
4.6 Tin and Tin Alloys

The most important forms in which tin is used1 are as follows:

1. Coatings for other metals.
2. Tin of more than 99% purity.
3. Tin hardened by additions of 1-2% Cu or Sb.
4. Pewter with 90-95% Sn, 4-8% Sb and 1-2% Cu.
5. Soft solder with tin and lead in all proportions.
6. Bearing metal with a large range of proportions of tin, antimony,

copper and lead, or with tin (5-30%) in aluminium.
7. Diecasting alloys containing 70-80% Sn with antimony, copper and

lead, either singly or combined.

Corrosion behaviour of the above-listed forms of tin can be considered as
being basically similar, except in the case of solders and bearing metals,
where the wide composition range and special duties of the materials neces-
sitate additional comment. The behaviour of massive tin is a guide to the
performance of coatings (Section 13.5).

Physical Properties

The use of unalloyed tin is restricted by its low melting point (2320C) and
by its low tensile strength (15MN/m2). On the other hand, its melting
point, and its ability to wet other metals, facilitates its use as solder and as
a coating, while its softness and high ductility make it suitable for cold work-
ing and for bearing applications.

Of the elements normally present in tin-rich alloys, lead forms a simple
eutectic system with a eutectic composition at 63% Sn, and copper and
antimony have a small solid solubility and form the intermetallic compounds
Cu6Sn5 and SbSn respectively1.

Tin recrystallises readily at room temperatures so that effects of mech-
anical working are slight, arising from differing grain size and not from
stress. Corrosion in sodium carbonate solution was found2 '3 to be less for
finer grained material, but there is some doubt as to the general application
of this finding.

The normal crystal form of tin is body-centred tetragonal, but a low-
temperature allotrope, 'grey tin', is cubic. The transformation temperature



is 13.20C but, unless there is inoculation with the low-temperature form, the
change rarely occurs even at very low temperatures, as the quantities of
impurity normally present in commercial tin act as inhibitors. Since the
transformation produces 'warts' of grey product, its effects are not distin-
guishable by the casual observer from those of local corrosion; usually, pro-
ducts suspected to be grey tin prove on investigation to be corrosion product.

The impurities likely to be present in nominally pure tin are unlikely to
affect its corrosion resistance, except for minor effects on the rate of oxida-
tion in air. Small aluminium contents, however, may result in a severely
embrittling intercrystalline attack by water. The addition of antimony
counteracts this effect. Although O-1% magnesium appears to be tolerable,
larger amounts produce effects similar to those of aluminium.

Theoretical Consideration of Corrosion Behaviour

The Pourbaix diagram4 for tin (Fig. 4.41) refers only to solutions in which
formation of soluble tin complexes or protective layers of insoluble salts
does not occur. There are few instances of the formation of protective layers
other than oxide on tin, and although the formation of soluble complexes
is more common, the diagram provides a useful general indication of the
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Fig. 4.41 Potential-pH diagram for tin. The full lines enclose the zones where the stability of
various compounds or ions makes the indicated ion possible. The broken lines indicate the limits

of stability of water at a pressure of 1 atm (after Reference 4 and Cebelcor)
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conditions in which the corrosion of tin is possible. The wide field of stability
of the two oxides, some of it extending below the field of stability of water,
indicates easy passivation over a large range of pH, but, in either strongly
acid or strongly alkaline solutions, tin may be dissolved. The region at
depressed potentials where the possibility of the formation of SnH4 exists
has no known practical importance, but the action has been observed in the
laboratory5.

In zones where, according to the diagram, the dissolution of tin is possi-
ble, the rate of corrosion may be very slow. The hydrogen overpotential of
tin is high. (In a range of concentrations of H2SO4

6), the Tafel constant a
was 1-29 and b was 0-118, the exchange current for the hydrogen evolution
reaction was 10~n A cm"2 with a transfer coefficient of 0-50; in KOH solu-
tions7, the Tafel constant a varied between 1-36 and 1-53 with concentra-
tion, b was 0-120 and the exchange current was 3 x 10"6A cm~2.)
Consequently, in alkaline or moderately acid solutions free from oxygen or
oxidising agents, corrosion of pure tin may be barely detectable, unless the
tin is in contact with another metal of low hydrogen overpotential. Also, tin
forms complex ions with many acids including those commonly found in
fruits (citric, oxalic, malic). This action has important effects on the galvanic
behaviour of tin. The normal electrode potential of tin is —0-136 V, but the
reduction of stannous ion activity resulting from formation of complexes
may depress the corrosion potential to make tin anodic to iron8>8(a).

The stability of tin over the middle pH range (approximately 3 • 5-9), its
solubility in acids or alkalis (modified by the high hydrogen overpotential),
and the formation of complex ions are the basis of its general corrosion
behaviour. Other properties which have influenced the selection of tin for
particular purposes are the non-toxicity of tin salts and the absence of
catalytic promotion of oxidation processes that may cause changes in oils or
other neutral media affecting their quality or producing corrosive acids.

Atmospheric Corrosion

Oxidation of tin in dry air is slow; the metal remains bright and interference
colours are not developed below about 18O0C. On a rolled tin surface heated
in air9'10, the thickness of the oxide grew according to a logarithmic law at
temperatures up to about 16O0C and according to a parabolic law at higher
temperatures, for which the oxide was identified as SnO. For electropolished
tin heated in oxygen at pressures of 130N/m2 and above, three stages of
oxidation were observed at temperatures up to 22O0C11"13:

1. An initial sigmoid growth curve during nucleation.
2. A logarithmic growth curve when cavities acted as diffusion barriers.
3. Erratic behaviour caused by random film rupture.

The oxide formed was identified as a-SnO at temperatures down to 750C.
However, a mixture of SnO and SnO2 is formed in dry air at lower temper-
atures and, in humid air, at temperatures up to at least 10O0C39.

Small additions, e.g. 0-1%, of indium, zinc or phosphorus, reduce the
rate of oxidation9 and an addition of antimony, thallium or bismuth accel-
erates it14.



Humidity of the air, in the absence of polluting gases or dusts, increases
the rate of oxidation14(a) and may cause yellow discoloration. In an ordi-
nary uncleaned atmosphere, some corrosion product may be formed in due
course; tin products are not hygroscopic and tin is not attacked at relative
humidities below 100% unless the dust falling on the surface is hygroscopic,
or impurities in the metal are able to form a hygroscopic product. Indoors,
in a laboratory atmosphere without special pollution, a grey film, increasing
in weight linearly with time (0-004g m~2d~[), is formed15. The reflectivity
of the surface is slowly lost if it is left untouched, but may be preserved by
regular washing; in one experiment, when the surface was washed at inter-
vals of three weeks, a water wash was adequate for six weeks and although
the use of soap was necessary thereafter almost complete preservation of
reflectivity was achieved16. In a Stevenson Screen out of doors, i.e. with
exposure to all atmospheric influences except rain, the corrosion rate
declined somewhat with time15.

