tubes. This is particularly
important in the case of aluminium-brass tubes; indeed, with such tubes it
may be desirable, as an additional preventive measure, to add a suitable solu-
ble iron salt (such as ferrous sulphate) regularly to the cooling water. Cases
of the success of such treatment in power station condensers have been
described by Bostwick81 and Lockhart82, and other workers79'83 have since
studied the effects of ferrous sulphate treatment on tube behaviour.

As it has become increasingly necessary to supplement natural sources of
fresh water in various parts of the world, processes for producing fresh water
from sea-water have been intensively studied and the literature dealing with
the subject is very extensive. Distillation is currently the process most widely
used and during recent years increasing numbers of multi-stage flash-
distillation plants have been installed in various countries, many of
the larger units being capable of producing several millions of gallons of
fresh water per day. In these plants, sea-water passes through horizontally-
disposed tubes and steam 'flashed' from the brine condenses on the outside.
In some parts of the plant the conditions are similar to those in steam con-
densers, but in other parts the sea-water has been treated to remove dissolved
gases and is at much higher temperatures. In another distillation process
receiving considerable study, films of sea-water fall down the inner walls
of comparatively large-diameter vertically-disposed tubes, usually of fluted
configuration, and evaporation takes place due to the heating effect of steam
condensing externally. Copper-alloy tubes are used in large numbers for the
heat-exchange units in distillation plants, mainly aluminium-brass and the
various cupro-nickel alloys, and the factors affecting choice of materials
have been considered in several papers84.

For ships' cooling-water trunking and salt-water services in the engine
room and elsewhere, including fire mains, plumbing and air-conditioning
systems, more resistant alloys are taking the place of copper or galvanised
steel, which were formerly extensively used, but which do not have adequate
resistance to attack by sea-water. Both aluminium-brass and the Cu-IONi-
1-5Fe alloy are widely used and, being highly resistant to impingement
attack, normally give excellent service. In some special naval applications
pipelines of 70/30 cupro-nickel are used. It is important that correct fabrica-
tion and installation techniques are used. Carbonaceous residues from fillers
used in bending operations must be avoided or pitting corrosion may occur
in service. Jointing materials of low corrosion resistance should not be used,



silver brazing or appropriate welding methods being the correct techni-
ques. Residual stresses, if present, can cause stress-corrosion failures of
aluminium-brass pipelines in service.

Copper alloys in wrought or cast form are used for other purposes in ships
and other marine installations, such as for propellers85, bearings, valves
and pumps. One widespread application of aluminium-brass is its use for
heating coils in tankers carrying crude oil or petroleum products. Some cor-
rosion problems encountered in this and other applications on board ship
have been described by Gilbert and Jenner86.

Fresh Waters

Fresh waters are, in general, less corrosive towards copper than is sea-water,
and copper is widely and satisfactorily used for distributing cold and hot
waters in domestic and industrial installations15'87. Copper and copper
alloys are used for pipes, hot-water cylinders, fire-back boilers, ball floats,
ball valves, taps, fittings, heater sheaths, etc. In condensers and heat
exchangers using fresh water for cooling, tubes of 70/30 brass or Admiralty
brass are usually used, and corrosion is rarely a problem.

Joints in copper components may be a source of trouble. Copper/zinc
brazing alloys may dezincify and consequently give rise to leaks90. In some
waters, soft solders are preferentially attacked unless in a proper capillary
joint. Copper/phosphorus, copper/silver/phosphorus, and silver brazing
alloys are normally satisfactory jointing materials. Excessive corrosion of
copper is sometimes produced by condensates containing dissolved oxygen
and carbon dioxide. Rather severe corrosion sometimes occurs on the fire
side of fire-back boilers and on electric heater element sheaths under scales
deposited from hard waters91.

Dezincification of brasses This may occur, particularly in stagnant or
slowly-moving warm or hot waters relatively high in chloride and containing
little carbonate hardness88. Dezincification of a brasses is inhibited by the
usual arsenic addition (see Fig. 4.12), but two-phase brasses are liable to
severe attack in some waters89. In such waters the use of duplex-structure
brass fittings should be avoided.

Impingement attack Copper may occasionally suffer this form of attack in
systems where the speed of water flow is unusually high and the water is one
that does not form a protective scale, e.g. a soft water containing appreciable
quantities of free carbon dioxide92. Ball valve seatings may also suffer an
erosive type of attack. The corrosion of ball valves, including the effect of
chlorination of the water, has been studied by several workers93.

Dissolution Some waters continuously dissolve appreciable amounts of
copper94. Factors that favour this action are high free carbon dioxide,
chloride and sulphate contents, low hardness, and increase of temperature.
The trouble is therefore most prevalent in hot, soft, acid waters. The corro-
sion is general and the resulting thinning is so slight that the useful life of
the pipe or component is virtually unaffected (unless impingement attack



occurs). Trouble is usually confined to (a) stimulation of the corrosion of
components of zinc-coated steel95, light alloys96, and sometimes bare steel
with which the water subsequently comes into contact; and (b) the formation
of green stains in baths, sinks, etc. owing to the combination of copper with
soaps.

In de-aerated conditions, for instance in most central heating systems,
little if any attack on copper occurs92'97. As far as drinking waters are con-
cerned, copper is not classified as a toxic substance or hazardous to health.
To avoid any difficulties due to unpalatability, the maximum continuous
copper content should not exceed 1-0 p.p.m., with a limit of 3 p.p.m. in
water after standing overnight in copper pipes. A review of the subject by
Grunau98 makes reference to 394 published papers.

Pitting Occasionally copper water pipes fail prematurely by pitting. This
most often occurs in cold waters originating from deep wells and boreholes
and has been shown by Campbell99 to be associated with residues of carbon
produced in the bore of the tubes during bright annealing, as a result of
decomposition of residual drawing lubricant. It is therefore necessary for
manufacturers to take steps to avoid these harmful residues. This trouble has
occurred in many different countries I0°.

Failures of this type are confined to certain districts, and Campbell has
shown that in many supply waters in Great Britain pitting cannot proceed,
even in tubes containing dangerous cathodic films, owing to the presence in
the water of small amounts of a naturally-occurring inhibitor, probably an
organic colloidal material, that stifles pitting of copper. Trouble therefore
only occurs in waters that contain little or no inhibitor.

Pitting failures also occasionally occur in copper water cylindersI01 and
as a result of a study of this problem Lucey102 has made suggestions about
the mechanism of pitting of copper in supply waters.

In hot-water pipes, failures sometimes occur in certain areas supplied with
soft waters from moorland gathering grounds. The waters concerned con-
tain a few hundredths of a part per million of manganese, and in the course
of several years' exposure, a deposit rich in manganese dioxide is laid down
in the hottest parts of the system. This may cause pitting and eventually lead
to failure. Hot-water pitting of another type is sometimes experienced in soft
waters having a high sulphate content in relation to the carbonate hardness
and a relatively low pH value103.

Behaviour in Chemical Environments

Detailed information on the action of a wide range of chemicals on copper
and copper alloys is given in a number of publications, particularly those
listed under References 7-12, 104 and 105.

When contemplating the use of copper-base materials for industrial pur-
poses it is necessary to bear in mind that even though a satisfactory life of
the component may be obtained, trouble can arise from other causes:

1. Copper compounds can be tolerated only in small amounts in potable
waters or substances that are to be consumed.
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