
Effect of other environments (e.g., cupric acetate, polluted atmospheres, sodium chlorate solu-
tions, sodium formate solutions, sodium hydroxide solutions, sodium nitrate solutions, sodium nitrite
solutions, solder, sodium sulfate solutions, sulfide solutions, and sodium tungstate solutions.) on
SCC of alloys C26000 [167-169], C44300 [166], C70600 [169], and brass [168], Admiralty brass
and other copper alloys is well documented in the literature [170-179].

D. ATMOSPHERIC CORROSION

In addition to oxygen, moisture, and gaseous pollutants, such as sulfur dioxide (SO2), nitrogen
oxides (NOx), chlorine gases (HCl, Cl2), ammonia (NH3), and ozone, airborne ionic dust particles
strongly affect conditions on corroding surfaces. During atmospheric corrosion of copper, a patina is
formed over time. Initially, a layer of Cu2O, CuO, and CuOxH2O forms in which cuprite (Cu2O) is
the main component. Later, a patina with several corrosion products is formed. The basic copper
sulfates, posnjakite, Cu4SO4(OH)6-H2O, brochantite, Cu4SO4(OH)6, and antlerite, Cu3SO4(OH)4,
are primary constituents. Basic copper chloride and carbonate are also found [180-184]. The
mechanism of basic copper sulfate formation has been the subject of several studies that have been
reviewed [183, 184].

In metropolitan areas, most of the sulfur acquired by surfaces is not in gaseous form by the
reaction with SO2 but as dry deposition [185,186]. Outdoor exposures of copper show that the main
factors influencing the weight gain rates are relative humidity and concentration of aerosol particles
[187]. The most abundant ions found in fine particles are SO4" and NHj, with the ratio typically
being between that of NH4HSO4 and (NH4)2SO4 [188].

The effect of submicron (NH4)2SO4 particles on the corrosion of copper at varying relative
humidities (RHs) and temperatures was studied by Lobnig et al. [180, 181], who showed that
(NH4)2SO4 particles lead to the corrosion products found in natural patinas. In a recent study [189], it
has been investigated whether NH4HSO4 and (NH4)3H(SO4)2 may be responsible for formation of
basic copper sulfate in the naturally formed patina on copper during atmospheric corrosion. At room
temperature, only mixed ammonium copper sulfates, (NH4)2Cu(SO4)(OH)2-xH2O, and cuprite were
found up to 28 days of reaction time. It was concluded that acid ammonium sulfate is less likely than
ammonium sulfate, the sulfur containing species leading to formation of basic copper sulfates in
copper patinas.

Basic copper sulfates are the dominant phases in most copper patinas, but particularly at the
seacoast, the copper patina also consists of Cl-containing species.

The principal source for chlorine in the atmosphere is sea salt. In marine areas, aerosols are
formed with an initial chloride concentration of sea water (0.4 M), but accumulation on surfaces may
result in higher concentrations. Sea salt aerosols may be scavenged by water, occurring in rain, snow,
fog, and dew, and may be far removed from the coast [182]. Chloride concentrations in precipitation
are reported in the range 0.04-4 mM [185]. Another source of chloride is the use of NaCl for deicing,
implying that large amounts of chloride may be found on objects close to roads.

Hydrogen chloride is the dominant inorganic gaseous chlorine compound in the atmosphere
[185]. The main source is reported to be the reaction of acidic trace gases with sea salt aerosols, for
examples, NO2(g) and NaCl(s) forming HNO3 and HCl(g) [190, 191].

In addition, HCl is emitted from the combustion of fossil fuel and refuse [185]. Concentration of
HCl(g) in the atmosphere range from very low values up to 4 ppb [185].

The metal loss of copper coupons in a marine atmosphere has been reported to be 600-700 ug/
cm2-year, averaged over an 8-year exposure period, the initial corrosion rate being considerably
higher [192]. Copper turns brownish during the first year of exposure, while signs of green patina
may be observed after 6-7 year in this environment [193]. After decades of exposure, a patchy and
streaked appearance with alternating black and light green areas tends to appear. Rain-sheltered
areas tend to be black while areas washed by rain tend to be light green. The polymorphs
[Cu2(OH)3Cl], atacamite and paratacamite in combination with different hydroxy sulfates and



cuprite (Cu2O) are dominant in the black sheltered areas, while rain-washed green areas mainly
contain brochantite [Cu2(OH)6SO4] and cuprite [194]. The patchy black and green appearance is
reported to have become especially evident on outdoor objects since the 1960s [195].

Chlorides have been identified in copper corrosion products in marine [196] and inland [197]
locations, as well as indoors [198]. Atacamite has been reported to occur more frequently than
paratacamite in outdoor environments [194, 196]. Thermodynamic calculations predict atacamite to
be stable at the chloride concentrations present in seawater, while it is only marginally stable at
concentrations typical of rain and fog (0.4-4mM) [195]. Jambor et al. [199] recently reported on
clinoatacamite, a new mineral polymorph of Cu2(OH)3Cl. The published JCPDS Powder Diffraction
File for paratacamite (PDF 25-1427) [194] is only slightly different from the diffraction pattern
for clinoatacamite and is claimed to pertain to the latter compound. Thus, previous reports on
paratacamite should probably be assigned to clinoatacamite instead.

A few laboratory studies deal with the effect of chloride on the atmospheric corrosion of copper.
Working with very high pollutant concentrations (percent levels), Vernon [171] concluded that HCl
was more deleterious than SO2 toward copper at 50% relative humidity (RH). Feitknecht [200]
proposed mechanisms for the interaction of chlorides with copper and some other metals. Eriksson
et al. [201] reported that the addition of small amounts of sodium chloride caused a marked increase
in the corrosion rate of bronze in humid air. More recently, Strandberg and Johansson [202]
investigated the effect of NaCl in combination with O3 and SO2 on the atmospheric corrosion of
copper. Large amounts of cuprite (Cu2O) formed in all environments at 70 and 90% relative
humidity. The corrosive effect of salt was strong in pure humid air and in air containing O3 or SO2.
Corrosion rate was correlated to the amount of chloride applied to the surface and to humidity. In an
atmosphere containing a combination of SO2 and O3 at 90% RH, corrosion was rapid in the absence
of NaCl. In this case, small additions of NaCl resulted in a marked decrease in corrosion rate. In the
absence of SO2, tenorite (CuO), nantokite (CuCl), clinoatacamite [Cu2(OH)3Cl], and malachite
[Cu2(OH)2CO3] were identified. In the presence of SO2, brochantite [Cu4(OH)6SO4], soluble sulfate,
and an unknown phase occurred, while no tenorite or malachite was formed. The combination of SO2