The impurities ordinarily present in the atmosphere do not appreciably
affect the character of corrosion. No tarnishing effect is exerted by hydrogen
sulphide, sulphur dioxide and other acids in low concentrations, including
formic, acetic and other organic acids which when evolved from wood or
insulating materials are so often destructive to metals other than tin in the
confined spaces of electrical equipment or of packages. Chlorides accelerate
corrosion and tend to form a white corrosion product containing oxychlo-
ride. The presence of some impurities, notably zinc, in the metal may cause
tarnishing and loss of brightness in atmospheres containing SO2

(17).
The atmospheric pollution prevailing in special industrial or laboratory

locations may induce more severe corrosion, e.g. the vapours from concen-
trated hydrochloric or acetic acid will etch tin, and moist sulphur dioxide will
produce a sulphide tarnish, as will hydrogen sulphide at temperatures above
about 10O0C. The halogens attack tin readily. The commonly used volatile
corrosion inhibitors are without adverse action although the benefit derived
from their use is doubtful.

When tin is fully exposed out of doors, corrosion is uniform, and the
rate falls only slightly with time. The metal becomes dull and accumulates
a compact layer of pale grey product, mainly stannous oxide. Rates observed
during exposures in the USA for periods of up to 20 years were as follows18:

Industrial 0-0013-0-0018mm/y
Sea coast O • OO18-0 • 0028 mm/y
Rural O-0005 mm/y

Corrosion in Near-neutral Aqueous Media

Pure tin is completely resistant to distilled water, hot or cold. Local corro-
sion occurs in salt solutions which do not form insoluble compounds with
stannous ions (e.g. chloride, bromide, sulphate, nitrate) but is unlikely in
solutions giving stable precipitates (e.g. borate, mono-hydrogen phosphate,
bicarbonate, iodide)19. In all solutions, oxide film growth occurs and the
potential of the metal rises. Any local dissolution may not begin for several
days but, once it has begun, it will continue, its presence being manifested



at first by small black spots and later by small pits. Movement of the solution
may prevent pitting; stagnation, especially in crevices where the tin touches
another solid surface, favours its progress. Contact with a more noble metal
such as copper or nickel increases the number and intensity of pits; contact
with metals such as aluminium and zinc gives cathodic protection.

As indicated above, the bicarbonate ion inhibits the process, which does
not occur, therefore, in many supply waters; attack is most likely in waters
which by nature or as a result of treatment have a low bicarbonate content
and relatively high chloride, sulphate or nitrate content. The number of
points of attack increases with the concentration of aggressive anions
and ultimately slow general corrosion may occur. During exposure of
99-75% tin to sea-water for 4 years, a corrosion rate of 0-0023 mm/y was
observed20. Corrosion in soil usually produces slow general corrosion with
the production of crusts of oxides and basic salts; this has no industrial
importance but is occasionally of interest in archaeological work.

Corrosion by Acids

Since the high overvoltage restricts hydrogen evolution, corrosion in organic
acids or dilute non-oxidising mineral acids is controlled by the rate of supply
of oxygen. In solutions of acid open to air, with specimens of size 50 x
20mm completely immersed, corrosion rates were, in a range of O - I N
organic acids, 400-50Og m~ 2 d~ 1 and, in 0-1 N hydrochloric or sulphuric
acids, 60Og m~ 2d~ 1 . In absence of oxygen, the rates in the two mineral
acids were 100-15Og m~ 2d~ and in the organic acids, negligible. Phos-
phoric acid forms a protective layer and, even in the presence of air, the cor-
rosion rate is only about 2Og m~ 2 d~ ] . Nitric acid by reason of its oxidising
action attacks tin freely even in the absence of oxygen, but chromic acid
forms a protective film. This film, which contains chromic oxide and tin
oxides, will, after withdrawal from the acid, give some degree of protection
against mildly corrosive conditions; hot solutions of chromic acid, alone or
mixed with phosphoric acid, are used as passivating solutions.

The compounds that inhibit acid attack upon steel exert little or no
restraint on acid attack upon tin.

Corrosion by Alkalis

The Pourbaix diagram indicates the possibility of attack by solutions of pH
values above about 9-5, but the position of this limit is influenced by
temperature, by the constitution of the solution, and by the surface con-
dition of the metal. Corrosion will ensue if the surface oxide can be dis-
solved; this will invariably take place if the pH exceeds 12, and may occur
even at pH values between 10 and 12.

Once corrosion begins, its rate is governed by the oxygen supply and
temperature and is not greatly affected by the character of the alkali. Rates
of attack for specimens completely immersed in still solutions open to air
are about 60Og m^d'1 at 3O0C and 100Og m~ 2 d~ 1 at 7O0C. In intermittent
immersion such as is experienced in the cleaning of tinned ware by alkaline



detergents, however, the rate of corrosion is affected by the nature and con-
centration of the solution, since these affect the time required for removal
of the oxide film at each fresh immersion21.

Saturated ammonia solutions do not attack tin, possibly because of the
negligible oxygen content, but more dilute solutions behave like those of
other alkalis of comparable pH.

The removal of oxygen from an alkaline solution, as by the addition of
sodium sulphite, can prevent corrosion unless the tin is in contact with
another metal, such as steel, from which hydrogen can be evolved. Additions
of oxidising agents in small amounts stimulate corrosion but sufficiently
large additions produce passivity. Alkaline chromate solutions in the passi-
vating range produce a film containing chromium oxide, which has some
protective value9'22.

Corrosion by Other Liquid Media

Sulphide solutions, sulphurous acid and some foodstuffs containing organic
sulphur compounds, produce stains of sulphide, but the rate of loss of metal
is low. Milk and milk products are usually without action, although local
corrosion has been known to occur in dairy equipment.

Beer initially dissolves a trace of tin and this may be sufficient to cause a
haze in the liquor, but the action is usually checked after a period of contact.

In general, near-neutral aqueous products are without action except for
possible sulphide staining or, when there are dissolved salts present, some
local corrosion. The slight acidity which may develop in solutions of some
organic compounds such as formaldehyde or alcohols can be tolerated.

Many organic liquids, including oils (essential, animal, vegetable or
mineral), alcohols, fatty acids, chlorinated hydrocarbons and aliphatic
esters, are without action. The absence of any catalytic action of tin on
oxidative changes is helpful in this respect. When, however, mineral acidity
can arise, as with the chlorinated hydrocarbons containing water, there may
be some corrosion, especially at elevated temperature.

Tin as an Anode

Tin when made anodic shows passive behaviour as surface films are built up
but slow dissolution of tin may persist in some solutions and transpassive
dissolution may occur in strongly alkaline solutions. Some details have been
published for phosphoric acid23 with readily obtained passivity, and sul-
phuric acid24 for which activity is more persistent, but most interest has
been shown in the effects in alkaline solutions. For galvanostatic polarisa-
tion in sodium borate25 and in sodium carbonate solutions26 at 1 x 10~6-
50 x 10~6A/cm2, simultaneous dissolution of tin as stannite ions and
formation of a layer of SnO occurs until a critical potential is reached, at
which a different oxide or hydroxide (possibly SnO2) is formed and dissolu-
tion ceases. Finally oxygen is evolved from the passive metal. The nature of
the surface films formed in KOH solutions27 up to 7 M and other alkaline
solutions28 has also been examined.



If the applied current density is reduced when a tin anode has been made
passive in alkaline solution with the formation of a brown film and evolu-
tion of oxygen, the surface film changes to one of yellow colour and dissolu-
tion of tin as stannite ions proceeds freely29. This effect is exploited in the
electrodeposition of tin from sodium or potassium stannate solutions.

