
2.3 Natural Waters

Introduction

Metals immersed or partly immersed in water tend to corrode because of
their thermodynamic instability. Natural waters contain dissolved solids and
gases and sometimes colloidal or suspended matter; all these may affect the
corrosive properties of the water in relation to the metals with which it is in
contact. The effect may be either one of stimulation or one of suppression,
and it may affect either the cathodic or the anodic reaction; more rarely there
may be a general blanketing effect. Some metals form a natural protective
film in water and the corrosiveness of the water to these metals depends on
whether or not the dissolved materials it contains assist in the maintenance
of a self-healing film.

The metals most commonly used for water systems are iron and steel.
These metals often have some sort of applied protective coating; galvanised
steel, for example, relies on a thin layer of zinc, which is anodic to the steel
except at high temperatures. Many systems, however, contain a wide variety
of other metals and the effect of various water constituents on these must be
considered. The more usual are copper, brasses, bronzes, lead, aluminium,
stainless steel and solder.

The passage of a natural water through a pipe may modify the composi-
tion of the water and hence its corrosive properties. Consumption of consti-
tuents which in the circumstances may be corrosion inducing—e.g. oxygen
or carbon dioxide, may reduce the water's corrosive properties. Dissolution
of a metal into water may, on the other hand, make it more corrosive. An
example of this is the attack of some waters on copper and the subsequent
increased pitting corrosion of less noble metals such as iron, galvanised
steel and aluminium. It has been suggested that this enhanced pitting is
caused by the redeposition of minute quantities of copper on the less noble
metal thus setting up numerous bimetallic corrosion cells1.

Failure of the metal can be the most important effect of a corrosive water,
but other effects may arise from small concentrations of metallic ion pro-
duced by corrosion. A natural water passed through a lead pipe may contain
a toxic concentration of that metal; with copper there is a greater tolerance
from the toxicity point of view but staining of fabrics and sanitary fittings
may be objectionable. With iron, similarly, discoloration of the water may
be unpleasant and may cause damage to materials being processed.



Constituents or Impurities of Water

The concentrations of various substances in water in dissolved, colloidal
or suspended form are relatively low but vary considerably; for example,
a hardness of 300-400p.p.m. (as CaCO3) is sometimes tolerated in public
supplies, whereas dissolved iron to the extent of 1 mg/litre would be
unacceptable.

In treated water for high-pressure boilers or where radiation effects are
important, as in some nuclear projects, impurities are measured in very small
units (e.g. /ig/litre or p.p. 109), but for most purposes it is convenient to
express results in mg/litre. In water analysis, determinations (except occa-
sionally for dissolved gases) are made on a weight/volume basis but some
analysts still express results in terms of parts per million (p.p.m.). The
difference between mg/litre and p.p.m. is small and for practical purposes
the two units are interchangeable. For some calculations, the use of milli-
equivalents per litre or equivalents per million (e.p.m.) has advantages but
has not found much application. Hardness, whatever the constituent salts,
is usually expressed as p.p.m. CaCO3 (see Table 2.10).

Table 2.10 Units of measurement and of hardness

Units of Measurement—Conversion Factors
Milligrams per litre (mg/£) = parts per million (p.p.m.)
Part per 100000 = 10 mg/litre
Grains per Imperial gallon = 14-25 mg/litre.
Grains per US gallon = 1 7 - 1 mg/litre.

Hardness Units
Parts per million (mg/f) as CaCO3.
Degree French = parts per 100000 as CaCO3 (= 10 mg/litre CaCO3).
Degree Clark, English or British = grains per Imperial gallon or p.p. 70000 as CaCO3

(=14-25 mg/litre CaCO3).
Degree German = parts per 100000 as CaCO (= 17-8 mg/litre CaCO3).

Water analysis for drinking-water supplies is concerned mainly with pollu-
tion and bacteriological tests. For industrial supplies a mineral analysis is of
more interest. Table 2.11 includes a typical selection and gives some indica-
tion of the wide range that can be found.

The important constituents can be classified as follows:

1. Dissolved gases (oxygen, nitrogen, carbon dioxide, ammonia, sul-
phurous gases).

2. Mineral constituents, including hardness salts, sodium salts (chloride,
sulphate, nitrate, bicarbonate, etc.), salts of heavy metals, and silica.

3. Organic matter, including that of both animal and vegetable origin,
oil, trade waste (including agricultural) constituents and synthetic
detergents.

4. Microbiological forms, including various types of algae and slime-
forming bacteria.



Dissolved Gases

Of the dissolved gases occurring in water, oxygen occupies a special position
as it stimulates the corrosion reaction. Carbon dioxide is scarcely less impor-
tant; this constituent must, however, be considered in relation to other con-
stituents, especially calcium hardness.

Nitrogen is present with oxygen although the ratio is not the same as in
air. It has little importance in connection with corrosion, but can be a
nuisance if changes in physical conditions bring about its release from
solution.

Other gases which are occasionally present usually arise from pollution.
Ammonia, which in various forms may be present in waste waters, attacks
copper and copper alloys; its presence in estuarine waters is one of the main
causes of condenser-tube corrosion.

Hydrogen sulphide and sulphur dioxide are also usually the result of pollu-
tion; sometimes they are produced by the interaction of two contaminants,
but sometimes bacterial action may be contributory. Both gases may initiate
or accelerate corrosion of most metals.

The significance of small concentrations of these and other impurities in
high-pressure steam-boiler feed water is discussed in Section 17.4.

Oxygen Dissolved oxygen is probably the most significant constituent
affecting corrosion, its importance lying in the fact that it is the most impor-
tant cathodic depolariser in neutral solutions. Other depolarisers also occur,
but as oxygen is an almost universal constituent of natural waters its impor-
tance will readily be understood.

In surface waters, the oxygen concentration approximates to saturation,
but in the presence of green algae supersaturation may occur. Underground
waters are more variable in oxygen content and some waters containing
ferrous bicarbonate are oxygen-free. Contact with air, however, usually gives
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Table 2.11 Typical water analyses (results in mg/litre)



For some applications, notably feed-water treatment for high-pressure
boilers, removal of oxygen is essential. For most industrial purposes,
however, de-aeration is not applicable, since the water used is in continuous
contact with air, from which it would rapidly take up more oxygen. Atten-
tion must therefore be given to creating conditions under which oxygen will
stifle rather than stimulate corrosion.

It has been shown that pure distilled water is least corrosive when fully
aerated and that some inhibitors function better in the presence of oxygen2.
In these cases oxygen acts as a passivator of the anodic areas of the corrosion
cells. These facts do not, however, modify the foregoing statements on the
significance of oxygen in waters as used in practice.

A major difficulty in applying corrosion inhibitors is that the oxygen con-
tent of the water may not be the same at all points. For example, in a thin
layer of water between a flake of scale (or almost any other foreign body)
and the metal on which it is lying the oxygen can be depleted; the difference
in oxygen content between the body of water and the stagnant water will then
set up a corrosion current which is difficult to suppress. Rather similar condi-
tions occur at the water line of a vessel containing water with air above it.
Even if the water is conditioned to prevent corrosion under submerged con-
ditions, the protection may not extend to the water line, especially if the
water has a high dissolved-solids content. Fluctuation in water level extends
the area of localised attack.