and O3 resulted in the formation of antlerite [Cu3(OH)4SO4] and Cu2.5(OH)3SO4-2H2O as well.
Although the severity of the atmospheric corrosion of copper alloys depends on the atmospheric

contaminants, the corrosion rate usually decreases with time. In general, copper alloys are very
suitable for atmospheric exposure. High-copper alloys, silicon bronze, and tin bronze corrode at a
moderate rate, and brass, aluminum bronze, nickel silver, and copper nickel corrode at a slower rate.
The copper alloys, most widely used in atmospheric exposure are CIlOOO, C22000, C38500, and
C75200.

Additional information on the atmospheric corrosion of copper and its alloys is available in
[203-212].

E. CORROSION IN WATERS

1. Copper

The corrosion resistance of copper is due to its being a relatively noble metal. Its satisfactory service
in waters depends on the formation of relatively thin adherent films of corrosion products (e.g.,
cuprous oxide and basic copper carbonate). It has only a weak tendency to passivation, and hence the
effect of differential aeration is very slight. However, the influence of copper ion concentration on
the potential of copper in solution is very marked. For this reason, when there are varying solution
velocities over a copper surface (e.g. when the solution is stirred), the parts exposed to solution with
the higher rate of movement become anodes and not cathodes as would be the case with iron, for
example.

Cuprous oxide (Cu2O) is the corrosion product predominantly responsible for protection. This
oxide possess semiconducting properties and, in high-temperature corrosion studies (oxidation in the
thick-film range) is usually described as a p-type semiconductor in which defects are uniformly



distributed in the oxide. In waters, cuprous oxide is produced by anodic oxidation, usually under
dynamical flow. That is, it is formed on the metal side and dissolved on the solution side. Under these
conditions, the oxide structure is not homogeneous [213-215].

The anodic oxide thickness is very small, typically ~ 500 nm, in the copper-water system. The
copper-water interface is really a complex copper-oxide-water system, involving solid ionic-
electronic thin films able to generate photocurrents [216, 217].

Apart from Cu2O, there are further types of solid corrosion products that can be formed at the
copper-water interface, depending on the composition of the waters. Species more likely to be
present in waters are C, CO2, Cl2, Cl~, NO2, Fe, Na2SO4, HSO4", SO4

1-, S, H2S, HS~, H2SO5, S8,
SO2, and these can form copper compounds, such as Cu2S, Cu2O, CuO, CuCl, CuOHCl, Cu(OH)2,
CuS, and CuSO4-5H2O. Thermodynamic data for most of these compounds are given by Bard
et al. [218], Garrels and Christ [219], Wagman et al. [220], and others, and are being used in the
£-pH graphical form [221] to predict the kinetic behavior of the Cu-O-H, Cu-S-O-H, Cu-C-
S-O-H, Cu-F-C-S-O-H and other Cu systems that are relevant to aqueous-phase corrosion
processes.

Distilled water is not very corrosive to copper, but over long periods the water will pick up
traces of copper. Copper tanks should be tinned for holding distilled water or for water storage
on ships.

In soft waters, particularly those containing appreciable amounts of free carbon dioxide, and in
carbonated waters in general, the corrosion of copper is much greater. The initial corrosion rate in
distilled water may be 0.051-0.16 mm/year (12-7 mdd), but the rate in an aggressive supply water
may be as high as 0.26 mm/year (62 mdd). Such waters may be corrosive enough to pick up
sufficient copper to form green stains on plumbing fixtures.

Hard waters are seldom corrosive to copper because of the protective film of calcium compounds
that soon forms. When waters with an appreciable temporary hardness are softened, however, they
can become corrosive, especially if heated above 14O0C. The calcium compounds necessary to form
a protective film are then absent and the sodium bicarbonate formed breaks down with the release of
carbon dioxide.

Copper is very stable in salt solutions and seawater. When constantly immersed, the corrosion
rate of pure copper in seawater is 0.02-0.07 mm/year (5 to 17 mdd) and under varying immersion, as
at half-tide, the rate is 0.02-0.1 mm/year (5 to 25 mdd). In the latter case, arsenical copper is rather
more resistant than tough-pitch copper. Under constant immersion the corrosion resistance of copper
is two to five times greater than that of mild steel and under half-tide immersion the advantage of
copper is even more notable. Copper is satisfactory in stagnant seawater or where the velocity is
^Sl m/s (3ft/s). The rate of dissolution of copper is, however, large enough to be toxic to marine
boring animals, hence its value as a sheathing material for wooden craft and piling. For the same
reason, copper compounds are used in marine antifouling paints.

Copper is not sufficiently corrosion resistant in rapidly flowing seawater to be suitable for
condenser tubes in ocean-going ships or in power stations using tidal water. A number of copper
alloys have superior resistance under such conditions (see below).

Pitting of copper tubes caused by carbonization of the lubricant used in tube making has been
largely eliminated by improving and controlling the tube manufacturing process. Films of
manganese oxides, derived by slow deposition from soft moorland waters, can also give rise to
localized attack.

A beneficial effect, presumably due to the presence of an organic chemical at very low con-
centration, is observed in the corrosion of copper in certain waters. The organic agent responsible for
this action has not been isolated and the way in which it operates is imperfectly understood.

2. Copper Alloys

Copper alloys have a long history of successful application in fresh water and salt water
environments. In seawater, in addition to cuprite (Cu2O), Cu2(OH)3Cl forms at the alloy-water



interface, independently of alloy composition. Copper alloys (e.g., C44300, C44500, C61300,
C68700, C70600, or C71500) are more resistant to corrosion in seawater than pure copper because of
the incorporation of relatively corrosion-resistant metals such as nickel, or because of the addition of
metals such as iron and aluminum that assist in the formation of protective oxide films. Information
is summarized below for the copper alloys more commonly used in water.