It is possible to obtain conditions30 in which the anodic film continues to
grow to form a blue or black layer, and this, although not exceptionally pro-
tective, has uses in the treatment of baking pans. A typical anodising solu-
tion contains 100 g/1 Na2HPO4 • 12H2O and 20 ml/1 phosphoric acid, and is
used at 350 A/m2 at 60-9O0C for about lOmin.

Solders

By the nature of their use as jointing material, solders are usually presented
to a corrosive environment as a small area within a much larger area of
another metal. Thus, if the solder is anodic to the metal it joins, and if the
corroding medium has good electrical conductivity, damaging corrosion is
possible.

Solders are anodic to copper, but soldered joints in copper pipes are widely
used without trouble for cold supply waters; possibly corrosion is restricted
by the deposition of cathodic carbonate scales and the formation of insolu-
ble lead compounds. Hot supply waters tend to be more aggressive and,
where these are involved, it is wise to tin any copper which has a soldered
joint. Electrolytes of high conductivity such as sea-water will also attack
soldered joints in copper.

Soldered brass seldom gives trouble. In radiators, antifreeze solutions
have been alleged to cause corrosion, possibly because materials such as
ethylene glycol sometimes detach protective deposits. Sodium nitrite, valu-
able as a corrosion inhibitor for other metals in a radiator, tends to attack
solders, but sodium benzoate is safe and, in addition, protects the soldered
joint against the action of nitrites31. In an investigation32 of other inhibitors
in ethylene glycol solutions, 1% borax, either alone or in combination with
O-1% mercaptobenzothiazole, appeared to be satisfactory.

Solders are cathodic to steel, zinc and cadmium, and anodic to Monel
metal. Although tin or tin-coated metals may be used safely in contact with
aluminium when they are not fused with it, a joint in aluminium made with
a tin-lead solder is liable to destructive corrosion. The formation, on fusion,
of the grain-boundary state, which, as already mentioned, makes aluminium
so dangerous an impurity in tin, is responsible. Tin-zinc solders may be used;
the zinc gives a useful degree of protection.

For environments in which tin is less readily corroded than lead, corrosion
resistance of the alloy decreases as the lead content increases; the decrease
may, in some circumstances, be sharp at a particular composition. In the
more corrosive media, such as nitrite solution, a sharp increase of corrosion
rate is observed as the lead content increases beyond 30%. In waters with low
contents of dissolved salts, the corrosion rate increases slowly with lead con-
tent up to about 10% and then rises more steeply, but in the general run of
supply waters the ability of lead to form protective insoluble anodic products
is helpful to the durability of solder. Selective dissolution of tin has been



reported to occur in prolonged contact of solders with solutions of anionic
surface active agents33. This is consistent with some observations of the
behaviour of pure tin in such solution34.

Soldered joints, especially those to be used in a static environment, are,
if insufficient care is taken, liable to corrosion by residues of flux, which by
their nature as oxide removers are potentially corrosive. It is, however, possi-
ble to select fluxes which are active when hot but give non-corrosive residues
when cold.

If it is necessary to use more vigorous materials, such as zinc chloride, any
residues must be rinsed away; owing to the tendency of zinc chloride to yield
a screen of basic chloride in a neutral rinse, a preliminary rinse in water
acidified with hydrochloric acid is advisable.

Bearing Metals

There are three main types of Babbitt alloy for bearings: high-tin alloys
(substantially lead-free), intermediate-tin alloys containing some lead, and
high-lead alloys. The high- and intermediate-tin alloys have the resistance of
tin to the weak acids and sulphur compounds which may be present in used
oils; the lead-rich alloys are rather less resistant35. The anti-oxidant action
of tin is useful in limiting acidity. Rare instances of corrosion of tin-rich
bearings have occurred, with the formation of hard crusts of tin oxide in
which the intermetallic compounds of tin with copper and with antimony
may remain embedded. Although the causes are not wholly established,
some access of water to the bearing is an essential factor and accumulation
of breakdown products of constituents of the lubricating oil may contri-
bute36. The nobility of intermetallic compounds of tin relative to tin itself
has been demonstrated37.

When free access of salt water to a bearing is possible, the Babbitt alloys
are not suitable since they are cathodic to steel shafts. For underwater bear-
ings, alloys with 70% Sn, 1 • 5% Cu and the balance Zn, are used; the possible
dissolution of zinc gives cathodic protection to the shaft, although the more
easily replaced bearing suffers some corrosion.

Uses of Tin

Apart from the special uses in solders and bearings metal referred to already,
and as coatings, tin and its alloys find employment where advantage can be
taken of their physical properties and their fair resistance to tarnish and cor-
rosion in near-neutral environments. Tin pipe is used to condense steam for
high-purity distilled water, as a conveyor of beer and soft drinks, especially
in coils through cooling media, and, in a larger size, as organ pipes. Some
pharmaceutical and food products are packed in tin collapsible tubes and
tinfoil coverings are used on cork wads for jar and bottle closures. Pewter
is most valued for the decorative forms into which it is easily worked or cast,
but it is also used for drinking vessels and dishes.



Atmospheric Corrosion

The corrosion of tin in various atmospheres has been extensively monitored
recently using XPS and AES techniques38'41. While it is difficult to resolve
the peaks from the tin oxides and establish their degree of surface hydration,
there is general agreement that both SnO and SnO2 may be present depend-
ing on the temperature of exposure to oxygen.

Corrosion by Acids

The corrosion of tin by nitric acid42 and its inhibition by n-alky!amines has
been reported43. The action of perchloric acid on tin has been studied44 and
sulphuric acid corrosion inhibition by aniline, pyridine and their deriva-
tives45 as well as sulphones, sulphoxides and sulphides46 described. Attack
of tin by oxalic, citric and tartaric acids was found to be under the anodic
control of the Sn2+ salts in solution in oxygen free conditions47. In a study
of tin contaminated by up to 1200ppm Sb, it was demonstrated48 that the
modified surface chemistry catalysed the hydrogen evolution reaction in
deaerated citric acid solution.

Corrosion by Alkalis

The deliberate growth of tin oxide or mixed oxide films in both acid and
alkaline solutions has been reviewed recently49. The effect of additions to
alkaline solutions on their attack on tin has been considered50 as has the
tendency for pitting corrosion to occur in solutions containing chloride
ions51'52. In connection with this, potential pH diagrams for Sn-H2O-Cl
systems have been published53.

Tin as an Anode

The use of alkaline tin plating baths continues to stimulate research into the
anodic dissolution of tin into sodium hydroxide solution54'55. It has been
shown41 that in the prepassive region, tin (II) oxide and hydroxide exist on
the surface of the metal. At the onset of passivity, these change to tin (IV)
oxide and hydroxide and the extent of surface hydration changes rapidly56.

Solders

There is an accelerating trend away from the use of lead-containing solders
in contact with potable water. The effects of galvanic corrosion of one of
the substitute alloys (Sn3%Ag) in contact with a number of other metals
including copper have therefore been studied57. The corrosion of tin/lead
alloys in different electrolytes including nitrates,58 nitric and acetic acids,59

and citric acid60 over the pH range 2-6 were reported. The specific alloy
Pb/15%Sn was studied61 in contact with aqueous solutions in the pH range



2-6. Higher acidity caused greater corrosion but contamination by sulphur
dioxide or carbon dioxide inhibited attack. By contrast, chloride ions were
found to have a mild aggressive effect.