Carbon dioxide and calcium carbonate The effect of carbon dioxide is
closely linked with the bicarbonate content. Normal carbonates are rarely
found in natural waters but sodium bicarbonate is found in some under-
ground supplies. Calcium bicarbonate is the most important, but magnesium
bicarbonate may be present in smaller quantities; in general, it may be
regarded as having properties similar to those of the calcium compound
except that on decomposition by heat it deposits magnesium hydroxide
whereas calcium bicarbonate precipitates the carbonate.

Calcium bicarbonate requires excess carbon dioxide in solution to stabilise
it; the necessary concentration depends on the other constituents of the water
and the temperature.

rise to an oxygen concentration similar to the figures in Table 2.12, which
are for distilled water. The solubility is slightly less in the presence of dis-
solved solids, but this effect is not very significant in natural waters contain-
ing less than 1 000 p.p.m. dissolved solids.

Table 2.12 Solubility of oxygen in distilled water

Temperature
(0Q

O
5

10
15
20
25

Oxygen content of air-saturated water

mg/litre

14-16
12-37
10-92
9-76
8-84
8-11

ml/litre

9-90
8-65
7-64
6-83
6-18
5-67



The concentrations of carbon dioxide in water can be classified as follows:

1. The amount required to produce carbonate.
2. The amount required to convert carbonate to bicarbonate.
3. The amount required to keep the calcium bicarbonate in solution.
4. Any excess over that accounted for in types 1, 2 and 3.

With insufficient carbon dioxide of type 3 (and none of type 4) the water
will be supersaturated with calcium carbonate and a slight increase in pH
(at the local cathodes) will tend to cause its precipitation. If the deposit
is continuous and adherent the metal surface may become isolated from
the water and hence protected from corrosion. If type 4 carbon dioxide
is present there can be no deposition of calcium carbonate and old deposits
will be dissolved; there cannot therefore be any protection by calcium
carbonate scale.

The mathematical relationship between carbon dioxide, calcium bicar-
bonate and calcium carbonate has been studied by several workers, including
Langelier3'4. The simpler form of his equation is

pH5 = pCa -I- pAIk + (pK2 — pKs) at constant temperature

where pH5 = saturation pH value,
pCa = negative logarithm of the calcium concentration expressed as

p.p.m. CaCO3,
pAlk = negative logarithm of the alkalinity to methyl orange expressed

in p.p.m. of equivalent CaCO3,

[ [H+I [CO2"!!
TTT^ i and
[HCO3 J J

pKs = solubility product of CaCO3.

This simple formula does not apply to pH values over 9-0, and high
salinities affect its accuracy. The term (pK2 — pK5) is a function of tempera-
ture and ionic strength (dissolved solids). In an analysis of a given water at
a constant temperature much useful information can be obtained from the
equation.

The saturation index of a water (S.I.) is defined as:

S.I. = pH - pH5

where pH is the actual pH of the water. If the saturation index is positive
the water will be supersaturated with calcium carbonate whereas if it is
negative the water will be aggressive to calcium carbonate. Graphical forms
of the expression are of most practical value and that devised by Powell,
Bacon and LiIl5 is shown in Fig. 2.15. These authors have also developed
the method so that it can be applied to provide a water which has a constant
saturation index over a fair temperature range; this is mainly of interest to
operators of industrial cooling systems6. The corresponding formula for
the magnesium hydroxide equilibrium is:

PH5(Mg) = i (pMg - pK,(Mg)) + pK,

is incorporated in the Langelier diagram4.



PARTS PER MILLION

Fig. 2.15 Langelier saturation index chart (after the American Chemical Society).

A distinction must be made between a thick layer of deposit —whether of
calcium carbonate or of other material—and a protective layer. The ideal
protection in fact consists of layers of negligible thickness which do not
impede water or heat flow and which are self-healing. This is difficult to
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achieve with natural waters. A water which is exactly in equilibrium in
respect of calcium carbonate is normally corrosive to steel (unless it contains
natural inhibitors of other types) because it has no power to form a calcium
carbonate deposit. Supersaturated waters on the other hand, unless suitably
treated, will form a substantial scale, but whether this inhibits corrosion or
not depends on adherence to the metal and porosity. The degree of protec-
tion afforded by calcium carbonate has been studied by McCauley7.

The carbon dioxide content (i.e. of types 3 and 4) can be ascertained from
the pH of the water and its alkalinity by a formula devised by Tillmans8

, falkalinity x 0.203 x 107^
PH = log L f^co^ J

where alkalinity (expressed as CaCO3) and free CO2 are in p.p.m.
The actual figure is, however, of value only in relation to calcium car-

bonate content and for calculation of alkali additions for pH corrections. A
graphical form is included in the Langelier diagram4.

The significance of carbon dioxide in corrosion is also discussed in some
detail by Simmonds9.

Mineral Constituents

Hardness salts The hardness figures for natural supplies are very varied but
most natural supplies in the U.K. fall into well-defined groups. The most
important of these are:

1, Upland waters of low hardness, as supplied to most towns in Scotland,
Wales and the North of England.

2. Hard underground waters, mainly in the East and South of England,
mostly from chalk, sandstone or limestone strata.

A few supplies are intermediate in composition. Many of them are derived
from river sources and vary according to season.

The usual classification of water by hardness (Thresh, Beale and Suckling)
is as follows:

<50p.p.m. CaCO3 soft
50-100 p.p.m. CaCO3 moderately soft

100-150 p.p.m. CaCO3 slightly hard
150-250 p.p.m. CaCO3 moderately hard
250-350 p.p.m. CaCO3 hard

>350p.p.m. CaCO3 very hard.

The corrosive properties of natural waters are governed by many factors
and cannot be related to hardness alone, but the following trends are
apparent:

1. Soft upland waters are aggressive to most metals, their behaviour
depending to some extent on pH values as discussed on p. 2.53. They
are inevitably unsaturated with respect to calcium carbonate and it is
not usually practicable to modify the carbonate equilibrium to make
them non-aggressive.



2. Very hard waters are usually not very aggressive provided that they are
supersaturated with calcium carbonate. Underground waters with a low
pH value and high carbon dioxide content are, however, aggressive
unless corrective treatment is applied.

3. Waters of intermediate hardness frequently contain fair amounts of
other constituents and there is often a tendency for the scale to be
loosely attached, permitting corrosion to occur irregularly underneath.
In most waters the bicarbonate content is less than the hardness, but a
few natural waters are known where the reverse is the case. These waters
have been partially softened by the zeolite process which occurs under-
ground, and then contain sodium bicarbonate which, together with
the high concentration of chloride and other minerals, may accelerate
attack.

Dissolved mineral salts The principal ions found in water are calcium,
magnesium, sodium, bicarbonate, sulphate, chloride and nitrate. A few
parts per million of iron or manganese may sometimes be present and there
may be traces of potassium salts, whose behaviour is very similar to that of
sodium salts. From the corrosion point of view the small quantities of other
acid radicals present, e.g. nitrite, phosphate, iodide, bromide and fluoride,
have little significance. Larger concentrations of some of these ions, notably
nitrite and phosphate, may act as corrosion inhibitors, but the small quan-
tities present in natural waters will have little effect. Some of the minor con-
stituents have other beneficial or harmful effects, e.g. there is an optimum
concentration of fluoride for control of dental caries and very low iodide or
high nitrate concentrations are objectionable on medical grounds.