2.1. Brasses The common brasses are alloys of copper with 10-50% zinc and often a number of
other components including tin, iron, manganese, aluminum, and lead. Zinc dissolves in copper up
to 39% to give a single-phase alloy, a-brass, and with zinc contents in the range 47-50% the alloy
is again single-phase, p-brass. Between these two, that is with 39-47% zinc, the alloy contains both
phases, a + P brass. In the corrosion of the a-brasses the constituents are dissolved according to the
copper/zinc ratio, but as the two-phase alloy is approached, appreciably more zinc dissolves. In the
duplex brasses, dezincification takes place by preferential dissolution of the less noble P phase and
in the pure p alloys only zinc appears in the corrosion products, the copper being redeposited as
metal.

The stability of brasses in natural waters depends in a complex manner on the dissolved salts,
the water hardness, the dissolved gases and on the formation of protective films. In general, the rates
of attack vary from 0.003 to 0.03 mm/year (0.6 to 6 mdd). The corrosion rate is increased by
higher concentrations of carbon dioxide and, with the higher zinc brasses, is accompanied by
dezincification. Because tin additions are effective in reducing dezincification, naval brass, 63 Cu-
36 Zn-I Sn, is commonly used. For fresh water plumbing, piping of red brass, 85 Cu-15 Zn, is
preferred to copper alloys such as Muntz metal, 60 Cu-40 Zn, and leaded yellow brass, 67 Cu-33
Zn, which dezincify in some waters.

The corrosion rate of brass by pure water, such as condensate, is very low, < 0.015 mm/year
(3 mdd), but this is appreciably increased in the presence of air, carbon dioxide, or ammonia. The
scale deposited from hard waters becomes less protective at elevated temperatures owing to the
decrease in adhesion.

In seawater, the rate of corrosion is generally small, between 0.008 and 0.12 mm/year (2 and 24
mdd), but may, in some instances, be much greater since it varies with alloy composition and local
conditions. Brass with a copper content of ~ 70% is the most stable of the straight brasses in
seawater, and Admiralty brass, 70 Cu-29 Zn-1 Sn, is often used. If the copper content is higher than
this, there is a tendency to localized corrosion, particularly at the water line, and if the copper content
is lower there is an increased likelihood of dezincification. The high tensile brasses with a higher zinc
content are more resistant to corrosion-erosion and cavitation and are used in the manufacture of
propeller screws. Their inclination toward dezincification is reduced by small additions of arsenic,
antimony, or phosphorus. The corrosion stability of brass is considerably increased by addition of
aluminum and the brass 76 Cu-22 Zn-2 Al is widely used in marine applications, [e.g., in condenser
tubes (see below)].

Acid mine waters discharged into rivers make the natural water more corrosive owing to the
presence of small amounts of sulfuric acid and ferric sulfate. Copper alloys containing tin are the
most resistant to this type of water.

2.2. Copper-Tin Alloys Copper can form a solid solution with tin containing up to 15.8% tin, the
a phase. The actual solubility at room temperature is lower but the decrease in concentration with
falling temperature is so very slow that the solubility below 52O0C (9710F) for normal alloys can be
taken as 15.8%. The bronzes containing up to ~ 8% tin are used in the rolled form and, at higher tin
concentrations, in the wrought form. Alloying additions of small amounts of phosphorus, zinc, and
lead are made. Additions of iron, antimony and bismuth are dangerous and are acceptable only up
to 0.2 to 0.5%.

Corrosion by water depends on the oxygen, carbon dioxide, and salt content and on formation of
protective layers. Both rolled and wrought bronzes, with and without additions of lead or zinc, may
be used. Bronzes are very corrosion resistant to steam, but under more severely corrosive conditions



and high steaming rates, corrosion rates as high as 0.8 mm/year (200 mdd) can occur. Bronzes are
seldom used above 26O0C (5030F) and 100-atm pressure.

In seawater, the corrosion rate of bronzes varies from 0.013 to 0.034 mm/year (3 to 8 mdd)
according to local conditions. In shipbuilding, bronzes with >5% tin and with additions of lead and
zinc are used. These include the well-known Admiralty bronze or Admiralty gun-metal, 88 Cu-IO
Sn-2 Zn, and naval bronze, 88 Cu-8 Sn-4 Zn. In certain conditions, the corrosion rate of lead-tin
bronzes with tin contents > 10% increases to 0.09 mm/year (22 mdd).

2.3. Aluminum Bronzes Aluminum bronzes usually contain not more than 9-10% aluminum
and sometimes small additions of manganese and nickel as well. In seawater, they are more
corrosion resistant than other copper alloys, with corrosion rate only 10% of that of bronze and 3%
of that of brass. The rate of corrosion on an 8.0% aluminum alloy is 0.001-0.003 mm/year (0.3-
0.8 mdd) at 3O0C (890F), and 0.01 mm/year (2.3 mdd) at 6O0C (1430F). More complex alloys
containing up to 11.5% aluminum, 5.5% nickel, 5.0% iron, and 3.5% manganese are casting alloys
used in the manufacture of ships' screws. These alloys are able to withstand the severe demands of
service in Arctic waters better than manganese brasses and are much more stable toward erosion
and cavitation. Alloys C61300 and C63200 are used in cooling tower hardware in which the make
up water is sewage effluent. Aluminum bronzes resist oxidation and impingement corrosion
because of the aluminum in the surface film.

2.4. Silicon Bronzes Silicon bronzes contain up to 4.5% silicon and sometimes a number of other
additions. The 3.0% Si bronzes are stable in natural waters, including seawater, and are very
suitable for hot-water equipment and for screws used in marine fittings. Corrosion rates for silicon
bronzes are similar to those for copper.