The effect of O2, SO2, NO2, H2S, Cl2, CO and NH3 on Sn/50%Pb in
atmospheres of different relative humidity were investigated62 but only SO2
and NO2 were active at low concentrations (<100ppm). An XPS study of
Sn/50%Pb solder exposed to O2, H2O and NO2 was conducted to establish
both the surface species formed and the ratio of the concentration of each
metal in the surface. Previous XPS studies had only considered the inter-
action of tin/lead solder with the air40'63-64.

Corrosion of solders used in the electronics industry is usually a function
of the presence of residues from various manufacturing and assembly opera-
tions. Corrosion in heat exchangers, particularly in automobiles65'66 is a
more significant problem and a test methodology has been described as well
as various factors controlling the corrosion of tin-lead alloys in radiators67.

Bearing Metals

The corrosion of tin-rich white metal bearings is rare and consequently
detailed studies of the phenomenon have not been carried out. However,
useful contributions to the understanding of the factors affecting bearing
corrosion have been made recently12'15.

S. C. BRITTON
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4.7 Zinc and Zinc Alloys

The excellent resistance of zinc to corrosion under natural conditions is
largely responsible for the many and varied applications of the metal. In
fact nearly half the world consumption of zinc is in the form of coatings for
the prevention of corrosion of steel fabrications exposed to the atmosphere
and to water. For its varied applications zinc is obtainable in a number of
grades. Ordinary commercial (G.O.B.) zinc contains up to about 1 • 5% total
of lead, cadmium and iron. Electrolytic zinc has a minimum zinc content of
99-95% and contains small amounts of the same impurities. Special high-
purity zinc has a minimum of 99-99% zinc. Even purer zincs are commer-
cially available.

The special high-purity zinc (99-99%) is used mainly for the production
of diecasting alloys containing 4% aluminium and 0-04% magnesium and
some-times 1 % copper, as shown in Table 4.30, which gives the composition
of the two alloys laid down by BS 1004: 1972, and of some newer zinc alloys.

Physical and Mechanical Properties

The bluish-white form of the unalloyed metal is familiar. It is moderately
hard and quite malleable at normal temperatures. The tensile strength and
impact resistance of the unalloyed metal are low, so zinc is not to be regarded
as a structural metal.

The physical properties of zinc and the diecasting alloys are given in
Table 4.31.

The good mechanical properties of the diecasting alloys depend on the
fine-grain structure resulting from rapid chilling in the water-cooled die. The
impact strength of the pressure-diecast alloys at normal temperatures is
higher than that of cast aluminium alloys and grey cast iron, and although
cooling below normal temperatures produces a sudden drop in the impact
strength, this is still within the range given by many other cast metals at
ordinary temperatures. (Variation of mechanical properties of the alloys
with temperatures is given in Table 4.32.) Other factors, such as the design
of castings, also influence mechanical properties.

Its malleability and ductility make it possible to produce zinc in sheet, strip
and plate form by rolling and as rod and wire by extrusion; continuous
casting is also used. Rolled zinc in sheet and strip form is a well-established



Table 4.30 Composition of ingot zinc alloys

Zn
Impurities % (max.)*Alloying elements (%)

SnCdPbCuFeOtherTiMgCuAl
Alloy^

Balance

Balance

Balance

Balance

Balance

Balance

Balance

Balance

Balance

0-001

0-001

0-002

0-001

0-002

0-001

0-002

0-002

0-001

0-003

0-003

0-003

0-002

0-003

0-003

0-003

0-003

0-003

0-003

0-003

0-004

0-0020

0-004

0-003

0-004

0-004

0-003

0-03

0-10

0-075

0-075

0-03

0-075

0-10

0-075

0-075

0.075

0-03

O -005-0 -020Ni

O- 10-0-20 Cr
O -30-0 -40Ti + Cr

0-15-0-25

0-04-0-06

0-04-0-06

0-025-0-050

0-0-0-02

0-015-0-030

0-01-0-03

0-75-1-25

2-6-3-9

0-8-1-3

1-0-1-5

0-5-1-25

2-0-2-5

5

3-9-4-3

3-9-4-3

3-9-4-3

3-9-4-3

8-0-8-8

0-01-0-04

10-5-11-5

25-0-28-0

30

3BS 1004A

5BS 1004B

2

7

8

Ilzro 16

12t

27

Alzen 305

* The limits for impurities indicate the need for using special high-purity zinc in making zinc casting alloys even when the aluminium content is very low. In the latter case, the precaution is necessary to avoid
dangerous contamination of the other alloys if mixing should occur. Indium, thallium, nickel and manganese are also restricted in BS 1004 alloys.
t ZA12 is primarily an alloy for gravity casting in metallic or non-metallic moulds. Ilzro 8 and 16 is for pressure-die casting components which need better creep resistance than the BS 1004 alloys provide; No. 16
is recommended for high-temperature applications. Alloy No. 2 can be pressure die cast and is sometimes chosen for sliding components because of its hardness. It is also used for casting sheet-metal-forming
dies and plastic moulds, but cannot be employed for moulding chlorine compounds (e.g. p.v.c.), some rubbers or polystyrene expanded with steam, because of its corrosion under such conditions. Alloy No. 7
is for pressure die casting and is claimed to display improved fluidity because of the reduced magnesium content. Alzen 305 is a bearing alloy used mainly as gravity cast shells, and castings and continuously
cast or extruded rod. It should not be used in contact with salt or alkaline solutions nor at temperatures above 12O0C. ZA8 and ZA27 are for casting by various processes.



roofing material, particularly in parts of France and northern Europe.
Diecastings can be made readily on account of the low melting points and
the good flow properties of the diecasting alloys. The other major uses are
in brass manufacture, coatings for steel and in sacrificial anodes.

Corrosion Properties

Both zinc and zinc alloys have excellent resistance to corrosion in the
atmosphere and in most natural waters. The property which gives zinc this
valuable corrosion resistance is its ability to form a protective layer con-
sisting of zinc oxide and hydroxide, or of various basic salts, depending on
the nature of the environment. When the protective layers have formed and
completely cover the surface of the metal, the corrosion proceeds at a greatly
reduced rate.

Alloys containing up to 1% copper and about O-1% titanium have been
used in strip form for roofing on a large scale in France, Germany, the
UK and elsewhere since about 1960, but no details are available on how
their corrosion resistance compares with that of the traditional unalloyed
rolled zinc. Initially they are lighter in colour and they remain bright a little
longer.

Table 4.31 Physical properties of zinc and cast zinc alloys

Material

Zinc
Alloy 3
Alloy 5
Alzen 305

Atomic
weight

65-39

Specific
gravity
(g/cm3)

7-14
6-7
6-7
4-8

Melting
point
(0Q

419-4
382-387
379-388
480-580

Electrical
conductivity
(Cu = 100)

28-3
26-6
25-9
31

Thermal
conductivity
(Cu = 100)

29-3
30
29
28

Coefficient
of

expansion
per 0C

3-95 x 10~5

3-7 x 10~5

2-7 x 10~5

2-2 x 10~6

Table 4.32 Variation with temperature of mechanical properties of diecast test bars of alloys
3 and 5, BS 1004

Temperature
(0C)

95
40
20
10
O

-10
-20
-40

Tensile strength
(N/mm2)

3

200
250
280

295

320

5

240
290
350

370

370

Elongation % on
50mm x 0-3 mm

3

30
16
11

9

4-5

5

23
13
8

8

3

Impact strength

3

58
57
57
42
10
5
3-5
3

5

62
60
56
53
24

5
3-5



Composition of the Protective Films

In dry air, a film of zinc oxide is initially formed by the influence of the
atmospheric oxygen, but this is soon converted to zinc hydroxide, basic zinc
carbonate and other basic salts by water, carbon dioxide and chemical
impurities present in the atmosphere.