Chlorides have probably received the most study in relation to their effect
on corrosion. Like other ions, they increase the electrical conductivity of the
water so that the flow of corrosion currents will be facilitated. They also
reduce the effectiveness of natural protective films, which may be permeable
to small ions; the effect of chloride on stainless steel is an extreme example
but a similar effect is noted to a lesser degree with other metals. Turner10

has observed that the meringue dezincification of duplex brasses is affected
by the chloride/bicarbonate hardness ratio.

Nitrate is very similar in its effects to chloride but is usually present in
much smaller concentrations.

Sulphate in general appears to behave very similarly; Hatch and Rice have
shown that small concentrations in distilled water increase corrosion more
than similar concentrations of chloride11. In practice, high-sulphate waters
may attack concrete, and the performance of some inhibitors appears to be
adversely affected by the presence of sulphate. Sulphates have also a special
role in bacterial corrosion under anaerobic conditions. Both sulphates and
nitrates are acceptable in low-pressure boiler feed water as they are believed
to be of value in controlling caustic cracking.

Conventional combinations Salts of strong acids and alkalis are, of course,
almost completely ionised in dilute solutions. For some purposes, however,
it is convenient to regard the ions as being in combination, and various
systems of 'conventional combinations' have been developed. In Britain, the
system most used takes the metals and acid radicals in the order shown in
Table 2.13 (after Thresh, Beale and Suckling). For example, if the amount



* If potassium is present in significant quantities and is determined it is usually inserted
in the conventional combination table after magnesium and before sodium (78 K »
138 K2CO3 - 174 K2SO4 - 149 KCl » 202 KNO3).
t The figures incorporated in the table are 'equivalent to CaCO3' or double the chemical
equivalent weights. If it is desired to express analytical figures as milli-equivalents per litre
(e.p.m.), the concentrations in mg/litre (p.p.m.) must be divided by half the table figure
(e.g. 150 p.p.m. CaCO3 • 3 e.p.m.; 96 p.p.m. Mg • 8-0 e.p.m.). If this procedure is
adopted for both anions and cations, the totals of each should be identical.
J Sometimes chlorides and nitrates are taken in reversed order throughout but this is rarely
of much significance.
§ The sodium silicates present are variable in composition; the formula given above must
be regarded as a 'rough average'.

of bicarbonate ion is more than the sum of the equivalents of ferrous iron
and calcium the presence of magnesium bicarbonate, and possibly sodium
bicarbonate, is postulated. If, however, the bicarbonate content is less than
the calcium equivalent the water is assumed to contain calcium sulphate.

The significance of conventional combinations arises largely in two classes
of supply: (a) those in which the method indicates sodium bicarbonate to
be present and (b) those similarly found to contain magnesium chloride or
calcium chloride.

Waters containing sodium bicarbonate are derived from underground
sources where zeolitic materials are present. They occur in various parts of
Britain but the best-known group comprises those in central London and
other parts of the Thames valley where the water, originating in the chalk,
is modified by passage through zeolitic rock. Although some softening
occurs, the hardness may still be appreciable; the waters also have high
chloride concentrations and usually a fair amount of carbon dioxide. (A
typical analysis is given in Table 2.11.) They are among the most difficult
corrosive waters to deal with unless the bicarbonates and excess carbon
dioxide are removed. Alkali additions are rarely effective and conditions are
far from ideal for the effective use of inhibitors.

The importance of magnesium chloride has probably been exaggerated.
There is little doubt that it can act as a catalyst in corrosion reactions by
hydrolysing to form hydrochloric acid, being then regenerated by reaction
between ferrous chloride and magnesium hydroxide. There is, however, little
evidence that this reaction takes place in cold- or hot-water systems, and it
is probably confined to steam boilers where it might be a cause of corrosive
attack underneath scale deposits; it does not constitute a problem in a pro-
perly conditioned boiler water.

Ferrous carbonate
Calcium carbonate
Calcium sulphate
Calcium chloridej
Calcium nitratef
Magnesium
carbonate
Magnesium sulphate
Magnesium chloride^
Magnesium nitrate^
Sodium carbonate
Sodium sulphate
Sodium chloridej
Sodium nitrate^
Sodium silicate§

56Fe
40Ca
40Ca
40Ca
40Ca

24Mg
24Mg
24Mg
24Mg
46Na
46Na
46Na
46Na
46Na

6OCO3
6OCO3
96SO4
71 Cl

124 NO3

6OCO3

96CO4
71 Cl

124 NO3
6OCO3
96SO4

71 Cl
124 NO3

136 Si2O5

116FeCO3
100 CaCO3

136 CaSO4

1 1 1 CaCl2
164 Ca(NO3 )2

84 MgCO3

120 MgSO4
95 MgCl2

148 Mg(NO3 )2
106 Na2CO3
142 Na2CO4

117 NaCl
170 NaNO3

182 Na2Si2O5

Table 2.13 Conventional combinations**



Brief reference has already been made to iron- and manganese-bearing
waters. The small amount of deposit formed from these waters is not likely
to have much effect on corrosion although there is always a possibility that
attack will occur under sludge deposits. Most iron-bearing waters contain
substantial amounts of carbon dioxide which may be troublesome.
Manganese-bearing waters may be of a similar type but they sometimes con-
tain complex organic compounds of manganese for which special treatment
may be needed. Manganese deposits have been associated with type II copper
pitting corrosion.

Another mineral constituent of water is silica, present both as a colloidal
suspension and dissolved in the form of silicates. The concentration varies
very widely and, as silicates are sometimes applied as corrosion inhibitors,
it might be thought that the silica content would affect the corrosive proper-
ties of a water. In general, the effect appears to be trivial; the fact that silicate
inhibitors are used in waters with a high initial silica content suggests that
the form in which silica is present is important.

Organic Matter

The types of organic matter in supplies are very diverse and may be present
in suspension, or in colloidal or true solution. It is largely decaying vegetable
matter but there are many other possible sources including run-off from
fields and domestic and industrial wastes. An increasing volume of literature
is appearing on organic pollution but the significance of this in relation to
corrosion receives little, if any, attention. A comprehensive account of all
the possible constituents is beyond the scope of this section but it may be
useful to consider the effects of some types of organic matter.

In the first place, there is the masking effect of deposits which may result
from suspended matter thrown down on to hot surfaces or at areas where
velocity is reduced. They may also form from material coming out of true
or colloidal solution. A partially covered surface is always liable to attack.
In an aerated water, the distribution of oxygen will be uneven so that corro-
sion currents will be set up by the cells so produced, corrosion normally
occuring at the points where the oxygen content is lower. In waters free from
oxygen, other 'differentials' may result in corrosion cells. Another aspect,
especially in systems where de-aerated water might be used, is that deposits
may lead to over-heating and failures of a different kind, e.g. bursting of
boiler tubes.

Among contaminants one of the most objectionable is oil, especially in
systems where water is strongly heated. A relatively small amount of oil on
a heating surface can produce very rapid failures. An indirect effect of oil,
or other contaminants which form films on the water surface, is that the
film isolates the water from air so that in polluted water anaerobic con-
ditions may develop with the encouragement of objectionable bacterial
activity.

Some of the worst corrosive effects in soft waters are attributed to a rather
wide group of organic acids abstracted from peat and mosses, sometimes
called peaty acids. Such waters have low pH values and are often dis-
coloured. They affect ferrous metals appreciably and also attack lead and



copper. Corrosion control, either of steel or of copper, is rarely achieved
solely by pH correction of such waters.

