
13.3 Cadmium Coatings

In some environments cadmium gives better protection than zinc (Section
13.4); it is, however, considerably more costly. It does not compete with
zinc on articles on which a high degree of protection can be achieved by the
use of a thick film deposited by hot dipping (immersion in molten zinc, i.e.
galvanising) or metal spraying. Where only thin coatings of 25 /*m or less are
tolerable, the greater protection of cadmium in some environments is worth
while, and as uniform thin coatings must be deposited by relatively expensive
processes such as electroplating, the greater cost of cadmium then has little
effect on the cost of the finished article. However, because of the toxic nature
of both the metal and its compounds, the use of cadmium is generally limited
to those applications that demand the unique combination of properties that
cadmium possesses.

Nature and Degree of Protection

Coatings of both cadmium and zinc protect steel mainly by simple physical
exclusion. At gaps in the coating, however, whether these are in the form of
porosity, pits, scratches or cut edges, protection is by sacrificial action of the
coating followed probably by the plugging of gaps with sparingly soluble
corrosion product.

It is not at once clear why cadmium should be sacrificially protective
to steel. Standard equilibrium electrode potentials of iron and cadmium in
contact with solutions of their salts of normal activity, given in Table 13.3,
suggest that iron should be sacrificial to cadmium, but Hoar1 has shown
by means of E/I curves that the mixed potential of corroding cadmium
will be more electronegative than the mixed potential of corroding iron.
This follows from the higher exchange current for Cd -> Cd2+ + 2e. Under
these circumstances iron will be sacrificially protected by cadmium (see also
Section 1.4). Whatever the explanation, the fact of sacrificial protection is
reflected in the potentials, also given in Table 13.3, found for the two metals
in sea-water.

The degree of protection given in practice by zinc and cadmium, whether
by physical exclusion or by sacrificial action at gaps, depends on the dur-
ability of the coatings themselves against corrosive attack. It is now well
established that, thickness for thickness, cadmium is more resistant to



marine and tropical atmospheres and zinc more resistant to industrial
atmospheres. This is well demonstrated by comparative tests made by
Biestek2 in various laboratory conditions, and by Clarke and Longhurst3 in
practical tropical exposure tests. Table 13.4 gives the order of corrosion
rates, based on the results of these and other4 tests. It must be emphasised
that these figures give only a broad comparison; actual corrosion rates will
be much affected by the exact environment.

If the corrosion mechanism in an industrial atmosphere is mainly a
straight chemical dissolution in sulphur acids, then the relative chemical
equivalents present in a given thickness of the two metals account for a large
part of the difference in corrosion rate. In an unpolluted humid atmosphere
the slightly greater corrosion resistance of cadmium compared with zinc at
unit thickness (and therefore much greater resistance per unit chemical
equivalent) is likely to be due to a greater insolubility and protective power
of the first corrosion product. The solubility data in Table 13.5 (quoted
from the Handbook of Chemistry and Physics, 40th edition) show that
cadmium hydroxide is more soluble in water than zinc hydroxide, but that
the cadmium carbonate is the less soluble, it is concluded therefore that the
protective films formed are carbonates or possibly basic carbonates. The
considerably greater comparative corrosion resistance of cadmium in a
marine atmosphere must be postulated as being due to a greater insolubility
of the basic chloride of cadmium compared with that of zinc.

In conclusion, relative cost and relative behaviour towards different
conditions of exposure lead to the use of zinc on parts on which thick
films can be tolerated and for general industrial use, and of cadmium for
fine-tolerance special applications, such as aircraft and instrument parts,
required to withstand conditions include humid and marine atmospheres.

Metal

Iron
Cadmium
Zinc

Table 13.3 Potentials of iron, cadmium and zinc

Standard electrode
potential, hydrogen scale

(V)

-0-44
-0-40
-0-76

Corrosion potential* in
flowing sea- water, hydrogen scale

(V)

-0-36
-0-45
-0-76

*The corrosion potential will vary with aeration and velocity of the sea-water.

Table 13.4 Corrosion rates of zinc and
cadmium coatings in various atmospheres

Location

Industrial
Suburban
Marine

Rate of corrosion of
electrodeposited

coating
(/tm/y)

Zinc

5-1
1-8
2-5

Cadmium

10-2
2-3
1-3



Other Factors Governing the Choice between
Zinc and Cadmium

As well as the reasons already given, other considerations influence the
choice between zinc and cadmium.