2.5. Copper-Nickel Alloys Alloys based on copper and containing from 5 to 40% nickel have
good mechanical properties at moderately elevated temperatures and excellent resistance to
corrosion in many environments and in particular in contact with brackish water and seawater
[222-225]. They are more stable than the brasses in flowing water, less susceptible to SCC, and are
widely used in shipbuilding for installations involving heat exchange. In this group of alloys, most
attention has been directed to 70 Cu-30 Ni and 90 Cu-IO Ni and the improvement in corrosion
resistance under flow conditions obtained by small additions of iron and manganese [226]. In both
alloys, the optimum performance, even at flow rates up to 5 m/s (16ft/s), is obtained with an iron
concentration of 1% (viz., 69 Cu-30 Ni-I Fe, and 89 Cu-IO Ni-I Fe). These alloys are
recommended for brackish waters, seawaters, and waters with total dissolved solids >2000ppm
(i.e., 0.2%). They have an advantage in that they do not require cathodic protection as is provided
for aluminum brass tubes, 76 Cu-22 Zn-2 Al, by iron anodes bolted to the water boxes or by the
boxes themselves.

A copper-nickel-iron, 69 Cu-30 Ni-Fe, and also alloys of the Monel type (e.g., 30 Cu-66 Ni
with 4% iron and manganese) are used for high-pressure feed-water preheaters. The introduction of
copper ions into the boiler is thereby avoided. In recent years, tubes of 69 Cu-30 Ni-I Fe and 79
Cu-20 Ni-I Fe alloys have been found to exfoliate—thick layers of corrosion product form and
subsequently flake off. Exfoliation is limited to heaters that are operated discontinuously and are
used with feed waters treated with sodium sulfite. Exfoliation may be avoided by using the 89 Cu-IO
Ni-1 Fe alloy, which can also be used for equipment evaporating seawater to provide drinking water
on board ship.

The 90 Cu-IO Ni alloy and the silicon bronzes, with very good mechanical properties and good
weldability, are used in the fabrication of storage tanks for hot fresh water.

The 69 Cu-30 Ni-I Fe alloy is used for dealing with condensate and feed water and has a
corrosion rate of < 0.08 mm/year (19 mdd). At 7O0C (1610F) under air containing carbon dioxide,
the corrosion rate is higher, 0.25-0.47 mm/year (64-106 mdd) at 16-atm pressure. This alloy and
the corresponding one containing small amounts of manganese are resistant to cavitation.



3. Microbial Corrosion

Copper and copper alloys in general use, with few exceptions, are susceptible to some form of
microbial corrosion that usually arises from the activity of a wide range of microorganisms and their
metabolic products. In addition, the microorganisms are ubiquitous and are able to colonize surfaces
and, by genetic mutation, acquire the ability to adapt to environmental changes. They constitute a
dynamic system that is able to change with time.

The other important feature associated with colonization of copper surfaces is the sub-
sequent formation of biofilms. Adherence of these is brought about by the release of extra-
cellular polymers. Biofilms up to lOOum thick are not unusual and in nearly all cases contain
trapped bacteria. Such films encourage the growth of these bacteria, resulting in the formation of
complex biological systems comprising active bacteria, their metabolites, and the chemical changes
generated by the system. Because of this complexity, there are numerous microbial corrosion
processes and mechanisms, although it must be emphasized that these do not involve any new
corrosion process.

Bacterial colonization under aerated conditions usually results in the formation of differential
aeration and concentration cells due to the uptake of oxygen by the microbial colony. The oxygen
concentration under these colonies becomes depleted and localized pitting corrosion can take place.
In some cases, particularly when the iron-oxidizing bacteria are involved, corrosion tubercles
develop. Such organisms also facilitate the accumulation of chlorides, resulting deposition of ferric
and manganese chlorides.

Tuberculation, like slime films, provides a suitable habitat for the sulfate-reducing bacteria
(SRB), which can stimulate corrosion by a number of mechanisms, but, under these conditions, it is
likely by the releasing of sulfide ions.

Because copper and copper alloys rely on the presence of a stable oxide film for their corrosion
resistance, they are susceptible to corrosion should the film be damaged or the oxygen shielded from
the metal by the biofilm.

Under certain circumstances, corrosion can be stimulated by the chemistry within the biofilm and
the extracellular polymers that are generated. Chelation of copper ions contributes to the formation
of galvanic cells. The mechanism of corrosion may be controlled by the potential difference created
between cuprous and cupric ions in the biofilm.

In addition to anodic metabolites, some bacteria are able to generate other substances, such as
carbon dioxide and ammonia, the latter being a cause of SCC of copper and its alloys.

All these environments are of concern, but none perhaps is as important as those in which SRB
are active. These prolific organisms cause considerable corrosion damage and pollution of the
environment. The mechanism of corrosion involving these bacteria is complex and not completely
understood. Nevertheless, it is important to emphasize that at present five hypotheses exist to explain
the involvement of SRB in the corrosion process. These include (1) the depolarization of the cathode
and utilization of molecular hydrogen, (2) corrosion by sulfide ions, (3) galvanic corrosion due to the
formation of iron sulfide films, (4) corrosion due to the formation of elemental sulfur, and (5) the
production of a corrosive volatile phosphorus compound. Irrespective of these mechanisms, most
copper alloys are susceptible to SRB activity.

The rate of corrosion that can arise from SRB activity can be very high particularly when it is
controlled by the action of sulfur and its compounds.

Digenite (Cu5S9), chalcocite (Cu2S), and covellite (CuS) have been produced by SRB on copper
surfaces [227, 228]. Macdonald et al. [228] reported the formation of djurleite (CuL96S) from SRB
activity on copper alloys. Chalcocite is the most characteristic corrosion product in SRB-induced
corrosion of copper. Baas-Becking and Moore [227] reported that chalcocite cannot be formed
abiotically at room temperature and that microbiological formation of chalcocite is a product of
digenite, the first species formed during SRB-induced corrosion of copper alloys. Djurleite is
important in SRB-induced corrosion of copper alloys because it forms a protective sulfide film [229]
and is difficult to synthesize abiotically at room temperature [23O].



McNeil and Little [231] analyzed sulfide mineral deposits on copper alloys colonized by SRB, in
order to identify specific mineralogies that could be used to fingerprint SRB activity. The copper
sulfide mineral found in all combinations of copper-containing substrata and cultures was chalcocite.
The authors concluded that the presence of chalcocite was an indicator of SRB-induced corrosion of
copper. The compound was not observed in sterile controls and its presence in near-surface
environments could not be explained thermodynamically.