Organic Growths

Natural waters may contain organic growths of various kinds, including
algae and slime-forming bacteria, which may have a direct or indirect effect
on corrosion.

The effect may be of two main types: (a) the masking effect of living
or dead organisms which is little different from that of other materials, and
(b) the effect of alterations in composition brought about by the organisms.
Algae, for example, may remove carbon dioxide and produce oxygen, while
other organisms often consume oxygen. Under anaerobic conditions the
sulphate-reducing bacteria produce sulphide, and hence hydrogen sulphide,
from dissolved sulphate, with disastrous effects. This mechanism is often
responsible for external attack on cast iron mains in waterlogged soil, but is
not unknown in hot-water systems where the temperature in stagnant bran-
ches may promote the development of such organisms (see Sections 2.5
and 2.6).

The voluminous deposits associated with iron bacteria, although objec-
tionable in other ways, rarely have much effect on corrosion as they form
only over a long period and the alteration in water composition is negligible.

pH of Water

Reference has previously been made to pH in connection with calcium car-
bonate, but it has also a more general significance. The pH of natural waters
is, in fact, rarely outside the fairly narrow range of 4.5 to 8.5. High values,
at which corrosion of steel may be suppressed, and low values, at which
gaseous hydrogen evolution occurs, are not often found in natural waters.

According to weight-loss measurements, steel corrodes at approximately
the same rate throughout the range of pH found in natural waters. The form
which the corrosion takes is, however, affected by the pH. At values between
7 • 5 and 9 • O there is a tendency for the corrosion products to adhere in a hard
crusty deposit12. Sometimes there are separate 'tubercles', but these are
more usually joined up to form a more or less continuous layer. Attack under
the deposit is, however, usually irregular. At lower pH values, adherent cor-
rosion products are not so evident although a very hard form of deposit is
sometimes seen in pipes which have been in service for some years. Loss of
head due to scaling of a pipe is more commonly found in the higher pH
range; at lower pH values, 'red water' complaints, arising from corrosion
products in suspension, are more common. Inhibitors may reduce the
amount of corrosion, but if inhibition is not complete the type of attack is
unaltered. For this reason, it is difficult to prevent corrosion in the tuber-
culating range as a small amount of attack produces an adherent corrosion
product which puts a barrier between the inhibitor and the metal.

Cast iron behaves in a manner similar to steel at alkaline pH values but
at low pH values it is subject to graphitisation.



Copper is affected to a marked extent by pH value. In acid waters, slight
corrosion occurs and the small amount of copper in solution causes green
staining of fabrics and sanitary ware. In addition redeposition of copper on
aluminium or galvanised surfaces sets up corrosion cells resulting in pitting
of these metals. In most waters the critical pH value is about 7 • O but in soft
water containing organic acids it may be higher. The 'pitting' corrosion of
copper is independent of the general nature of the water but occurs only
when (a) certain carbonaceous or oxide films occur on the metal surface and
(b) when the water does not contain a natural organic inhibitor* which is,
in fact, present in many supplies13'14 (see also Sections 1.6 and 4.2).

Lead is affected by carbonate content, pH value and mineral constituents.
With soft waters the simplest method of control is usually to increase the pH
value by adding alkali.

Zinc coatings on steel (galvanised) are attacked in the same way as iron,
but usually more slowly. Very alkaline waters are usually aggressive to zinc
and will often remove galvanised coatings; the corrosion products consist of
basic zinc carbonate or other basic compounds and may take the form of a
thick creamy deposit or hard abrasive particles.

Rates of Flow

The effect of deposits has been referred to in relation to organic matter.
Oxygen depletion can, of course, also occur under other types of deposit.
Water velocity plays some part here, as with a good flow deposition is less
likely.

Apart from this effect, increased velocity usually increases corrosion rates
by removing corrosion products which otherwise might stifle the anodic reac-
tion and, by providing more oxygen, may stimulate the cathodic reaction15.

Temperature

The effect of temperature is complex. At very high temperatures such effects
as reversal of polarities, as in the Zn/Fe couples of a galvanised surface,
may be produced, and, where there are temperature gradients, corrosion
cells may be set up. The more general effects may, however, be summarised
as follows: (a) the velocity of corrosion reactions is greater at increased
temperatures, (b) temperature changes may affect solubility of corrosion
products or shift the position of such equilibria as that existing between
calcium carbonate and carbon dioxide, (c) gases are less soluble at increased
temperature, an effect which is, however, partly offset by greater diffusion
rates and (d) modification of pH value. This last effect is bound up with the
previous two and is mainly of importance in affecting the form and distribu-
tion of corrosion products.

The overall effect is that corrosion is usually more rapid at higher tempera-
tures, the corrosion products being often more objectionable in nature.
There are, however, exceptions to this generalisation and the increased rate

* The chemical nature of the inhibitor is not known



of reaction at high temperature can sometimes be put to good advantage
when corrective measures are being applied.

Assessing the Corrosivity of Natural Waters from their
Chemical Analysis

Although the Langelier index is probably the most frequently quoted
measure of a water's corrosivity, it is at best a not very reliable guide. All that
the index can do, and all that its author claimed for it16, is to provide an
indication of a water's thermodynamic tendency to precipitate calcium car-
bonate. It cannot indicate if sufficient material will be deposited to com-
pletely cover all exposed metal surfaces; consequently a very soft water can
have a strongly positive index but still be corrosive. Similarly the index can-
not take into account if the precipitate will be in the appropriate physical
form, i.e. a semi-amorphous 'egg-shell' like deposit that spreads uniformly
over all the exposed surfaces rather than forming isolated crystals at a limited
number of nucleation sites. The egg-shell type of deposit has been shown
to be associated with the presence of organic material which affects the
growth mechanism of the calcium carbonate crystals n. Where a substantial
and stable deposit is produced on a metal surface, this is an effective anti-
corrosion barrier and forms the basis of a chemical treatment to protect
water pipes18. However, the conditions required for such a process are not
likely to arise with any natural waters.

As well as the conventional chemical parameters generally useful in gaug-
ing a water's corrosivity e.g. pH, chloride, sulphate etc., various ratios of
ions have been found to be significant for particular problems. Thus an
increase in the corrosion rate of iron occurs when the chloride !carbonate
ratio exceeds 3:119 and attack of the dezincification prone brasses arises
when the chloride to carbonate hardness ratio exceeds 1:320. More recently
the aggressivity of the chloride ion to galvanically coupled lead or tin-lead
solders has been found to be suppressed when the sulphate:chloride ratio
exceeds 2:121. The most spectacular example of this approach is that involv-
ing six parameters, pH, chloride, sulphate, nitrate, sodium ion and dissolved
oxygen, that have to be taken into account when calculating the propensity
of waters to support type I copper pitting22. However such examples, which
require a computer program to carry them out conveniently and provide
semi-quantitative answers, are unfortunately rare. More usually only very
limited correlations can be made between water composition and corrosivity,
and even where no multiple ion effects are involved, the response to a change
in one parameter may be difficult to model mathematically e.g. the corrosion
of iron which passes through a maximum between pH 7 • 5-8 in some natural
waters23.

Considerations such as these can lead to unexpected problems where
waters are mixed, either at a treatment works or in a tidal zone within a
distribution network into which two sources are fed separately. Within the
author's experience, problems of an erosion attack on copper pipe have
occurred at fittings, especially where the ends of the copper tube have been
belled out to meet the requirements of the bye-laws for underground pipe24,
with mixtures of waters that were satisfactory when supplied separately.