Cadmium is easier to solder and has a lower contact resistance than
zinc, and for such reasons it may be selected for certain applications.
However, account must be taken of the toxic nature of cadmium and
cadmium vapour.

On very strong steels cadmium is also preferred because it appears that
cadmium electroplating from a given type of electroplating solution, e.g. a
specially formulated cyanide solution, causes less hydrogen embrittlement
than zinc plating from the same type of solution5. On the other hand, on
steels subject to elevated temperatures in use, the possibility of intergranular
penetration of stressed steel which occurs above (and even, if the steel is
highly stressed, somewhat below) the melting point of the coating, may lead
to the choice of zinc (m.p. 419- 50C) in preference to cadmium (m.p. 3210C).

Acid vapours emitted by wood, oleoresinous paints and some plastics
(cf. Section 18.8-10) attack both zinc and cadmium. The relative behaviour
varies, and appears to depend on the nature and concentration of the acid
vapours and on the relative humidity. For these conditions of exposure,
therefore, no advice can be given as to which metal should be used. It should
not be assumed, therefore, that because one metal has failed therefore the
other would be better.

Both metals are applied to copper-base alloys, stainless steels and titanium
to stop bimetallic corrosion at contacts between these metals and aluminium
and magnesium alloys, and their application to non-stainless steel can serve
this purpose as well as protecting the steel. In spite of their different poten-
tials, zinc and cadmium appear to be equally effective for this purpose6,
even for contacts with magnesium alloys7. Choice between the two metals
will therefore be made on the other grounds previously discussed.

Protection of Cadmium Coatings

Full chromate passivation (Section 15.3) improves the corrosion resistance
of both zinc and cadmium towards all environments and is applied for a wide
range of applications. Clear and olive-coloured chromate coatings can also
be applied for certain purposes. The highest degrees of corrosion protection

Table 13.5 Solubility in water of cadmium
and zinc carbonates and hydroxides

Metal

Cadmium
Zinc

Solubility
(g/lOOml)

Carbonate

insoluble
0-001

Hydroxide

0-00026
0-00000026



are generally obtained from olive-coloured chromate coatings. Passivation
improves the adhesion of normal types of priming paints, but for best
adhesion and protection an etch primer should be used.

Methods of Deposition

Electroplating Cadmium is usually electroplated from a cyanide solution.
Zinc is also deposited from cyanide electrolyte, but for some applications
mildly acidic and alkaline non-cyanide electrolytes are increasingly being
used. Typical cyanide-based electrolyte formulations for both metals taken
from Specifications DTD 903 and 904 are given in Table 13.6.

Table 13.6 Typical plating solutions for zinc and cadmium

Solution

Zinc plating*

Cadmium plating
Vat
Barrel

Zn or Cd
(as metal)
(min-max)
(g/0

25-50

14-17
23-27

Total cyanide
(as NaCN)
(min-max)

(g/0

56-112

56-63
78-84

Constituents

Caustic
soda

(min-max)
(g/0

40-80

11-14
17-20

Temperature
of operation
(min-max)

(0C)

32 (optimum)

15-35
15-35

Current
density

(A /dm2)

1-2 (vat)
O -3-0 -7 (barrel)

1-0
1-0

* For barrel plating, solution concentrations towards the maximum are recommended
It is also important to maintain the constituents in the ratios recommended in the specifications

Other solutions, some based on cyanide, some on sulphate, fluoborate,
etc. will be found in textbooks and handbooks of electroplating, and a com-
prehensive review of methods and of their relative advantages has been
published by Such8. Much work has been devoted to the development of
cadmium plating processes which cause little or no hydrogen embrittlement
to very strong steels; references are given in Section 8.4 and in a paper by
Yaniv and Shreir9. However, hydrogen removal can be effected by baking
the steel at 20O0C after plating.