A range of well-defined types of pitting corrosion of copper were reviewed by Mattsson [40] but
none of these was considered to be associated with microbial activity. Since then, two new forms of
pitting have been reported that have microbial origins. One of these, termed "pepper-pot pitting"
occurred in large institutional buildings in southwestern Scotland, UK [232] whereas the other,
frequently termed Type I^ pitting, has been observed in tubes from Saudi Arabia, Germany, and
England [233].

Examination of affected copper tubes from buildings in Glasgow showed that there was some
superficial corrosion due to deposit attack (differential aeration), but that perforation was at sites
containing pepper-pot pits. In cross-section the pits had a conical gray cap, often hollow, of corrosion
products consisting mainly of copper sulfate and cupric oxide. Removing this cap revealed the
pepper-pot cluster of pits.

Pit morphology (i.e., number, size, and shape of pits) varied slightly within a group. In some, but
not all, cases, sulfides could be positively detected. The pits were located in a membrane of cuprous
oxide or copper and beneath that were crystals of cuprous oxide extending from the perforations
outward in a hemispherical fashion. Further examination of these tube bores has shown that a biofilm
can always be lifted from the surface and stained using the periodic acid-Schiff stain [234], showing
the presence of polysaccharides (byproducts of bacteria), which form in copious quantities when
biofilms develop. This type of pitting resembles the classical Type 3 of pitting [4O].

The other new type of pitting occurs in cold, warm, and hot water systems and exhibits features of
both Type 1 and Type 2 pitting (Fig. 6) [235]. It resembles Type 1 pitting in that the pits are
hemispherical and contain soft crystalline cuprous oxide with varying amounts of cuprous chloride
under a cuprous oxide membrane. It resembles, Type 2 pitting in that the oxide on the surface
between the pits is largely cupric. The mounds above the pits are principally basic copper sulfate,
often with a deposit of powdery cupric oxide around the periphery and on parts of the deposit itself.

An interdisciplinary approach for studying Type I^ pitting of copper in potable water systems is
reported by Chamberlain et al. [236]. Their electrochemical results are explained on the basis of
diffusion processes and multiple Donnan equilibria under the assumption of ion selectivities of
mainly anionic exopolymers [237]. Optimizing the alkalinity of potable water and using different
tempers and surface conditions are the most promising and economically feasible methods to control
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FIGURE 6. Unusual type of pitting corrosion. (Reproduced with permission from Wiley-VCH [235].)



Type \\ pitting. Bicarbonate dosing, already used to control several corrosion problems, is beneficial
only within a certain optimum concentration range of bicarbonate, as indicated by practical
experience and results from limited laboratory experiments. It is also well known (DIN 50930, part
5) [238] that in cold water pitting corrosion damage is enhanced in hard water with high alkalinity,
and also at elevated temperature (>40°C) (> 1070F) in soft water with low alkalinity. Any measure
to improve the performance of different tempers and surface conditions of copper in contact with
potable water must not have an adverse effect on tubes already installed and covered by protective
layers [238].

In addition to those cases described above, there have been other reports of pitting corrosion in
copper and copper alloys exposed to potable water and other industrial water systems; references
[35, 107, 239-241] give further information.

4. Biofouling

Slime algae, sea mosses, sea anemones, barnacles, oysters, and mussels attach themselves to
marine structures, such as pilings and offshore platforms, boat hulls and even the insides of pipes
and condensers. This phenomenon, called marine biofouling, is common in open waters and
estuaries. Either mechanical removal or prevention (e.g., by renewable antifouling coatings) is
often required.

Marine organisms adhere to some metals and alloys more readily than they do to others. Copper-
based alloys have very good resistance to biofouling, and this property can be used to good
advantage. Copper-nickel is used to minimize biofouling on intake screens, seawater pipework,
water boxes, mesh cages in fish farming, marine craft, and offshore structures. A prime example of
this was demonstrated in 1987 when two early solid copper-nickel hulled vessels, the Asperida II
and Copper Mariner, were inspected after 21 and 16 years, respectively, of service. Neither vessel
had required hull cleaning or suffered significant hull corrosion during that time. Alternative
antifouling methods for hulls would have required recoating after ~ 30 months for copper-based
paints or 5 years for organotin copolymer coatings.

In the short term, coatings are the less expensive alternative, but based on lifecycle costing, the
copper-nickel hull is more cost effective. Cost studies to date have estimated the payback time to be
4-7 years for commercial vessels. With the current environmental concerns and restricted use of
tributyltin copolymer paints, the use of copper-nickel to control corrosion and biofouling of ship
hulls should be considered. It is also timely to review products incorporating copper-nickel that can
be used for protecting marine structures from biofouling.

The 90 Cu-IO Ni alloys were developed from the very successful 70 Cu-30 Ni alloys as a result
of conservation of nickel as a strategic metal during World War II [242]. About 1.5% iron increased
resistance to erosion corrosion, but additions >3.5% increase susceptibility to deposit attack and
biofouling [243].

Copper-nickel alloys have traditionally been used for pipe-work carrying seawater as they
exhibit both corrosion and biofouling resistance, but more recently the 90 Cu-IO Ni alloys have
been used in marine construction, such as intake screens for seawater-cooled power plants, fish-
rearing cages, sheathing for oil and gas platforms, and boats [244]. A number of small boats have
been constructed from copper-nickel alloys since the 1940s and have performed well, although at
rather low speeds. Trials with a ship travelling at higher velocities are encouraging, especially as the
hull material is self-smoothing [244]. Average corrosion rates reported are about 0.02 mm/year. (0.8
mpy, 5 mdd). Although 90 Cu-IO Ni alloys have very good corrosion resistance, at least at flow
velocities below 4 m/s, they do corrode slightly. This slow release of copper is responsible for
antifouling properties, and if it is halted by a cathodic protection system or galvanic coupling to a less
noble metal, then biofouling will occur.

Antifouling properties of 90 Cu-IO Ni depend on the environmental conditions at the exposure
site. Deployment in open water with moderate to considerable wave action is likely to result in an
essentially clean surface, but exposure in low water-velocity harbors and basins may result in the



intermittent development of thick, complex fouling communities. Although macrofouling is often
absent, microfouling usually occurs and is not restricted to prokaryotes, but can include unicellular
algae, protozoa, and other eukaryotes.