Calculations to determine if the mixing of the supplies had produced an
increase in free CO2, the most likely explanation of this effect, proved
negative.

More recently, attempts have been made to correlate mathematically the
chemical composition of natural waters and their aggressivity to iron by
direct measurements on corrosion coupons25 or pipe samples removed from
distribution systems26. This work has been of limited success, either pro-
ducing a mathematical best fit only for the particular data set examined or
very general trends. The particular interest to the water supply industry of
the corrosivity of natural waters to cast iron has led to the development of
a simple corrosion rig for the direct measurement of corrosion rates27. The
results obtained using this rig has suggested an aggressivity classification of
waters by source type i.e.

Source type Corrosivity to iron (mdd)
hard aerated borehole typically 5
lowland river derived typically 15
soft upland typically 40

All these rates are, of course, quite low and the problem with corrosion of
cast iron water mains is its effect on water quality rather than deterioration
of the asset.

The corrosion rig has been used to study the effect of inhibitors e.g.
silicate and phosphate commonly used to overcome problems with iron.
This has revealed that these 'inhibitors' hardly affect the long-term cor-
rosion rate, indeed in certain circumstances they may actually increase
it. They produce their effect by stabilising the corrosion product devel-
oped, thereby preventing the water quality deterioration which is the real
complaint27.

The above catalogue of difficulties, in relating the aggressivity of natural
waters to their chemical composition, arises precisely because of the low
corrosion rates that are usually found with most metals. Under such cir-
cumstances, water composition is only one of many factors that determine
the rate of attack. The other factors include flow regime, temperature and
the conditions under which the initial corrosion product is laid down. The
best summary of the behaviour of metals commonly used in natural waters
is still that produced by Campbell for the Society of Water Treatment and
Examination28.

Recent Developments

EC Directive relating to the quality of water intended for human
consumption
The significance of this directive29, from the corrosion point of view, is that
for the first time legally enforceable limits for the concentrations of toxic
metals in drinking water have been defined. This has greatly increased the
importance of contamination as a consequence of corrosion, as opposed to
simple mechanical failure, and has required a reassessment of the suitability
of various metals and alloys traditionally used in the supply of water for
domestic purposes.



Chief among these has been the use of lead, mainly for service pipes but
also for header tanks in parts of Scotland, and in tin-lead solders for
capillary joints of copper tube. For both materials corrosion rates are low
in the range of drinking waters supplied. However, the limit for lead set in
the drinking water standard is so very low, 0-05 mg £-1 in a running water
sample, that it can be readily exceeded, especially in large plumbing systems
where the water can have significant residence times.

Because of these considerations, no new lead pipe is being installed. Also,
as a result of extensive research30, the contamination from pipe already
in place is being controlled by reducing the solubility of the lead corro-
sion product in the water concerned. For soft waters (carbonate hardness
of < 50 mg CaCO3 f"

1) this is readily achievable by increasing the pH to
8-8-531. Thus the pH values of 6-3 and 6-8, given above in Table 2.11 as
typical of soft water, are no longer typical for treated supplies. For waters
with higher carbonate hardness values, where contamination problems can
arise because of the formation the soluble lead carbonate ion pair com-
plex32, raising the pH is much less effective. For these waters orthophos-
phate additions are made which converts the corrosion product to a lead
phosphate complex with a sufficiently low solubility.

Because of the galvanic interaction with the copper, lead contamination
from tin-lead soldered joints, or lead-copper pipe junctions, cannot be con-
trolled by reducing the solubility of the corrosion product layer. Galvanic
coupling does not simply increase the rate of corrosion, it also increases the
corrosivity of the water by converting chloride, which otherwise acts as a
corrosion inhibitor for lead, into an aggressive ion21. Although unaccep-
table contamination only arises where soldered joints are made badly, pro-
blems have occurred in practice, especially in large buildings with long water
residence times such as hospitals and schools where particularly vulnerable
members of society are exposed. Given that practically equivalent non-lead
solders are already available, it has now become policy not to use tin-lead
alloys in contact with potable water and the appropriate British Standard has
been amended accordingly33.

A British Standards 'draft for development' has been developed34 which
defines a test procedure to determine the potential of metals to contaminate
drinking water in contravention of the requirements of the EC Directive.
Although primarily meant for new materials, traditional plumbing alloys
will also have to be shown to be satisfactory.

Organics

There is an increasing tendency to treat drinking waters to remove organic
material. This is to minimise the formation of haloforms, produced when
the water is chlorinated, which have health implications35. Organics are
known to affect certain corrosion processes, e.g. type I copper pitting and
the formation of protective corrosion product layers. However, the outcome
of this development is difficult to predict as not all the organic material pre-
sent is removed.



Nitrates

There has been an increasing level of nitrate contamination of borehole
supplies in the east of England, because of the use of agricultural fertilisers
since the Second World War36. Nitrates are known to exacerbate certain
corrosion processes e.g. at soldered joints; however the maximum value
allowed for this ion by the EC drinking water directive (50 mg NO3 T

1)
should limit its significance.

C. W. DRANE
R. J. OLIPHANT
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2.4 Sea Water

Sea water is the only electrolyte containing a relatively high concentration of
salts that occurs commonly in nature, covering as it does over two-thirds of
the earth's surface. It is both the most familiar and one of the most severe
of natural corrosive agents.

Chemical Composition

Ocean sea water is roughly equivalent in strength to a 3y % w/v solution of
sodium chloride, but it has a much more complex composition, embodying
a number of major constituents, and traces at least of almost all naturally
occurring elements. For convenience, however, the concentration of salts in
any sample of sea water is expressed in terms of the chloride content, either
as chlorinity or as salinity. Both these units are again subject to arbitrary
definition and do not conform simply to the chemical composition.

Chlorinity When a sample of sea water is titrated with silver nitrate,
bromides and iodides, as well as chlorides are precipitated. In calculating
the chlorinity (Cl), the entire halogen content is taken as chloride, and
chlorinity is defined as the weight in grams of silver required for precipitation
of total halogen content per kilogram of sea water, multiplied by O • 328 533.
(Chlorinity is always expressed as parts per thousand, using the symbol
%o.)

Salinity This term is intended to denote the total proportion of dissolved
salts in sea water. As it is inconvenient to determine directly, it is normally
derived from the chlorinity, defined and determined as above, using the
empirical relationship:

Salinity = 1 • 80655 X chlorinity

Like chlorinity, it is expressed in parts per thousand.

Constancy of composition The validity of these arbitrary conversions
depends on the constancy of the ratios of the various dissolved salts. It is a
remarkable and important fact that, except where there is gross dilution or
contamination, the relative proportions of the major constituents of sea
water are practically constant all over the world.



(Data courtesy Prentice-Hall, Inc., USA.)

Variations of salinity In the major oceans the salinity of sea water does not
vary widely, lying in general between 33 and 37 parts per thousand, a figure
of 35 parts per thousand, equivalent to 19-4 parts per thousand chlorinity
is commonly taken as the average for 'open-sea' water.