Vapour deposition Hydrogen embrittlement can be avoided by deposit-
ing cadmium by vacuum evaporation. Vapour plating is carried out in a
chamber evacuated to below 2-7 x 10~3 N/m2. Cadmium metal is placed in
mild-steel boats arranged along the chamber and heated to about 20O0C. The
evaporating metal moves in straight lines, so the parts to be coated are held
in jigs that rotate on their own axes and revolve round the chamber, thus
presenting all surfaces to the moving vapour. Before evaporation is begun,
the parts must be cleaned by ion bombardment in a high-tension (^ 1 kV)
glow discharge at a pressure of approx. 4 N/m2. Formerly, the glow dis-
charge was stopped before the chamber was pumped down to evaporation
pressure, but adhesion of the coating was poor unless the parts had first been
roughened by fine abrasive blasting. In an improved process10 the glow
discharge is maintained concurrently with pumping down and the start of
evaporation; under these conditions there is no interval during which oxide



reforms on the steel by reaction with residual oxygen in the chamber,
cadmium atoms arrive on a surface still under bombardment, and adhesion
of the coating is good even on smooth machined surfaces.

Specifications for Cadmium Plating

Cadmium plating for general engineering use is covered by BS 1706:1960 and
BS 3382: 1961, and for aircraft parts by Ministry of Aviation Supply
Specification DTD 904. Special requirements for very strong steels are given
in Defence Standard 03-4 (Directorate of Standardisation, Ministry of
Defence).

Health and Safety Cadmium metal and its compounds are toxic and are
injurious to health, and for this reason, cadmium is being replaced by other
forms of coating wherever possible. For a number of important applications,
however, no suitable alternatives have yet been identified. Where cadmium
plating continues to be used, it is essential to comply with the regulations
covering the use of cadmium.

H. G. COLE
M. ROPER
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13.4 Zinc Coatings

It is estimated that approximately 40% of the world production of zinc is
consumed in hot-dip galvanising of iron and steel, and this adequately
demonstrates the world-wide use of zinc as a protective coating. The success
of zinc can be largely attributed to ease of application, low cost and high
corrosion resistance.

Methods of Application

The principal method for applying zinc coatings to iron and steel is hot-dip
galvanising. There are four other important methods, each of which has its
own particular applications; these methods are spraying, plating, sherard-
ising and painting with zinc-rich paints. The choice of method in any given
case is determined by the application envisaged, and the five processes may
be said to be complementary rather than competitive, for there is usually
little doubt as to which is the best for any particular purpose. Processes of
applying coatings by various methods are discussed in detail elsewherel and
are considered in Chapter 12, and will not, therefore be considered here. The
reactions inherent in galvanising tend to ensure a thick and even coating but
guides to the inspection of galvanising, sherardising and zinc spraying are
available2.

Characteristics of Zinc Coatings

In practice the thickest zinc coatings can be obtained by hot-dip galvanising
or spraying. Table 13.7 compares the essential aspects of each coating.
Plated coatings can also be produced mechanically in a wide range of
thicknesses as well as electrochemically.

The thickness of hot-dip galvanised coatings depends on the nature of the
steel and the dipping conditions. It can be controlled to a certain extent in
practice. Heavier coatings are obtained on grit-blasted steel or on steels
of high silicon content, and at higher operating temperatures and longer
dipping times. In strip galvanising, aluminium is deliberately added to
the bath to suppress the action between molten zinc and steel, with the result
that lighter coatings are produced compared with those on fabricated
assemblies galvanised after manufacture. Mechanical wiping of the surface
on withdrawal from the bath, as employed in wire or sheet galvanising, also
causes a reduction of coating thickness.



Table 13.7 Comparison of zinc coatings

Zinc dust paintingSherardisingPlatingMetal sprayingHot-dip galvanisingCharacteristics of coating

Can be brush, spray or
dip applied on site
when necessary. No
heating involved.
Performance varies
with media used

Batch processing is
mainly suitable for
fairly small complex
components. Semi-
continuous process for
rods, etc.

Size of bath available.
Process normally used
for simple, fairly small
components suitable
for barrel plating or for
continuous sheet and
wire. No heating
involved

No size or shape
limitations. Access
difficulties may limit its
application, e.g. inside
of tubes. Best method
for applying very thick
coatings. Little heating
of the steel

Parts up to 20 m long
and fabrications of 18
m x 2 m x 5 m can be
treated. Care required
at design stage for best
results. Continuous
galvanised wire and
strip up to 1 • 4 m wide)
in UK

1 . Process considerations

Low overheads but
high labour element in
total cost as with all
paints. Thixotropic
coatings reduce
number of coats and
hence labour costs

More expensive than
galvanising for
equivalent thicknesses.
Generally used when
control of tolerances is
more important than
thickness of coating

Used, where a very thin
zinc coating is
sufficient. Thick
coatings are expensive.