Below about 20O0C, the film grows very slowly and is invisible and very
adherent. It is often said that the first layer formed governs the corrosion
resistance of the zinc throughout its life. If the film becomes too thick, it is
liable to break away or become porous, when, of course, it ceases to provide
protection. Moreover, zinc oxide occupies a larger volume than the zinc
from which it originated and, as the layer thickens, strains are set up which
lead to the production of fissures.

Vernon! claims that in outdoor atmospheres the corrosion product con-
sists largely of zinc oxide, hydroxide and combined water, but also contains
zinc sulphide, zinc sulphate and carbonate. The following table2 gives the
composition of typical films formed in an industrial atmosphere.

Table 4.33 Composition of
films formed in industrial

atmosphere

The formation of the protective layers is governed largely by the pH of the
environment. Since zinc forms an amphoteric oxide, both acid and alkaline
conditions adversely affect its corrosion behaviour by interfering with the
formation of the protective layers. Figure 4.42 shows how the corrosion rate
of zinc varies with the pH3, and it will be seen from this that the attack is
most severe at pH values below 6 and above 12-5, while within this range
the corrosion is very slow.

The electrochemical properties of zinc also have a large bearing on its
corrosion behaviour. Zinc* is negative to E^+/H2 and magnesium and
aluminium excepted, to most other metals commonly encountered, includ-
ing those found in the less pure forms of zinc. This means that when zinc is
in contact with these metals sacrificial electrochemical action can take place,
with zinc forming the anode. Contact with other metals and impurities can

*££n2VZn = -0-76 V (SHE) and the corrosion potential of Zn approximates to this value in
sea water, but is more positive in fresh waters, particularly at elevated temperatures.

Compound

ZnO
Included water
Sulphates:

ZnSO4
PbSO4
Na2SO4

ZnCl2

Carbonates:
CaCO3
MgCO3
ZnCO3

Fe2O3

Sand

<?o

37-0
20-0

5-2
9-0
1-8
0-2

1-1
0-4

17-4
2-5
4-5



PH

Fig. 4.42 Effect of pH on the rate of corrosion of zinc, A, rapid corrosion; B, stable film — low
corrosion rate; C, rapid corrosion (after Roetheli, eta/.3)

therefore cause zinc to corrode rapidly, and it is important to avoid inter-
metallic contacts with metals such as copper, tin or nickel, under immersion
in water. On the other hand the overvoltage for hydrogen evolution on zinc
is high, and this can, in some circumstances, lead to a reduction in the corro-
sion rate, although under normal atmospheric conditions oxygen is generally
present in sufficient concentration to act as a cathode reactant.

The Corrosion of Zinc in the Atmosphere

In dry air the stability of zinc is remarkable. Once the protective layer of zinc
oxide formed initially is complete, the attack ceases. Even under under nor-
mal urban conditions, such as those in London, zinc sheet 0-8 mm thick has
been found to have an effective life of 40 years or more when used as a roof
covering and no repair has been needed except for mechanical damage. The
presence of water does, of course, increase the rate of corrosion; when water
is present the initial corrosion product is zinc hydroxide, which is then con-
verted by the action of carbon dioxide to a basic zinc carbonate, probably
of composition similar to ZnCO3-SZn(OH)^. In very damp conditions
unprotected zinc sometimes forms a loose and more conspicuous form of
corrosion product known as 'wet storage stain' or 'white rust' (see p. 4.171).
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Industrial atmospheres usually accelerate the corrosion of zinc. When
heavy mists and dews occur in these areas, they are contaminated with con-
siderable amounts of acid substances such as sulphur dioxide, and the film
of moisture covering the metal can be quite acid and can have a pH as low
as 3. Under these conditions the zinc is dissolved but, as the corrosion pro-
ceeds, the pH rises, and when it has reached a sufficiently high level basic salts
are once more formed and provide further protection for the metal. These
are usually the basic carbonate but may sometimes be a basic sulphate. As
soon as the pH of the moisture film falls again, owing to the solution of acid
gases, the protective film dissolves and renewed attack on the metal occurs.
Hudson and Stanners5 conducted tests at various locations in order to
determine the effect of atmospheric pollution on the rate of corrosion of steel
and zinc. Their figures for zinc are given in Table 4.34 and clearly show the
effect which industrial contamination has on the corrosion rate.

In areas near the sea coast the rates of corrosion may be increased some-
what by the sea spray containing soluble chlorides, but the rates are still
much lower than those prevailing in heavily polluted industrial areas. The
white corrosion product which is sometimes found under these conditions
probably consists of the basic chloride Zn2OCl2

(4).
Anderson6, reporting on a series of 20-year exposure tests carried out by

the ASTM, quotes the average rates of corrosion for various types of
environment which are given in Table 4.35.

These results clearly demonstrate (a) the effect of moisture in increasing
the corrosion rate six times in the rural areas compared with the arid areas

Table 4.34 Atmospheric corrosion of zinc in various part of the UK

Site

Godalming
Teddington

Hornchurch
London (Victoria Park)

Barking (Greatfield Park)
Salford (Ladywell)

Sheffield (Hunshelf Bank)
Billingham (Council Offices)

Degree of
pollution

Slight

Moderate

Heavy

Severe

Standard
pollution *

0-23
0-82

0-92
1-28

1-60
2-31

3-58
5-24

Corrosion rate (mm/y)

Zinc

0-00107
0-00211

0-00324
0-00445

0-00843
0-00843

0-0129
0-0125

Steel

0-0425
0-0633

0-0627
0-0756

0-0750
0-105

0-107
0-180

* Calculated on weight (mg) of SOs absorbed per day by 1 dm 2 of lead dioxide

Table 4.35 Further examples
of atmospheric corrosion rates

for zinc6

A tmosphere

Industrial
Sea coast
Rural
Arid

Corrosion rate
(mm/y)

0-0064
0-0015
0-0011
0-00018



and (b) the considerable increase of attack in the industrial areas. Anderson
considers the principal features which control the rate of corrosion of zinc
are (a) the frequency of rainfall and dew fall, (b) the acidity of the atmo-
sphere and (c) the rate of drying. In situations where the drying of zinc
of retarded corrosion is found to be most severe, for example the bottom
strand of a galvanised wire fence which is shielded from the sun by grass and
weeds.

Ambler7 has attempted to find a relationship between the corrosion of
zinc and iron and atmospheric salinity in the UK. This followed previous
tests in Nigeria8, when it was concluded that the governing factor in the
corrosion of steel and zinc was airborne salt and that there was a relationship
between corrosion and the distance from the sea. In the UK, however, no
such relationship was found to exist, and the governing factor in the corro-
sion of zinc in the atmosphere is confirmed to be the amount of sulphur
dioxide pollution.