Local conditions may modify this profoundly in special areas. In the
Arctic and Antarctic, and where there is dilution by large rivers, the
salinity may be considerably less, and it may vary greatly according to
season. Salinity is well below normal in the Baltic, and may fall nearly
to zero at the head of the Gulf of Bothnia. In enclosed seas like the
Mediterranean, Black Sea and Red Sea, on the other hand, where there
is rapid evaporation, salinity may reach 40 parts per thousand. The total
salt content of the inland Dead Sea is 260 g/kg compared to 37 g/kg for
the Atlantic Ocean.

Minor constituents Sea water contains a multitude of organic and
inorganic molecules some of which form metallic complexes which even
in trace amounts can significantly affect the corrosion mechanism. Trace
metallic complexes also play an important role in determining the physiology
of biological organisms whose presence in sea water can exert considerable
control over corrosion reactions. The presence of such complexing agents in
sea water could explain the difficulty of simulating the natural product for
corrosion research investigations in the laboratory. (See Section 20.1 for
compositions of artificial sea waters.)

Variability of Seawater Vertical sections through seawater showing the
distribution of temperature, salinity, and oxygen for the Pacific Ocean and
Western Atlantic Ocean are shown in Figures 21.3 and 21.4. The global
variability of natural seawater and its effects on corrosion have been
reviewed26, in particular with respect to seasonal variation of temperature,
salinity, oxygen and pH in the Pacific surface water. Data is also given on

Table 2.141 gives the composition of sea water of 19 parts per thousand
chlorinity.

Table 2.14 Major constituents of sea water
(parts per thousand)

(Chlorinity = 19%o, density at 2O0C = 1-024 3)

Chloride (Cl ")
Sulphate (SO^")
Bicarbonate (HCOf)
Bromide (Br ~)
Fluoride (F ~)
Boric acid (H3BO3)
Sodium (Na+)
Magnesium (Mg2"1")
Calcium (Ca2+)
Potasium (K+)
Strontium (Sr2+)

18-9799
2-6486
0-1397
0-0646
0-001 3
0-0260

10-556 1
1-2720
0-400 1
0-3800
0-0133



the depth profiles for temperature, salinity, oxygen and pH at various sites
around North America.

Similar information on temperature, dissolved oxygen, salinity and
density has been published for the Northern North Atlantic27, and in more
detail for the seas around the British Isles28; the latter also includes hydro-
graphic data on the contents of dissolved metals (Zn, Ni, Cu, Cd, Hg, Mn)
and nutrient cations (phosphate, nitrate).

Data from extensive trials investigating the effect of depth on corrosion
of materials in the Pacific have now been published29.

Physical Properties

Density The density of sea water is, of course, related to its salinity (or
chlorinity). If p0 is the density of sea water at 0° C in g/ml, a0 is defined as
(PQ — 1)1 000 and the relationship between density and chlorinity is given
by the equation

a0 = -0-069 + 1-470 8 Cl-O-OOl 570 Cl2 + 0-000 039 8 Cl3

Since, however, density is affected to a considerable degree by tempera-
ture, and since its accurate measurement demands special apparatus and
great care, it is not a reliable measure of the 'strength' of sea water.

Electrical Conductivity This is often a convenient and accurate measure-
ment of salinity or chlorinity. Here, too, there is considerable variation with
temperature, so that simultaneous observation of temperature is essential.
Figure 2.163 shows the relationship between conductivity and chlorinity at
various temperatures.

Temperature The surface temperature of sea water ranges between about
—2° C and 350C, while the temperature of a shallow surface layer may run
even higher. A general picture of the variation with geographical location is
given by Table 2.154.

Seasonal variations are associated not only directly with the elevation
of the sun, but also with changes of surface currents depending on the
prevailing winds. The annual variation is generally quite small in the
tropics and greatest in the temperate zones, where it may amount to about
1O0C.

In general, water at great depths in the oceans is not subject to temperature
fluctuations and even in the tropics seldom exceeds 10° C.

The 'freezing point' of sea water, defined as the temperature at which ice
crystals begin to form, is —2° C.

Dissolved Gases

Dissolved oxygen is a very important factor in the corrosion of metals
immersed in sea water. Because of its biological significance, a vast amount



Chlorinity (%«)

Fig. 2.16 Relationship between conductivity and chlorinity of sea water (after Prentice-Hall,
Inc., USA). Note that S = 12"1

Table 2.15 Average surface temperature of the oceans between parallels of latitude (0C)

(Data courtesy Prentice-Hall, Inc., USA.)

of information about its variation in ocean masses has been collected, but
insufficient detail is available about the coastal and harbour waters which are
of most importance in the corrosion of fixed structures.

Sea water of normal salinity, in equilibrium with the atmosphere, has the
following oxygen contents (compare Table 2.14):

Temperature (0C) -2 O 5 10 15 20 30
Dissolved oxygen (ml/1) 8-52 8-08 7-16 6-44 5-86 5-38 5-42

The dissolved oxygen content of surface oceanic water is mainly determined
by its biological history; it always tends, by solution from the air, towards
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saturation values. Estuarial water may be grossly deficient in oxygen; this
results in the rapid multiplication of anaerobic bacteria, and in extreme cases
the rate of corrosion may be controlled by the bacteria rather than by dis-
solved oxygen (Section 2.6).

It has been suggested2 that the oxygen content of the deep water in the
Atlantic ocean is high due to the southward flow of the cold oxygen-
saturated water through the funnel of the north Atlantic, but in the Pacific
ocean the oxygen content decreases with depth due to negligible water flow
through the Bering Strait.

PH

Natural sea water is well buffered and normally lies between 8 • 1 and 8 • 3 but
may fall to 7-0 in stagnant basins with the formation of hydrogen sulphide
produced by anaerobic bacteria.

For the solubility in seawater of oxygen, nitrogen and carbon dioxide at
various temperatures and chlorinities refer to Tables 21.21 and 21.22.

The freezing point, temperature of maximum density, osmotic pressure
and specific heat for seawater of various salinities are given in Table 21.23.

Potentials of Metals in Sea Water

An important factor in the corrosion of a metal in sea water is its electrical
potential. This is of course especially the case when two or more electrically
connected metals are immersed in a single system.

The 'open-circuit' potential of most metals in sea water is not a constant
and varies with the oxygen content, water velocity, temperature and metal-
lurgical and surface condition of the metal.

In static air-free sea water the potential of iron or steel reaches a steady-
state value of -O • 75 V (vs. S.C.E., E = O • 246 V) which should be compared
with the more noble potential of —0- 61 V observed under conditions of high
velocity and aeration (Table 2.16). This potential of —0-75 V for iron in sea
water is important in the practice of cathodic protection.

The values in Table 2.16 show how the potentials obtained under service
conditions differ from the standard electrode potentials which are frequently
calculated from thermodynamic data. Thus aluminium, which is normally
coated with an oxide film, has a more noble value than the equilibrium poten-
tial E£p+/A1= —1-66V vs. S.H.E. and similar considerations apply to
'passive' stainless steel (see Chapter 21).

Although Table 2.16 shows which metal of a couple will be the anode and
will thus corrode more rapidly, little information regarding the corrosion
current, and hence the corrosion rate, can be obtained from the e.m.f. of the
cell. The kinetics of the corrosion reaction will be determined by the rates
of the electrode processes and the corrosion rates of the anode of the couple
will depend on the rate of reduction of hydrogen ions or dissolved oxygen
at the cathode metal (Section 1.4).