Most economic for
work with high weight
to area ratio.
Uneconomic on open
mesh

Generally the most
economic method of
applying metallic zinc
coatings 20-200 /xm
thick

2. Economics

Good -abrasive grit
blasting preparation of
the steel gives best
results

Good -the diffused
iron-zinc alloy coating
provides a chemical
bond

Good, comparable with
other electroplated
coatings

Good mechanical inter-
locking provided the
abrasive grit-blasting
pretreatment is done
correctly

Process produces
iron-zinc alloy layers,
overcoated with zinc;
thus coating integral
with steel

3. Adhesion

Up to 40 iJLm of paint
(and more with special
formulations) can be
applied in one coat.
Good uniformity — any
pores fill with reaction
products

Usually about
12-40fim closely
controlled. Thicker
coatings also possible.
Continuous and very
uniform even on
threaded and irregular
parts

Thickness variable at
will generally 2-25 pm.
Thicker layers are
possible but generally
uneconomic. Uniform
coating within
limitations of 'throwing
power* of bath. Pores
not a problem as
exposed steel protected
by adjacent zinc

Thickness variable at
will, generally
1 00-200 /xm but
coatings up to 250 ̂ m
or more can be applied.
Uniformity depends on
operator skill. Coatings
are porous but pores
soon fill with zinc
corrosion products;
thereafter impermeable

Normally about
75-125 fim on products,
25 fim on sheet.
Coatings up to 250 ̂ m
on products by prior
grit-blasting. Very
uniform— any
discontinuities due to
poor preparation of the
steel are readily visible
as 'black spots'

4. Thickness and
uniformity



Table 13.7 -(continued)

Zinc dust paintingSherardisingPlatingMetal sprayingHot-dip galvanisingCharacteristics of coating

Abrasion resistance
better than
conventional paints.
Painted sheet can be
formed and resistance
welded with little
damage

Applied to finished
articles: forming not
required. Excellent
abrasion resistance

Electroplated steel has
excellent formability
and can be resistance
spot welded. Small
components are usually
finished before
electroplating or
mechanical coating

When applied to
finished articles,
forming not required.
Can weld through thin
coating if necessary but
preferable to mask
edges to be welded and
spray these afterwards

Applied to finished
articles, not formable:
alloy layer is abrasion
resistant but brittle.
Sheet has little or no
alloy and is readily
formed. All coatings
can be arc or resistance
welded

5. Formability and
joinability

BS 4652 for the paintBS 4921BS 1706
Threaded components:

BS 3382

BS 2569: Part 1General work: BS 729
Continuous galvanised:

plain sheet: BS 2989
Corrugated sheet:

BS 3083
Wire: BS 443
Tubes: BS 1387

6. British standards

Can be used alone, or
as primer under other
paints

Can be painted if
required

Conversion coatings,
e.g. chromates used to
prevent 'wet storage*
stain. Chromates or
phosphates used as a
base for paints

Usually sealed; sealed
surface is suitable base
for paints on long-life
structures. Alternatively
sealer can be reapplied
periodically

Conversion coatings;
chromates used to
prevent storage stains
on new sheet;
chromates or
phosphates used as base
for paints or powder
coatings. Weathered
coatings painted for
long service

7. Extra treatments



Properties and Nature of the Coatings

The actual structure and composition of zinc coatings depends upon the
method of deposition. Zinc coatings produced by hot-dip galvanising and
sherardising consist partly or wholly of iron-zinc alloys. Sprayed and plated
zinc coatings contain no alloys, plated coatings consisting essentially of pure
zinc. The characteristic properties of each type of coating are discussed
below.

Hot-dip galvanised coatings (see Section 12.2) Here the coating is not
uniform in composition but is made up of layers of zinc-iron alloys becom-
ing progressively richer in zinc towards the coating steel interface, so that the
actual surface layer is composed of more or less pure zinc. Because of this
alloy formation there is a strong bond between the coating and the steel. The
alloy layers are harder than mild steel.

The nature and thickness of the alloy layers are influenced greatly by the
composition of the underlying steel, and also by the galvanising conditions.
Notably the presence of silicon in the steel encourages the formation of
iron-zinc alloys and thereby leads to the formation of heavier coatings, and
indeed a steel with a high silicon content is often used intentionally when very
heavy zinc coatings are required. In such cases the coating may consist
entirely of iron-zinc alloys, and this is seen in the uniform grey spangle-free
appearance of the galvanised surface obtained under these conditions.