White rust If a fresh zinc surface is allowed to stand with large drops of
dew on it, as may easily happen if it is stored in a closed place in which the
temperature varies periodically, it is attacked by the oxygen dissolved in the
water, owing to differential aeration between the edges and the centres of
the drops. A porous form of zinc oxide builds up away from the surface and
quickly takes up carbon dioxide from the air to form the basic carbonate
known as white rust or wet storage stain.

This type of corrosion can take place on any new surface of zinc and is
best prevented by storing the metal in a dry, airy place until a protective layer
has been formed. Zinc which has been properly aged in this way is safe
against white-rust formation. Various methods are employed to prevent
white rust. A chromate treatment is widely used for zinc-plated articles and
for galvanised sheet, and occasionally for zinc die castings. Fatty substances,
such as oils or lanolin, are sometimes used to protect larger items.

Corrosion of Zinc in Water

When zinc is immersed in distilled water containing dissolved oxygen, a
protective film, probably consisting of zinc hydroxide, is slowly formed,
and this extends over nearly the whole surface. At certain points the metal
seems to remain uncovered and local attack continues, resulting in pitting.
This may be quite serious and can lead to the rapid penetration of a zinc
sheet. The attack does not spread over the whole surface of the zinc but
is confined to these small local areas, although similar pits are liable to
appear at points in a vertical line directly below the seat of the original corro-
sion. It has been suggested that the areas attacked occur where particles of
corrosion product have fallen and are resting on the surface, shielding it
from oxygen. The point thus shielded becomes anodic and suffers corrosion.
If oxygen replenishment is made uniform over the whole surface, e.g. by
'whirling'9 a zinc plate, pitting is avoided and the protective film of zinc
hydroxide is found over the entire surface.

Natural waters all contain dissolved salts to a certain extent and these
tend to form a scale on the surface of the metal. Since such scales have a

Mal



protective effect it is to be expected that corrosion will be less severe in hard
water. This is in fact true, and it is often found that distilled water is more
corrosive than natural waters.

The effect of pH on the corrosion of zinc has already been mentioned
(p. 4.170). In the range of pH values from 5 • 5 to 12, zinc is quite stable, and
since most natural waters come within this range little difficulty is encoun-
tered in respect of pH. The pH does, however, affect the scale-forming pro-
perties of hard water (see Section 2.3 for a discussion of the Langelier index).
If the pH is below the value at which the water is in equilibrium with calcium
carbonate, the calcium carbonate will tend to dissolve rather than form a
scale. The same effect is produced in the presence of considerable amounts
of carbon dioxide, which also favours the dissolution of calcium carbonate.
In addition, it is important to note that small amounts of metallic impuri-
ties (particularly copper) in the water can cause quite severe corrosion, and
as little as 0-05 p.p.m. of copper in a domestic water system can be a source
of considerable trouble with galvanised tanks and pipes.

Sea-water contains considerable amounts of soluble salts, particularly
sodium chloride, which is present in concentrations from 1 to 25%. The
North Sea, for example, contains about 3% sodium chloride, 0-47% mag-
nesium sulphate, 0-2% magnesium chloride and 0-1 % calcium chloride.
The carbon dioxide content is about O • 0005 to O • Ol % and the pH is between
7 • 6 and 8 • 1. The high chloride content would tend to increase the rate of cor-
rosion, and this usually takes the form of pitting under these conditions. The
corrosive influence of the chloride ions is, however, inhibited by the presence
of magnesium and calcium ions by virtue of the formation of a protective
layer of magnesium and calcium salts (calcareous scale).

The effect of the magnesium salts has been clearly demonstrated by
Schikorr10. Zinc immersed in a solution containing 30g/l of sodium
chloride showed a weight loss of 198 g/m2 after 14 days. When the solution
contained in addition 12g/l of magnesium chloride, the loss in weight was
only 4 g/m2 after the same period. Artificial sea-water was also tested and
gave a weight loss of 5 g/m2.

Zinc roofs are quite satisfactory at the coast, where they receive a large
amount of salt-water spray, and many British piers have been covered with
sheet zinc which has lasted 50 years and more. Most of the zinc actually
immersed in sea-water is in the form of zinc coatings, the behaviour of which
is discussed in a later section of this book (see Section 14.4). Experience with
these coatings has proved the value of zinc in sea-water compared with many
other metals in this environment11.

The effect of temperature on the corrosion of zinc in water It is found
that the temperature has a marked effect on the rate at which zinc corrodes
in water. The corrosion rate in distilled water reaches a maximum in the
temperature range 65-750C. This variation in the corrosion rate with
temperature is attributed to changes in the nature of the protective film. At
lower temperatures the film is found to be very adherent and gelatinous,
while at temperatures around 7O0C it becomes distinctly granular in char-
acter and much less adherent. Above 750C it again tends to become more
adherent and assumes a very compact and dense form. It is believed that
the granular coating formed at temperatures around 7O0C is more porous



than the others and permits greater access of the dissolved oxygen to the
metal.

Experiments in which rolled high-grade zinc was immersed in distilled
water for 15 days at various temperatures are described by Cox12. The
figures which he obtained are given in Table 4.36.

Soil Corrosion

The factors influencing the corrosion of metals in soil are more numerous
than those prevailing in air or water, and the electrochemical effects are more
pronounced. Moreover, soils vary widely in their composition and behaviour
even over very short distances. It is difficult therefore to obtain reliable data.
It is evident, however, that zinc has considerable resistance to corrosion
when buried, and the greatest attack is caused by soils which are acid or con-
tain large amounts of soluble salts.

In tests carried out by the National Bureau of Standards in the USA13

specimens of copper alloys, lead, zinc and zinc alloys were buried at a
number of different sites for periods varying from 11 to 14 years. The soils
tested covered a pH range from 2-6 to 9-4 and resistivities ranged from 62
to 17800 Q cm. The weight losses and maximum depths of pitting were
recorded, and the results indicated that the most severe corrosion occurred
in soils of poor aeration having high acid and soluble-salt contents.

Although there was no significant difference in weight loss between rolled
zinc and zinc alloys, the maximum penetration of the alloys definitely
appeared to be greater than that of rolled zinc.

BISRA tests on galvanised steel pipe buried for five years at five different
sites are described by Hudson and Acock14. The galvanised pipes resisted
corrosion rather better than steel at all sites. Galvanised pipes of small
diameter are frequently used to provide underground water services in farms
and similar establishments, and little trouble is experienced.

Corrosion Resistance of Zinc in Chemical Environments

Acids and alkalis Zinc dissolves in liquids whose pH is below about 5 and
above 12-5. Table 4.37 shows the approximate pH value of 0-01 and O-1 N

Temperature
(0Q

20
50
55
65
75
95

100

Corrosion rate
(mm/y)

0-020
0-071
0-38
3-05
2-34
0-31
0-12

Table 4.36 Dependence of corrosion
rate of zinc on temperature



Owing to the high overpotential for hydrogen evolution pure zinc is
attacked only very slowly by dilute sulphuric and hydrochloric acids, but
impure zinc dissolves quite readily, evolving hydrogen. Thus when ordinary
commercial zinc is placed in a dilute acid it immediately starts to corrode
slowly. As corrosion proceeds the impurities present are reprecipitated as a
black metallic sponge which may further accelerate the reaction owing to the
increased surface area of low overpotential cathodic sites, e.g. copper. Some
metallic impurities, notably aluminium, retard the corrosion of zinc by
acids. This is due to the production of highly protective films. Other metals,
such as tin and lead, retard the corrosion initially, but when after a few hours
they are deposited as a metallic sponge the corrosion is as fast as with
ordinary zinc.