The occurrence of microbial communities on copper alloys has been discussed in detail [222,
242, 245-249]. Efird [250] recorded that "heavy sliming" was present after 12 months exposure in
the sea for a range of copper alloys. The development of microbially dominated biofilms on copper-
nickel alloys has not really been appreciated by many engineers and corrosion scientists, largely
because thin biological films are inconsequential when calculating, for instance, the increased drag
and wave loading due to macrofouling or perhaps the increase in weight due to shell-bearing
animals. Moreover, it is generally believed that copper ions are lethal to the majority of organisms.
Early investigations described microbially influenced corrosion (MIC) of copper alloys [251, 252].
Bacteria isolated on 70 Cu-30 Ni showed considerable copper tolerance, up to 2000 ppm copper
[252]. These tests were carried out in suspension culture, and it is now well established that
microorganisms residing within a mucilaginous biofilm may show much higher levels of tolerance to
toxic compounds, antibiotics etc. This research showed that MIC occurs on copper-nickel condenser
tubes. Mechanisms proposed for MIC of copper-nickel included formation of corrosive metabolic
products (e.g., ammonia, organic and inorganic acids, and hydrogen sulfide) that cause cathodic
depolarization or catalysis of other corrosion reactions, and anaerobic sulfide production [252].

The effects of sulfide to cause corrosion can be seen long after the source of sulfide has
disappeared. Doping a passivating cuprous oxide corrosion product layer by sulfide may lead to very
high rates of corrosion once the material is exposed to aerated conditions [253, 254].

5. Condensers and Heat Exchangers

Apart from the wide range of waters that must be used for cooling and the consequent variability in
corrosion characteristics, some of the most corrosive conditions are encountered in power stations
and ships that draw their cooling water from estuaries and harbors. These waters are polluted to
varying extents depending on location and the time of year. Thus water drawn from an area near the
outfall of a sewerage works will be heavily polluted and will cause localized corrosion of condenser
tubes.

Corrosion initiated by polluted water, which is sometimes intergranular, may often continue even
after changing to a clean water. The concentration of pollutants (e.g., hydrogen sulfide, which arises
from the decomposition of organic matter), is likely to be greatest in late summer. Oxygen is
consumed by organic matter, and SRB become active.

Hydrogen sulfide is probably the most powerful pollutant of waters and can cause rapid
perforation of materials (e.g., brass). Another important pollutant, cystine, is produced by the
breakdown of organic material, such as seaweed, and is present in both offshore and in-shore waters,
the concentration being particularly large in harbors and estuaries. Cystine is a very efficient cathodic
depolariser and can produce intense attack even in the absence of oxygen. If cystine is present in
sufficient concentration, however, a protective film forms on copper alloys consisting of a copper-
cystine complex. This film may break down or blister if it becomes too thick (e.g. under
impingement) and results in the highly corrosive situation of a small anode and large cathode.

In the construction of condensers and heat exchangers, the metals and alloys used are copper,
brasses, bronzes, and cupronickel alloys [255]. Among these alloys C44300, C44400, C44500,
C68700, C61300, C63200, C63000, C95400, C95500, C95800, C70600, C71500, and C12000
provide satisfactory and economical performance for condenser and heat exchanger tubing. The
corrosion resistance of these latter materials depends both on the inherent nobility conferred on
them by copper and nickel and protection by the layer or film of corrosion product. The properties of
this corrosion product, its continuity, adhesion to the metal surface and its ability to form, to be
maintained, and to survive the action of erosive forces of high velocity seawater, determine the alloy
chosen for a given use. The effects of velocity are complicated by the presence in water of entrained
air bubbles and abrasive materials such as sand, which can cause erosion and impingement attack



leading to film breakdown and accelerated corrosion. The incidence of impingement attack on
copper-alloy tubes is reduced when entrained air is removed from the cooling water. In other cases,
dissolved and entrained air in the water may help to form and maintain protective films on the more
resistant materials.

Iron corrosion products also help certain alloys to form protective films. In one case, introduction of
ferrous sulfate into the cooling water at a power station reduced the attack on aluminum brass [256].

Pure deoxidized copper is limited to applications where purity of metal is essential. It has good
resistance to practically all types of fresh water, but it is not serviceable in salt water and waters
polluted with sulfur compounds. (Above ~ 20O0C (3950F) there is a significant loss of strength.)
Impingement attack occurs when the velocity of the water is high and no protective scale forms (e.g.,
in soft water high in free carbon dioxide). Where this type of attack is expected, reinforcement or
protection are necessary or a different material should be selected. Arsenical copper containing
0.15-0.5% arsenic has a higher strength and fatigue limit but retains ductility. Its main use is in
condensers and heat exchangers for use in fresh water. It is not recommended for waters containing
hydrogen sulfide and other sulfur compounds, acid mine water, and salt or brackish waters.

Copper is relatively sensitive to metal ion concentration cells, and so the velocity of liquid across
the surface is an important factor in controlling the corrosion rate. The resistance of copper to
corrosion by rapidly flowing seawater is unsatisfactory, and it is not suitable for condenser tubes in
ocean-going ships or in power stations using tidal waters.

The use of Muntz metal, 60 Cu-40 Zn, is mainly confined to steam condensers operating at low
temperatures and using fresh waters from rivers, lakes, and wells. However, it has good resistance to
hydrogen sulfide and other sulfur compounds and, with additions of lead, is commonly used in heat-
exchangers cooled with seawater.

Red brass is also serviceable in heat exchangers using fresh waters and is not susceptible to either
SCC or dezincification, but is likely to be severely corroded in the presence of sulfur compounds.

The addition to brass of small amounts of alloying elements is beneficial. Naval brass, 60 Cu-39
Zn-I Sn, and Admiralty brass, 70 Cu-29 Zn-I Sn, are used to resist seawater in exchangers if
the flow rate is <1 m/s (3 ft/s). The addition of ~0.04% arsenic to Admiralty brass inhibits
dezincification, but the alloy is still susceptible to impingement. Nevertheless, with additions of
arsenic, antimony, or phosphorous, Admiralty brass is suitable for brackish or salt water at flow
velocities up to 1.5 to 1.8 m/s (5 to 6 ft/s). Under more severe conditions aluminum brass, aluminum
bronze, or cupronickels are used [257].