The addition of up to 0-2% of aluminium to the galvanising bath, on the
other hand, depresses the formation of alloys and produces lighter and more
ductile coatings, which are more suitable for galvanised sheet since they
render it more amenable to bending and forming.

Sprayed zinc coatings Details of the method and the nature of the coatings
are given in Section 12.4. In this method there is no alloy formation and the
bond is primarily mechanical. Although porous, the coating is protective
partly due to its sacrificial action and partly due to the zinc corrosion pro-
ducts which soon block up the pores, stifling further attack.

Zinc plating Electroplating with zinc normally gives a dull-grey matt finish,
but lustrous deposits can be obtained by adding brighteners to the elec-
trolyte. Mechanical coating also gives a dull finish.The coating is of uniform
composition throughout, containing no alloy layer, (Section 12.1). Plated
coatings are very ductile and zinc-plated sheet can therefore be readily
fabricated. Mechanical deposition of zinc by barrel-plating is also possible
for small parts.
Sherardising This is another alloy-forming process, a typical coating con-
taining alloys with 8 or 9% of iron. Like galvanised coatings, the deposits
are very hard (Section 12.3).

Relative Advantages of the Coating Methods

Each coating method has its own particular advantages, which are really
the decisive factors in determining which one is used for a given purpose.
Consideration must be given to the complexity and size of the work, the
corrosion resistance, and hence the coating thickness needed, and the quality
of finish required.



Hot-dip galvanising produces a thick coating which thoroughly covers
the work, sealing all edges, rivets, seams and welds when fabricated articles
are treated. The size of the article which can be treated is limited to a certain
extent by the size of the galvanising tank, but the technique of double
dipping, i.e. dipping first one end and then the other, makes it possible to
treat surprisingly large items, over 20 m long, successfully. Hot-dip galvanis-
ing is the most widely used method for coating with zinc.

Zinc spraying possesses the important advantage that, since the equipment
is essentially portable, it can be applied on site to either small or large
structures. Thick coatings can be applied where desired, and it is possible
to ensure that welds, edges, seams and rivets on finished articles receive
sufficient coverage. It is not normally a suitable process for coating the inside
of cavities or for coating open structures, such as wire meshes, since a large
amount of zinc would be wasted. In hand spraying the uniformity of the
coating depends largely on the skill of the operator.

Zinc coatings produced by plating have the advantages that the thickness
can be accurately controlled according to the protection desired.

The acid zinc sulphate bath is used for applying coatings to uniform sec-
tions, e.g. box strapping, wire, strip, etc. The plating rates; in these solutions
can be very high. The throwing power of this bath is poor, and for more
intricate shapes and where appearance is important the cyanide bath is
preferred. Bright deposits can be produced from the latter by the use of
either addition agents or bright dips.

Sherardising is distinguished particularly by the uniformity of the coatings
which it produces. This makes it an ideal process for work, such as screw
threads, where close tolerances are required and where complex or recessed
parts are involved, since the inside surfaces of pipes and other hollow
articles receive coatings comparable with those on the outside. The coating
is very hard and offers a high resistance to abrasion. The maximum size
of the articles which can be sherardised is limited by the size of the drums.
In general, sherardising is best suited to the treatment of small castings,
forgings and pressings, and fixings, such as wood screws, nuts, bolts,
washers, chains, springs, etc.

The outstanding virtue of zinc-rich paints is simplicity in application. No
special equipment is required and the operation can, of course, be carried out
on site, large or small structures being equally suitable for treatment. While
there is some evidence that the zinc-rich paints will reduce iron oxides
remaining on the steel surface, proper surface preparation is as important
here as with traditional paints if the best results are to be achieved. The main
use of zinc-rich paints is to protect structural steel-work, ships' hulls, and
vulnerable parts of car bodies, and to repair damage to other zinc coatings.

Corrosion Resistance of Zinc Coatings

There are two main reasons why zinc is chosen as a protective coating for
iron and steel. The first is the natural resistance of zinc itself against corro-
sion in most atmospheric conditions, and the second is the fact that zinc is
electronegative to iron and can protect it sacrificially*.
* The reversal of polarity of Zn and Fe which can occur in certain circumstances is discussed
in Section 1.3.