Salt solutions When a zinc sheet is immersed in a solution of a salt, such
as potassium chloride or potassium sulphate, corrosion usually starts at
a number of points on the surface of the metal, probably where there
are defects or impurities present. From these it spreads downwards in
streams, if the plate is vertical. Corrosion will start at a scratch or abrasion
made on the surface but it is observed that it does not necessarily occur at
all such places. In the case of potassium chloride (or sodium chloride) the
corrosion spreads downwards and outwards to cover a parabolic area.
Evans15 explains this in terms of the dissolution of the protective layer of
zinc oxide by zinc chloride to form a basic zinc chloride which remains in
solution.

solutions of some common acids and alkalis, from which it is seen that all
of the acids included would attack zinc, while only the stronger solutions of
most of the alkalis would cause any corrosion. Zinc dissolves in caustic soda
solution to form sodium zincate, i.e. Na2ZnO2.

Table 4.37 pH values of common acids and alkalis

Acids

Hydrochloric
Hydrochloric
Sulphuric
Sulphuric
Oxalic
Formic
Acetic
Acetic

Bases
Sodium hydroxide
Sodium hydroxide
Potassium hydroxide
Potassium hydroxide
Sodium metasilicate
Trisodium phosphate
Sodium carbonate
Borax
Sodium bicarbonate

Concentration

0-1 N
0-01 N
0-1 N
0-01 N
0-1 N
0-1 N
0-1 N
0-01 N

0-1 N

0-01 N
0-1 N
0-01 N
O- N

O- N

O- N

O- N

O- N

PH

1 - 1
2-0
1-2
2 -1
1-6
2-3
2-9
3-4

13-0
12-0
13-0
12-0
12-6
12-0
11-6
9-2
8-4



Feitknecht16 has examined the corrosion products of zinc in sodium
chloride solutions in detail. The compound on the inactive areas was found
to be mainly zinc oxide. When the concentration of sodium chloride was
greater than O-1 M, basic zinc chlorides were found on the corroded parts.
At lower concentrations a loose powdery form of a crystalline zinc hydroxide
appeared. A close examination of the corroded areas revealed craters which
appeared to contain alternate layers and concentric rings of basic chlorides
and hydroxides. Two basic zinc chlorides were identified, namely
6Zn(OH)2-ZnCl2 and 4Zn(OH)2-ZnCl2. These basic salts, and the crystal-
line zinc hydroxides, were found to have layer structures similar in general
to the layer structure attributed to the basic zinc carbonate which forms
dense adherent films and appears to play such an important role in the
corrosion resistance of zinc against the atmosphere. The presence of different
reaction products in the actual corroded areas leads to the view that, in
addition to action between the major anodic and cathodic areas as a whole,
there is also a local interaction between smaller anodic and cathodic
elements.

Organic chemicals Most organic liquids, other than the stronger acids,
only attack zinc slowly. Zinc is, therefore, suitable for storage tanks for
liquid hydrocarbons such as motor fuels, for phenols and for trichlorethy-
lene degreasers. Zinc or zinc-coated vessels are not recommended for use in
contact with acid foodstuffs, but are regularly used for dry foods. Zinc in
small quantities is beneficial in the human diet.

Cathodic Protection by Zinc Anodes

Zinc should give a potential of —1 -05 V vs. CuXCuSO4 and should have a
driving potential of about —0-25 V with respect to cathodically protected
steel. Zinc is therefore sufficiently negative to act as a sacrificial anode, and
its first use for such purposes was on the copper-sheathed hulls of warships
more than a century ago. The first attempts to fit zinc anodes to steel hulls,
however, were a complete failure, for the sole reason that it had not been
realised that the purity of the zinc was of paramount importance. The
presence of even small amounts of certain impurities leads to the formation
of dense adherent films, which cause the anodes to become inactive.

The major harmful impurity is iron, and by keeping the iron content to
less than 15 p.p.m. it became possible to produce perfectly satisfactory
anodes of zinc17< 18. Alternatively the effect of the iron can be neutralised by
alloying the zinc with certain metals, among which aluminium and silicon
or cadmium have been found to be particularly effective. The presence of
cadmium causes the corrosion product to fall away evenly, leaving an active
surface (see Section 10.2).

Zinc alloy anodes are generally very efficient, owing to their non-polarising
characteristics and to the absence of parasitic reactions when buried or
immersed. As zinc's 'self-corrosion' is, therefore, very small, the anode's high
efficiency of 85-95% holds throughout the current-density range, whereas
the efficiency of magnesium, about 50-55% at high current densities, may
fall to only 30% at low current densities. The use of these zinc alloys for



reference electrodes to monitor some hull-protection schemes or as perma-
nent reference cells located along pipelines, underlines their non-polarising
characteristics. The electrochemical equivalent of zinc indicates that 10- 5 kg
should give 1 A/year, but in practice this amount of charge is given by
11-12 kg of zinc compared with 7 • 7-9 kg of magnesium. As the cost of zinc
is low, zinc anodes are found to be very economical. Moreover, since zinc
is fairly dense, the volume consumption (1-6 litre A"1 year"1) is much
lower than that for magnesium (5 litre A"1 year"1) and the dimensions of
the zinc anode are correspondingly smaller.

The driving potential of zinc to cathodically protected steel is 200-250 mV
and this is considerably lower than the 700 mV given by magnesium. While
this value is ideal in sea-water or other electrolytes of low resistivity, the use
of zinc is not always practicable in environments of higher electrical resis-
tance. For example, it is not likely to be of much use for protecting large
underground systems in a high resistivity soil, but on the other hand it proves
to be of value for smaller underground units, such as storage tanks, situated
in soils of resistivity below about 3 000 12 cm. Olive19, for instance, in the
USA, discussed the application of zinc anodes for protecting underground
equipment at petrol-filling stations. Larger installations which employ a con-
siderable number of zinc anodes are the protective schemes for the steel gas
mains in Houston and New Orleans20. Of a total of some 1 200 galvanic
anodes in New Orleans about 1 000 are of zinc. This is a good example of
a case where a system of zinc anodes can be used to protect a large under-
ground installation under the right soil conditions. Zinc is used quite widely
for the protection of bare service pipes of small diameter, and is receiving
increased acceptance for the protection of large-diameter coated pipes in
built-up areas in order to minimise interference on adjacent mains. It is also
used for protecting galvanised cold-water tanks.

Where the use of zinc anodes is practicable, the low driving potential is a
great advantage since the resistance of the steel to be cathodically protected
is the controlling resistance, and the current output of the anode varies with
the requirements of the cathode. Thus it can be said that zinc anodes are
largely self-governing.