The addition of aluminum in aluminum brass, 76 Cu-22 Zn-2 Al, helps to form protective layers
resistant to mechanical destruction (e.g. abrasion) and such brasses have a high resistance to
corrosion-erosion. Aluminum brass with arsenic may be used in clean or polluted brackish and salt
water up to 2.1 or 2.5 m/s (7 or 8 ft/s).

Aluminum bronze, 95 Cu-5 Al, is used at similar velocities in polluted seawater.
Tin bronze is often recommended although its behavior is not always acceptable. It withstands

fairly well scouring by abrasives (e.g. sand).
Copper-nickel tubes behave better than aluminum brass in polluted water. The addition of iron to

cupronickel helps to form more protective films responsible for excellent performance in seawater.
Resistance is highest with the higher nickel and iron contents. In clean and polluted seawater, 90
Cu-10 Ni may be used at flow velocities up to 2.5 to 3 m/s (8 to 10 ft/s), but this alloy is not resistant
to waters with a high sulfide content. Where long service life under severe conditions is required, the
30% nickel alloy should be used, and has a velocity limit of 3 to 3.5 m/s (10 to 12 ft/s).

In clean seawater moving at 3.5 m/s (11.7 ft/s), the rating of the copper alloys in order of
decreasing tendency to impingement is Admiralty brass, aluminum bronze, phosphor bronze with
8% tin, followed by the cupronickels. The maximum flow rate of seawater in heat exchange
apparatus to avoid corrosion-erosion of various copper alloys is copper, 1 m/s (3.0 ft/s); Admiralty
brass, 2 m/s (6.0 ft/s); aluminum brass, 2.5 m/s (8.0 ft/s), and cupronickel, 8 m/s (26.0 ft/s).

Nickel-bearing aluminum bronzes with additions of iron and manganese are used for ship screws
and are many times more stable toward erosion and cavitation than manganese brasses.



Corrosion in condensers and return lines often occurs because of oxygen and carbon dioxide in
the condensed water. Although the feed water to the boiler may be deoxygenated, there may be
leakage of oxygen into the circuit external to the boiler. Either the leakage should be eliminated
or more resistant alloys should be used [258, 259]. Alternatively, sodium sulfite may be added to
the condensate, but a preferable treatment is to raise the pH by adding volatile or film-forming
amines.

The addition of sodium silicate, polyphosphates, or oils to condensate have had only partial
success. Sodium silicate decreases the corrosive action of acid condensate by forming a protective
film of silica on the metal surface or by neutralization of the carbon dioxide by the alkali or both.
Addition of oil in inadequate amounts may actually increase the corrosion rate instead of decreasing
it. Polyphosphate treatment of return lines requires a long time (weeks) to build up an impermeable
protective film on the metal surface. To prevent dissolution of the film the dosage of polyphosphate
must be maintained.

In the past, it was common practice to use Admiralty-brass condenser tubes and ferrules in naval
brass end-plates with ferrous water boxes. The copper alloys were cathodically protected by the
iron or steel that underwent enhanced attack, necessitating a corresponding increase in thickness.
Alternatively, zinc protectors could be used to protect both the ferrous and copper alloys. This
protection also extended into the condenser tubes for a distance of ~ 2.5 diameters and reduced
impingement attack that was most severe there.

If the water boxes are coated or replaced by reinforced plastics, and if the doors are made of
gunmetal, steps must be taken to restrict the attack on the end plates and the tube ends. It was at one
time standard practice to use iron protector slabs, which acted as sacrificial anodes, and, in addition,
iron corrosion products helped to form a protective film on the condenser tubes.

The replacement of Admiralty brass by aluminum brass and cupronickels has eliminated most of
the corrosion problems. Those that do occasionally occur are caused by the accumulation of debris
that causes local turbulence, impingement, and deposit attack [26O]. Where cast iron or steel doors
are used, corrosion has been prevented by using magnesium anodes or impressed current. In coastal
power stations, cathodic protection has also been employed for water boxes of condensers that use
seawater for cooling. Titanium anodes with automatic current control are particularly suitable for
this application. Other remedial and preventative measures for maintaining condenser and heat
exchanger integrity have been reported elsewhere [261].

F. CORROSION IN GASES

Copper and its alloys are attacked by hot oxygen, sulfur vapor, sulfur dioxide, hydrogen sulfide,
phosphorus, halides, and some acid vapors; they are generally inert toward hot nitrogen, hydrogen,
carbon monoxide, carbon dioxide, and reducing gases except so far as cyclic exposure to these may
accelerate oxidation. Oxygen-bearing copper is embrittled by hydrogen, dissociated water vapor, and
dissociated ammonia (hydrogen disease). Copper alloys annealed without precleaning may develop
"red stain."

1. Oxidation of Copper

When heated in air, copper develops a Cu2O film (ruby red) covered by a very thin outer layer
of CuO (black), which is formed as the film thickness increases [262, 263]. These copper oxides
possess semiconducting properties or, in other words, are characterized by mixed ionic/electronic
conductivity, an electrical property that can vary in magnitude and in nature depending on the oxide
composition. The Cu2O is a p-type semiconductor, whereas CuO is an intrinsic semiconductor with
negligible ionic conductivity [264-267]. The electronic properties of the copper oxides and the
variable valency of copper can explain the mechanism of oxide film growth [268] and the severe
corrosion attack that can occur.



Around 15O0C (3050F), copper has been found to oxidize according to the inverse logarithmic
[269, 270] and direct logarithmic [269, 271, 272] relationships, but in the wrong temperature
sequence to be accounted for by the Mott-Hauffe-Ilschner mechanism [273, 274].

Between 200 and 100O0C (395 and 18350F), the oxidation of copper is parabolic. For oxidation
in air, Valensi [275] derived and others [262, 276-278] confirmed the following equations for the
temperature dependence of the parabolic rate constants:

300-550°C(575-1025°F) : kp = 1.5 x 10~5exp(-20,14Q/RT) g2/cm4.

550-900°C(1025-1655°F) : kp = 0.266exp(-37,700//?r)g2/cm4.

The parabolic plots do not always give straight lines. In particular, the cubic law applies at
intermediate temperatures [269,279] for which the Cabrera-Mott mechanism would account [28O].