The corrosion resistance of zinc is discussed in Section 4.7, and it is only
necessary here to say that zinc is protected against further attack by a film
of corrosion products. It is remarkably resistant to atmospheric corrosion
except perhaps in the most heavily contaminated industrial areas, and even
there its use as a protective coating is still a sound practical and economic
proposition. The value of zinc coatings as a basis for painting under very
aggressive conditions has been clearly demonstrated.

The natural corrosion resistance of zinc is, therefore, its most important
property in relation to zinc coatings. The electrochemical property becomes
important when the zinc coating is damaged in any way to expose the steel,
when sacrificial corrosion of the zinc occurs and the steel is thereby pro-
tected. Moreover, the corrosion product of the zinc normally fills the break
in the coating and prevents or retards further corrosion of the exposed steel.

Life of Zinc Coatings in the Atmosphere

As the protective value of the zinc coating depends largely on the corrosion
resistance of zinc, the life of a coating is governed almost entirely by its
thickness and by the severity of the corrosive conditions to which it is
exposed. Extensive tests and field trials which have been carried out have
shown that the life of a zinc coating is roughly proportional to its thick-
ness in any particular environment3 and is independent of the method of
application.

The corrosion rates and lives of zinc coatings in UK atmospheres are given
in Table 13.8. These are based on practical experience as well as exposure
trials. The figures should be taken only as a guide because of the difficulty
of defining atmospheres in a word or two (indeed there is now a tendency for
research workers to define the corrosivity of an atmosphere in terms of the
corrosion rate of zinc) because of unpredictable local variations from place
to place and time to time. For example, moorland which is frequently
covered with acid-laden mist can be very corrosive.

Corrosion tests have also shown that there is a difference in the rates of
corrosion throughout the year. This is partly because the sulphur content of
the air is greater in winter than summer and partly because more of the

Table 13.8 Typical corrosion rates and lives of zinc coatings in the UK

Atmosphere

Rural
Urban
Marine
Industrial

Corrosion rate

gm^y-1

14
40
40
80

/imy !

2
5
5

10

Life of coating with average thickness
(years) "

200^m*

50-150
30-50
30-50
10-30

100 ^m*

25-75
15-25
15-25
5-15

* Can be produced either by grit-blasting before galvanising or by zinc spraying.
f Typical thickness of coating on galvanised or zinc-sprayed structural steel.
'Typical thickness of coating on galvanised sheet or sherardised components.
s Typical thickness of zinc plating.
"The lives given are additional to the life of the unprotected steel.

25 ^m*

6-20
4-6
4-6
1-4

_ K5 j*m9

1-3

^l
0-25-1

Mal



zinc corrosion products are dissolved under the wetter winter conditions.
Thus if unpainted zinc coatings are first exposed to the atmosphere in spring
or early summer a more protective film will be formed.

Detailed test results for a 2-year exposure period4 are given in Table 13.9.
It should be remembered that test sites are sometimes chosen because they
are believed to represent particularly corrosive examples of the type of
atmosphere being studied. The ratios of steel: zinc losses are particularly
interesting. It shows that zinc is far less affected than steel by many chloride-
containing atmospheres. Time of wetness and amount if atmospheric SOj3

are the most important factors with Zn. On a global view the single word
description of the site is often misleading; particularly, it gives no indication
of the times each year that objects remain wet, which varies considerably
from country to country and also within countries.

An extensive compilation of atmospheric exposure test data on zinc is now
available5 and complements the slightly earlier critical study by Schikorr6.

Water Zinc-coated steel, like zinc, behaves less favourably in distilled and
soft waters than in hard waters, where the scale-forming ability of the hard-
ness salts provides considerable protection. Hot-dip galvanised tanks,
cisterns and pipes are very widely used for storing' and carrying domestic
water supplies throughout the world, and as a rule such equipment gives long
and trouble-free service (Section 9.3) and is hygienically acceptable.

Sea-water The protective properties of zinc coatings in sea-water have
been shown to be very good, and zinc is widely used as a coating metal in
the shipbuilding industry and for protecting structural steel work on docks
and piers, etc. In BISRA tests at Gosport7, specimens of steel coated with
aluminium, cadmium, lead, tin and zinc were immersed for two years. In this
time all but the zinc-coated specimens had failed. The zinc-coated specimens
were then transferred to Emsworth and immersed for a further four years — a
total of six years —before the coatings ceased to give complete protection.
The coating on these specimens was about 900 g/m2, indicating a rate of
attack of about 20ptm/y in this sea-water. Other tests5'8 show corrosion
rates of 10-25/zm.