Corrosion Rates

Ferrous Metals

Ferrous metals, of which steel is technically the most important, have a
remarkably steady rate of corrosion when fully immersed in sea water. The
corrosion of mild steel is very rapid initially but falls off gradually over
several months to a fairly steady rate (Table 2.17).

In extended exposure periods of up to 16 years in tropical sea water,
Southwell and Alexander8 obtained an average corrosion rate for steel of
O-18 mm/y in the first year, falling off to a constant rate after 4 years at
0-025 mm/y. They also quote pitting rates as 1 mm/y in the first year falling

Exposure time
(months)

1
2
3
6

12
24
48

Average corrosion rate for period (mm/y)

Steel

0-33
0-25
0-19
0-15
0-13
0-11
0-11

Copper

0-034
0-019
0-018

Aluminium

0-0043
0-002 1
0-0017

Table 2.17 Effect of exposure period on corrosion rate of mild
steel, copper and aluminium5

Metal

Magnesium
Zinc
Aluminium
Cadmium
Steel
Lead
Solder (50/50)
Tin
Naval brass
Copper
Aluminium brass
Gun metal
Cupro-nickel 90/10
Cupro-nickel 80/20
Cupro-nickel 70/30
Nickel
Silver
Titanium
Stainless steel 18/8 (passive)
Stainless steel 18/8 (active)

Potential
(V)

1-5
1-03
0-79
0-7
0-61
0-5
0-45
0-42
0-30
0-28
0-27
0-26
0-26
0-25
0-25
0-14
0-13
0-10
0-08
0-53

Reference from which
figures taken

5
6
6
5
6
5
5
5
5
5
5
5
5
5
5
5
6
7
6
6

Table 2.16 Potentials of metals in aerated moving sea water (Potentials
are negative to the S.C.E., E = 0-246 V)



off dramatically over the second to fourth years and ultimately continuing
at a rate comparable with the average rate of penetration giving an average
rate for exposure for 16 years of O-08 mm/y. However, the pitting rate is
generally quoted as several orders of magnitude greater than the average rate
of penetration, with values of 0-25 to 0-4mm/y9.

A comprehensive table of corrosion rates in sea water has been compiled
by LaQue10. This appears to show no obvious dependence of corrosion
rates on the geographical location of the testing site, and few of the rates
depart widely from an average of O • 11 mm/y. It is suggested that a figure of
0-13 mm/y may be taken as a reasonable estimate of the expected rate of cor-
rosion of steel or iron continuously immersed in sea water under natural con-
ditions, in any part of the world.

The theory has been advanced that the rapid growth of marine fouling in
the tropics may provide a protective shield which counteracts the effect of the
greater activity of the hotter water, and LaQue11 has pointed out that in
flowing sea water, when no fouling organisms became attached to small fully
immersed specimens, corrosion of steel at 11° C proceeded at O-18 mm/y
compared with O-36 mm/y at 21° C. This increase corresponds with what
would be expected from chemical kinetics, where the rate of reaction is
approximately doubled for a rise of 10° C.

It is significant that most of the data from which a remarkable uniformity
of attack is deduced are derived from small isolated panels. This is the most
convenient form of specimen for measurements of corrosion rates by loss of
weight; but it eliminates the important effect of galvanic currents passing
between remote parts of a large structure. It is believed that the experience
of civil engineers and other users would not support the conclusion suggested
by panel tests that corrosion is no faster in tropical than in temperate waters.

Ambler and Bain12 found that isolated panels exposed in half-tide con-
ditions are normally more rapidly corroded than those fully immersed, a
factor of 2 to 4 being not unusual, but in commercial ports the presence of
oil contamination may greatly reduce half-tide corrosion by filming the metal
surface.

Humble13 investigated the corrosion of coupled and uncoupled steel
plates distributed in a vertical line extending above high-water and below
low-water levels and gives a diagram showing the corrosion profile of steel
piling in sea water, based on five years' exposure at Kure Beach. This shows
two maxima, one in the 'splash zone' above high-tide level, and the other just
below low-tide level. In the tidal zone, between these, there is a minimum
corrosion rate.

The explanation of this pattern is that the well-aerated areas in the tidal
zone become strongly cathodic while the metal just below water becomes
anodic. This distribution is in striking contrast to the results quoted by
Ambler and Bain12.

It is generally agreed that steel composition within the range practical for
ship plate has little influence on the corrosion rate in sea water14"17

Owing to the laborious task of obtaining corrosion rates from gravimetric
measurements, data for the effect of exposure time on corrosion rates have
been very limited. However, with the more recent use of polarisation resis-
tance measurements it would appear that in the absence of macro-biofouling



settlement the depth of penetration rate for mild steel in the Channel, North
Sea and North Atlantic varies with time according to the relationship:

d = 0.126 t0-92

where d is the average depth of corrosion penetration (mm) occurring in
time t (years). This expression agrees fairly well with experience gained from
the wreck of the Holland I where the average corrosion of the steel hull
had occurred to a depth of 6 mm in 70 years30. The presence of biofouling
settlement may, however, considerably reduce the depth of corrosion, as
for instance in the case of artifacts jettisoned by Captain Cook on the Coral
Reef in 1770, where coral formation had almost completely protected cast
and wrought iron for 200 years31.

The presence of shell fouling affects the corrosion of steel structures in
the intertidal zone where it has been found that the rust formed consists of
irregular layers or iron oxides and lime, the latter accounting for up to 15%
by weight of the corrosion product32. The corrosion rate of mild steel in
UK waters for the full immersion and intertidal zone is typically 0.08 mm/y
compared with 0.1 to 0.25 mm/y in the splash zone according to the strength
of wave action. Above the splash zone corrosion diminishes rapidly to
0.05-0.1 mm/y32.

Non-ferrous Metals

Many of the common non-ferrous metals corrode relatively slowly in still or
slowly-moving sea water. Typical figures are given in Table 2.18.

The effect of exposure time on the corrosion of copper and aluminium
is illustrated in Table 2.17. The results quoted by Southwell, Hummer and

Table 2.18 Corrosion rates of non-ferrous metals
and alloys in sea water

Material

Copper (0) full immersion
(b) half-tide

Brass (Cu-IO to 35 Zn)
Aluminium brass (Cu-22Zn-2Al)
Admiralty brass (Cu-29Zn-lSn)
Gun-metal (Cu-10Sn-2Zn)
Phosphor bronze
Aluminium bronze (95Cu-4Al)
Copper-nickel-iron (Cu-SNi-IFe)
Cupro-nickel (7OCu-SONi)
Nickel
Monel
Aluminium (99.8%)

(98%)
(5Mg)

Lead
Zinc

Corrosion rate
(mm/y)

0-003 8
0-0025
0-0045
0-0020
0-0046
0-0025
0-0025
0-0038
0-003 8
0-001 3
0-0025
0-0025
0-00038
0-00076
0-00030
0-001 O
0-001 8



Alexander18 19 for corrosion rates of copper and aluminium in tropical
waters compared with those obtained around the British Isles suggests
that the corrosion rate increases by a factor of two for every 10° C rise in
temperature.

The effect of alloying additions on the marine corrosion properties of non-
ferrous metals can be very significant, and for copper-based alloys has been
comprehensively reviewed by Bradley20.

For comprehensive reviews of published marine corrosion data refer to
references 29 and 33.