The effect of moisture in the air is small [277] with a tendency to reduce the oxidation rate
slightly [277].

2. Oxidation of Copper Alloys

iyiecote [262] reviewed the publications prior to 1950 on the effects of alloying elements on the
oxidation of copper. At temperatures above ~200°C (13950F), aluminum, beryllium, and
magnesium increase the oxidation resistance of copper considerably [279, 281-283]. At 2560C
(4960F), for instance, copper containing 2% Be oxidized ~ 14 times slower than the pure metal
because a very thin, highly protective film rich in BeO forms on the alloy surface [281, 284-287].

The formation of a protective film directly attached to the alloy surface is also assumed to control
the oxidation of alloys containing aluminum, but the formation of the protective films depends
largely on experimental conditions, such as temperature [288, 289]. Under favorable conditions the
oxidation rate of copper can be reduced almost to nil by aluminum, the maximum resistance being
obtained at 8% Al [283]. The oxidation resistance of 70/30 brass is also greatly increased by
aluminum additions [29O].

The beneficial effect of magnesium on the oxidation resistance of copper results from
preferencial oxidation [281]. Additions of magnesium also increase the resistance of copper to sulfur
dioxide and hydrogen sulfide attack at various temperatures [291].

On binary copper alloys, two distinct oxide layers form, the outer layer consisting essentially of
copper oxides, the inner layer containing large proportions of the alloying element [281]. This
behavior was clearly recognized with alloys containing Ca, Cr, Li, Mn, Si, or Ti; all these alloys
oxidize at approximately the same rate as or a little slower than copper.

Oxidation of alloys containing Mn, Ni, Si, Sn, Ti, or Zn resulted in the formation of subscales rich
in copper and containing inclusions of the solute oxides that affected the mechanical properties
[281]. Similar observations have been reported for Cu-Co-Si [292], Cu-Co [293], Cu-Bi, and
Cu-As [294].

Tin bronzes with more than ~ 6% Sn oxidize less rapidly than copper. The beneficial effect of tin
is independent of concentration above ~ 15% Sn [295]. The beneficial effect of tin is partly offset if
some phosphorus is also present [281, 282].

The oxidation resistance of copper-nickel alloys with up to 30% Ni is about the same as that of
copper, but increases at higher nickel concentrations [296].

Additions of 7.75% iron, 8% cobalt, 1-30% nickel, 2.4% antimony, and other elements have
virtually no effect on the oxidation rate of copper [281]; the concentrations of these elements in the
scale and the alloy are almost equal [281, 292] only antimony accumulating slightly in the scale.

Precious metals have little effect on the oxidation resistance of copper and are not contained in
the scale other than in the metallic form. Early systems investigated have been those with silver [282,
297, 298], gold [298-300], silver and gold [298] platinum [299, 301], palladium [298-301], gold
and palladium, and silver and palladium [298].



Tellurium and selenium were found [302] to increase the parabolic rates of oxidation of copper in
air and oxygen at 600 to 100O0C (1115-18350F) with the exception of some temperatures between
750° (13850F) and 92O0C (16560F).

Investigations of multicomponent systems have shown that Everdur, for instance (copper
containing 3% Si and 1% Mn), has a very low oxidation rate [279,282] in moist air. Further
references to work on multicomponent systems based on copper are found in the review by
Tylecote [262].

Reducing or completely neutral atmospheres prevent oxidation, but atmospheres containing
hydrogen, water vapor, or ammonia should not be used with copper containing oxygen except in very
short heat treatments at relatively low temperatures [4250C (80O0F) maximum].

It is possible to form a subscale upon a dilute alloy in an atmosphere that is non-tarnishing for
pure copper. The subscale may interfere with buffing and may also lead to the appearance of surface
cracks during subsequent working operations. Either strongly oxidizing or fully reducing atmo-
spheres are to be preferred in such cases.

3. Corrosion by Gases other than Oxygen

Copper is not attacked appreciably by water vapor at temperatures approaching the melting point
[303]. The oxidation rate of copper in oxygen at 80O0C (14750F) is independent of water vapor
content up to 3.9% [304] although slightly reduced oxidation rate has also been reported [279] for
moist compared with dry air. Numerous copper alloys have likewise shown little difference in
oxidation rate when investigated at 40O0C (7550F) in dry air and in air containing 10% water vapor;
there is generally a slightly decreased attack in moist air, but 2% tin bronze has given the reverse
effect [282].

Carbon dioxide and carbon monoxide in dry forms are inert to copper and its alloys. Because
some alloy steels are attacked by CO, the high-pressure equipment used to handle this gas is often
lined with copper or copper alloys.

Gases containing SO2 and/or H2S attack copper in a manner similar to oxygen, leading to the
formation of sulfide layers such as Cu2S or CuS [305-309].

In general, dry gases form very thin corrosion layers, but, in the presence of moisture mixtures of
oxide and sulfide scales (e.g., Cu2O + Cu2S) are formed leading to high rates of corrosion, as
happens for CIlOOO and C23000 copper alloys under hot, wet H2S vapors.

Dry fluorine, chlorine, bromine, and their hydrogen compounds are not corrosive to copper and
its alloys, but these halogen gases are aggressive when moisture is present. Copper and its alloys are
also not susceptible to attack by hydrogen unless they contain copper oxide. Hydrogen diffusing
inward forms H2O according to the reaction:

Cu2O + H2 <£> 2 Cu+ H2O

and ruptures the metal (hydrogen disease) [31O]. Cast tough-pitch copper (containing free Cu2O) is
most sensitive to hydrogen embrittlement. Oxygen-free coppers are used where heating is necessary
in the presence of hydrogen, but can become slightly sensitive to hydrogen embrittlement should
they be heated in an oxidizing atmosphere.

Additional information on the corrosion of copper and its alloys in gases, and methods of
prevention and mitigation are presented in references [311-314].

In addition to the forms of corrosion and the environments discussed in this chapter, copper and
copper alloys are susceptible to other forms of corrosion, and are widely employed in other
environments, namely acid solutions, alkaline solutions, nearly neutral salt solutions, organic
compounds, and so on. Additional information on copper and its alloys and on technologies to
control corrosion is available in the literature, including the extensive list of references for this
chapter.
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