Conditions within a few hundred metres of the surf line on beaches are
intermediate between total immersion in sea-water and normal exposure to
a marine atmosphere. High corrosion rates can occur on some tropical surf
beaches where the metal remains wet and where inhibiting magnesium salts
are not present in the sea-water.

Soil Galvanised pipe is frequently used for underground water services.
Table 13.10 gives results of tests9 carried out with galvanised pipes and
plates buried at different sites.

The specimens were removed after five years, when the only ones that had
failed were some plates buried in made-up ground, consisting of ashes, at
Corby and one pipe at Benfleet, At Corby no galvanised pipes were exposed
and most of the coatings on the plates had corroded away. For this reason
no figures are recorded for Corby in Table 13.10. The high rate of corrosion
at Benfleet was attributed to the fact that the specimens were below the soil-
water level for about half their life as the tide rose and fell.

Similar tests have been carried out in the United States10; in these the



Table 13.9 Average loss of zinc in two years and steel/zinc ratio for 45 test sites4

Location

Norman Wells, N.W.T., Canada
Phoenix, Ariz., USA
Saskatoon, Sask., Canada
Esquimalt, Vancouver Is., Canada

Fort Amidor Pier, Panama C. Z.
Melbourne, Aust.
Ottawa, Canada
Miraflores, Panama C. Z.
Cape Kennedy, 0*8 km from ocean,

USA
State College, Pa., USA
Morenci, Mich., USA
Middletown, Ohio, USA

Potter County, Pa., USA
Bethlehem, Pa., USA
Detroit, Mich., USA
Manila, Philippine Is.
Point Reyes, Calif., USA
Halifax (York Redoubt) N.S., Canada
Durham, N.H., USA
Trail, B.C., Canada
South Bend, Pa., USA
East Chicago, Ind., USA
Brazos River, Texas, USA

Monroeville, Pa., USA

Daytona Beach, FIa., USA
Kure Beach, N.C. 240-m lot, USA
Columbus, Ohio
Montreal, P. Q., Canada
Pilsea Island, Hants., UK

Waterbury, Conn., USA
Pittsburgh, Pa., USA
Limon Bay, Panama C. Z.
Cleveland, Ohio, USA
Dungeness, UK
Newark, N.J., USA
Cape Kennedy, 55 m from ocean 9 m

up, USA
ditto, ground level
ditto, 18 m up
Bayonne, N. J., USA
Battersea, UK
Kure Beach, N.C., 24 m lot, USA
London (Stratford), UK
Halifax (Federal Bldg.), N. S., Canada
Widnes, UK
Galeta Point Beach, Panama C.Z.

Described
by authors

as:

Rural
Rural
Rural
Rural/

marine
Marine
Industrial
Urban
Marine

Marine
Rural
Rural
Semi-

industrial
Rural
Industrial
Industrial
Marine
Marine
Urban
Rural
Industrial
Semi-rural
Industrial
Industrial/

marine
Semi-

industrial
Marine
Marine
Urban
Urban
Industrial/

marine
Industrial
Industrial
Marine
Industrial
Marine
Industrial

Marine
Marine
Marine
Industrial
Industrial
Marine
Industrial
Industrial
Industrial
Marine

2-year
test: zinc
lost per

year
(^m)

0-2
0-3
0-3

0-5
0-7
0-8

•1
•2

•2
•2
•2

•3
•3
•3
•4
•5
•6
•6
•6
•6

1-8
1-8

1-9

2-0
2-1
2-1
2-2
2-5

2-5
2-6
2-7
2-7
2-8
3-7
3-8

4-1
4-3
4-5
4.9
5-8
6-5
7-1
7-6

10-5
15-9

Steel/zinc
loss ratio

(by weight)

10-3
17-0
21-0

31-0
25-2
37-4
19-5
41-8

84-0
22-0
18-0

26-0
18-3
32-4
12-2
39-8

364-0
18-5
19-0
24-2
20-8
52-1

56-0

28-4
164-0
80-0
16-8
10-9

21-6
9-8

13-1
25-9
15-7

148-0
15-1

45-5
117-0
33-0
17-9
20-0
93-0
17-8
17-0
39-0
49-4

Life of 100
/xm zinc

coating (calc.)
without

maintenance
(years)