By far the largest use of zinc anodes is in sea-water for the protection of
ships' hulls and North Sea pipelines and drilling rigs. The high conductivity
of the sea-water and the excellent natural resistance of zinc to corrosion
make it very effective in this application. Many examples of trials with zinc
anodes on ships can be quoted, and much work has been done in this respect
by the US Navy. One example is a paper by Carson18, describing zinc
anodes attached directly to the hull and found to have a life of 8 to 10 years.
This paper also gives the results of tests carried out at the Pacific Naval
Laboratory, showing the effect of various impurities in the zinc. Carson
looks into the economics of zinc alloy anodes and concludes that for small
and medium hull sizes, e.g. 1 40Om2 wetted hull area, zinc alloy anodes are
more economical than the most competitive alternative systems available and
have the additional advantages of more even current distribution, minimum
risk of paint-stripping, and maintenance-free long life. For larger hull areas
zinc alloy anodes are at least as economic as many alternative systems.

Zinc anodes are made in a variety of shapes and sizes, ranging in weight
from 2-25 to 11 kg and in shape from cylindrical rods to rectangular bars.



When used underground they are usually placed in a backfill, consisting of
gypsum, sodium sulphate and clay, which may be added loose, shipped in
a bag around the anode, or obtained in cast form.

Behaviour of the ZA alloys in aerated water from pH 2.0
to 13.0

As part of an International Lead Zinc Research Organisation Programme,
the corrosion behaviour of the ZA alloys has been studied at the Noranda
Research Centre in Canada21. Air was bubbled continuously through dis-
tilled water flowing through the corrosion cells, its pH being controlled by
additions of hydrochloric acid or sodium hydroxide. The temperature was
22 ± 20C. Pure zinc sheet was included for comparison. The results are
based on immersion times of 4 to 15 days and show that ZA27 undergoes
little attack between pH6 and 11.5, like pure zinc. At pH 4.0 there was
preferential attack of the decomposed /3-phase, whereas at pH 12.8 there
was selective dissolution of the aluminium-rich primary dendrites leaving a
sponge-like surface. The samples were gravity cast plates.

Behaviour of ZA alloys in neutral salt spray

The test followed ASTM B-117. Pure zinc and the 4% aluminium diecasting
alloy were corroded slightly more than ZA8 and ZA12 during up to 600
hours exposure; after longer periods the difference diminished. ZA27 cor-
roded at about one-third the rate of the other alloys, probably because attack
occurs on the zinc rich matrix, while ZA27 contains a significantly larger
amount of the aluminium-rich phase and behaves like the aluminium die-
casting alloy 380 also included in the test21.

Behaviour of the ZA alloys at a waste water plant

Gravity die cast ZA alloy test plates and 99.99% pure rolled zinc samples
were exposed at a waste water treatment plant in Detroit, Michigan, USA.
The results after one year are summarised in Table 4.3821.

Recent Developments

In the 1970s and 1980s alloys with higher contents of aluminium have
become more important, especially for casting using metal or graphite
moulds. Table 4.30 has been modified to cover these alloys. A super-plastic
alloy containing about 22% aluminium has also been developed, but only
has very limited use.

The physical properties of the newer alloys have been well documented
(see bibliography). Essentially, they lie between those of Alloy 5 (Alloy B)
and of Alzen 305 in Table 4.31, broadly in relation to their aluminium con-
tent. The mechanical properties vary considerably according to the method



Exposure site

A tmospheric-Indoor
Bar screen (High H2S concentration
and humidity)

A tmospheric — Outdoor
Primary sedimentation tank
(Relatively high H2S and
humidity)

Secondary sedimentation tank
(Relatively high H2 S and
humidity)

Immersed
Primary sedimentation tank
(Waste water with low O2 containing
phosphorus precipitants and
coagulants)
Secondary sedimentation tank
(Oxygenated waste water
containing microorganisms

Sample

Zinc
ZA8
ZA12
ZA27

Zinc
ZA8
ZA12
ZA27
Zinc
ZA8
ZA12
ZA27

Zinc
ZA8
ZA12
ZA27
Zinc
ZA8
ZA12
ZA27

Corrosion rate
g m-y !

1
2
1
1

8-12
9
9
4
9

10
10
9

1,239-1,601
625

2,181
1,209

857-1,174
324
352
253

Property

Tensile strength (N/mm2)
Sand or gravity cast
Pressure die cast
Elongation (% on 5.65 Varea)
Sand or gravity cast
Pressure die cast
Hardness (Brinell)
Sand or gravity cast
Pressure die cast
Shear strength (N/mm2)
Sand or gravity cast
Pressure die cast
Fatigue strength (5 X 10 8 cycles)
Sand or gravity cast
Pressure die cast
Impact strength (J)
Sand gravity
Pressure die cast

Alloy
3

283

10

82

214

48

58

5

328

7

91

262

57

65

8

250
372

1
8

90
105

240
276

52

20
40

12

300
400

1
5

95
105

250
325

104

25
28

27

420
440

4
5

115
115

290

172

48
13

Note A corrosion rate of 300 g m ~ 2 y ~ ' corresponds to a uniform depth of penetration between 50 and 60 ^m for the ZA
alloys.
Visual examination of the immersed samples showed that ZA8 suffered moderate, uniform corrosion in both tanks. ZA12
showed extensive localised corrosion in the primary tank but slight uniform corrosion with localised corrosion at several spots
in the secondary tank. ZA 27 suffered extensive localised corrosion over most of the surface in the primary tank but only slight
uniform corrosion with several very small pits dispersed all over the surface in the secondary tank.

of casting. The five major alloys are broadly compared in Table 4.39. Up to
about 15% aluminium the materials are non-sparking and can be used in
mines.

Table 4.39 Typical Mechanical Properties of Zinc Alloys

Table 4.38



The corrosion behaviour of the zinc-aluminium casting alloys can, for
practical purposes, be considered as similar to pure zinc —even a factor of
2 in corrosion rate would be of little significance in a solid product. This is
to be contrasted with both the behaviour and significance of zinc-aluminium
alloys when produced as coatings (Chapter 14.4) —in this latter case, the pro-
duction process is designed to give inherently corrosion-resistant structures
and only limited corrosion attack can be tolerated because the coating is thin.
With castings, the only corrosion criterion is that harmful impurities such as
lead, tin and cadmium, which could cause inter-crystalline corrosion, shall
be below specified and low levels; the difference in levels of general corrosion
is unlikely to affect the choice of alloy.

The general corrosion rate of zinc and zinc alloys in practice often have
been shown to be much less than in simulated conditions; this is because
many naturally occurring substances act as inhibitors. Figure 4.42 is a good
example of this. The diagram is valuable for the qualitative relationship
between acid, neutral and alkaline conditions but, in practice, the corrosion
rates are usually very much lower than indicated by the pH because of the
effect of other dissolved constituents and the barrier effect of corrosion pro-
ducts. Seawater around the British Isles is much less corrosive to zinc than
tropical seawater.

The atmospheric corrosion data in Table 4.34 (and also Table 13.8) is
related to historic environments. Current use in the industrial areas listed
with acidic pollution would show much lower corrosion rates as the corro-
sion of zinc in the atmosphere is essentially related to the SO2 content (and
the time of wetness) and in many countries the sulphurous pollution has been
greatly reduced in the past 20 years. Zinc also benefits from rainwater wash-
ing to remove corrosive poultices: thus, although initial corrosion rates are
usually not very different on upper and lower surfaces, the latter tend —with
time —to become encrusted with corrosion products and deposits and these
are not always protective.

The bibliography is expanded from that given in the previous edition.

A. R. L. CHIVERS
F. C. PORTER
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