Crevice Corrosion

Stainless steel, and aluminium and its alloys, derive their excellent corrosion
resistance from the self-repairing protective oxide film which renders them
passive. Repair of the film depends on access of oxygen, and in crevices this
is often inadequate, with the result that the metal in a crevice becomes
'active'. As the fully exposed areas, usually relatively large, act as a cathode,
rapid and sometimes disastrous corrosion may result. The use of stainless
steel under sea water needs the greatest care to avoid this trouble, and as a
rule one of the resistant copper alloys is the better choice;, the danger from
built-in crevices may be foreseen and avoided by careful design, but crevice
corrosion also occurs behind marine fouling organisms or other deposits
which it may not be possible to prevent. (See Section 1.6.)

In recent years the mechanism of crevice has been mathematically
modelled and a more thorough understanding of the corrosion processes has
been evolved34'36. From such mathematical modelling it is feasible to
predict critical crevice dimensions to avoid crevice corrosion determined
with relatively simple electrochemical measurements on any particular
stainless steel.

Effect of Depth

Little scientific examination of the deterioration of materials at depth has
been undertaken except that by the US Naval Civil Engineering Laboratory
and Naval Research, Laboratory. The results of this work were reported by
Reinhart in 1966 and more recently the work has been reviewed by Kirk21.
Typical corrosion data for a selection of metals exposed in the Pacific Ocean
at several sites and for different times are shown in Table 2.19 and are com-
pared with results obtained in surface waters at Wrightsville Beach by Inter-
national Nickel Inc.

The general indication of the results in this table is that the corrosion rates
of non-ferrous metals increase with depth in spite of lower temperatures
and lower oxygen concentrations than at the surface. It was noted in the
paper by Kirk21 that the results at depth were typical of the variation of
performance of these materials experienced on numerous occasions in sur-
face sea water. A notable exception was for aluminium alloys of the 5000
(Al-Mg) and 6000 (Al-Mg-Si) series which had good resistance to corrosion



* Al-4Mg alloy, t Admiralty Gunmetal (Cu-10Sn-2Zn, BS 1400 Gl).

in shallow waters, but were found to suffer very severe crevice corrosion in
deep sea water. Interpreting these data into practical terms it would seem
that there is little justification for expecting lower corrosion rates with
increased depth in spite of changes in the sea-water chemistry, and corrosion
rates would be expected to show the normal variations encountered in sur-
face waters.

Although in the deep-ocean corrosion tests the oxygen concentrations
were considerably lower than at the surface, it is perhaps not too surpris-
ing that this does not lead to reduction in corrosion since water movement
brings a fresh supply of oxygen to the corroding metal surface. In desalina-
tion investigations it has been shown that even one part per million of dis-
solved oxygen in sea water can sustain a corrosion reaction on some
materials22. In terms of applications for deep-water engineering it is prob-
ably the deterioration of materials by the combined action of mechanical
loading and corrosion such as stress corrosion and corrosion fatigue which
is of major concern.

Drisco and Brouillett23 have examined a number of protective coatings
on mild steel and compared their performance at 2 • 1 km with that at shallow
depth. They concluded that with thick coatings of over 0-3 mm there was
negligible difference, but with thinner coatings there was some loss of protec-
tion at holidays under deep immersion conditions. An exception was with
soft coatings such as asphalt and coal tar which performed better at depth
owing to their susceptibility to damage by certain marine fouling organisms
such as barnacles at the surface, whereas such species were not encountered
at depth.

See reference 29 for further information.

Material

Zinc
Mild steel
Aluminium alloy 5052*
*G* bronzef
Cu-IONi
Cu-30Ni
Stainless steel (type 410)
Incoloy 825
Stainless steel (type 316)
Monel 400

Exposure conditions
Temperature (0C)
Oxygen concentration (p. p.m.)

Rate of metal penetration at various
exposure depths (mm/y)

Om

0-015
0-127

0-008
0-008
0-005

5-30
5-10

704m

0-058
0-043

0-005
0-020
0-023
1-270
Slight
O
0-035

7-2
0-6

160Om

0-018
0-023

0-008
0-018
0-015
1-270
Slight
0-025

>0-035

2-5
1-8

170Om

0-091
0-020

>0-576
0-018
0-015
0-025
1-270
O
O
0-038

2-3
2-8

205Om

0-150
0-058

0-008
0-015
0-030
1-270

Slight
Slight

>0-092

2-7
1-7

Form of
attack

General
General
Pitting
General
General
General
Pitting
Pitting
Pitting
Pitting

Table 2.19 Effect of depth on the corrosion rate of some metals and alloys



Effect of Water Speed

Hardly any quantitative results on the effect of movement on corrosion of
steel are available. Water movement can markedly affect the corrosion pro-
cess in controlling the rate of transport of reactants to the corrosion site, and
the removal of the corrosion reaction products.

A curve is given by LaQue10 which indicates that the corrosion rates are
approximately as follows:

Water speed (m/s) 0 1 - 5 3 5 7
Corrosion rate (mm/y) 0-13 0-5 0-74 0-86 0-89

This is presumably an estimated average curve, as no numerical data are
quoted, and it may be assumed to refer to bare steel. This conclusion is not
supported by the results of Volkening24, whose main interest was in the
effect of chlorination and who shows that although corrosion increased with
velocity of chlorinated sea water, when plain sea water was used velocity had
little effect. There can be no doubt that painting will very much reduce the
effect of water speed, as also will marine fouling or slime.

Excessive corrosion rates are commonly observed on those parts of a ship's
hull which are exposed to high and turbulent flow of water, e.g. leading edges
of rudders and shaft-brackets. The pitting found in these places is stimulated
by selective local damage to paint films and possibly also by the proximity
of a bronze propeller. The contribution of high water speed to this accel-
erated corrosion cannot be separately assessed. An indirect relation between
water speed and corrosion arises from the fact that marine fouling organisms
(in particular shell-fouling) do not settle if the water speed is more than about
1 • 5-2 m/s. Fouling may somewhat restrict general corrosion by its shielding
effect, but may also cause crevice corrosion.

Impingement Attack

This form of attack, especially as affecting copper alloys in sea water, has
been widely studied since the pioneer work of Bengough and May25.
Impingement attack of sea water pipe and heat exchanger systems is con-
sidered in Sections 1.6 and 4.2. In such engineering systems the water flow
is invariably turbulent and the thickness of the laminar boundary layer is an
important factor in controlling localised corrosion.

At very high water speeds cavitation-damage (Section 8.8) is sustained by
any metal; high-speed bronze propellers, for instance, may suffer seriously.
This form of attack is mainly mechanical, although an element of true corro-
sion may be present, and is not specifically associated with sea water.

With respect to general corrosion, once a surface film is formed the rate
of corrosion is essentially determined by the ionic concentration gradient
across the film. Consequently the corrosion rate tends to be independent of
water flow rate across the corroding surface. However, under impingement
conditions where the surface film is unable to form or is removed due to the
shear stress created by the flow, the corrosion rate is theoretically velocity
(V) dependent and is proportional to the power K172 for laminar flow and



F2/3 under turbulent flow37. Under cavitation conditions the loss of metal in
addition to corrosion may be mechanically induced and the velocity depen-
dence has a higher power relationship38'39 with values between F3 and V\
a popular mean value being F6. It has been shown that impingement
resistance is not just a simple property of a material with respect to turbu-
lent flow but is dependent on polarisation characteristics under flow con-
ditions40 and hence is very susceptible to the bimetallic effect of coupling to
more noble materials.

J. C. ROWLANDS
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