500
300
300

200
150
125
90
80

80
80
80

75
75
75
70
65
60
60
60
60
55
55

50

50
45
45
45
40

40
40
35
35
35
27
25

24
23
22
20
17
15
14
13
9
6



Table 13.10 Loss of coating thickness of galvanised specimens after five years in various soils

Location

Benfleet

Gotham

Pitsea
Rothamstead

Corby

So/7 conditions

Alluvium or
reclaimed salt
marsh

Keuper Marl
(gypsum)

London clay
Clay with

glacial flints
Made up

ground (ashes)

Galvanised pipes

Initial
thickness

of coating
( /im)

82

77
77

82

Loss
of coating
thickness

( (JLm)

47

17
17

13

Galvanised plates

Initial
thickness

of coating
( Mm)

90

90
90

95

Loss
of coating
thickness

(/im)

52

17
17

13

*

Uncoated
steel

loss in
thickness

(/im)

200

50
160

120

300

* Most of coating on plates corroded away.

maximum depth of pitting was also measured. Except in the most corrosive
soils the maximum depth of pitting in steel specimens exposed for about
12j years was more than 11 times that in zinc-coated specimens, even
though the ratio of the rates of corrosion was only about half that figure.
This resistance to pitting, combined with the fact that rusting appears to
start only when nearly all the zinc and zinc-iron alloys layers have corroded
away, reduces the risk of premature failure in galvanised piping. The coat-
ings on galvanised specimens remained virtually intact during exposure for
2y years in about half the 15 soils in which they were buried. Their corro-
sion resistance was most marked in alkaline soils. In clays and loams, where
little or no organic material was present, a 600 g/m2 coating could be
expected to provide protection for 10 years or more.

Protective Systems Applied Subsequently to Zinc Coatings

Chromating Chromating is considered in Section 15.3. The chromate film
on zinc is adherent and can be drab, yellow-green or colourless in appear-
ance; the colour varies considerably with the method of application. It
retards 'white rust', the white deposit which sometimes forms on fresh
zinc surfaces which are kept under humid conditions (see Section 4.7). A
chromate film is damaged by heat and if used as a basis for paint adhesion,
should preferably not be heated above 7O0C, nor for longer than 1 h.

Painting In mildly corrosive conditions zinc coatings will probably have a
life longer than that expected of the coated article, and no further treatment
of the coating will be necessary. When, however, the coating is subjected to
a more strongly corrosive environment one or more coats of paint can, with
advantage, be applied over the zinc.

Paint films used in conjunction with zinc coatings give systems whose
lives are longer than the sum of the lives of the coatings used independently.



Paint applied to a suitably prepared zinc coating will last longer than would
be the case if it were applied direct to iron or steel, and the need for repain-
ting thus becomes less frequent. With hot-dip galvanised or zinc-plated
coatings, however, it is necessary either to use special primers or to prepare
the surface before painting. This is primarily because most oil-based paints
react with the unprepared zinc surface to form zinc soaps resulting in poor
adhesion.

Weathered galvanised steel surfaces give good adhesion for many paint
systems, but where new galvanised or zinc-plated steel is painted or powder
painted it is necessary to convert the surface into an adherent phosphate or
chromate coating or to use specially developed primers11. Many commer-
cial phosphating processes are available, but all consist essentially of an etch
in a phosphoric acid solution containing zinc salts and certain accelerators.
These treatments produce uniform, fine-grained and strongly adherent
phosphate films on the surface of the work. Many chromate finishes also give
a satisfactory base for painting (see Section 15.3).

Etch primers are widely used. They are mostly based on polyvinyl butyral
and contain chromates and phosphoric acid. They are said to act both as
primers and as etching solutions because it is believed that the chromates and
phosphoric acid form an inorganic film, which provides adhesion, while
oxidised polyvinyl butyral provides an organic film. For direct application
to new galvanised steel, the best known primers are based on calcium
orthoplumbate pigment and metallic lead, but these are now less used for
environmental reasons. Zinc-dust paints and zinc-phosphate pigmented
paints are also used, but the trend is to use pretreatments to assure good
adhesion.

Applications of Zinc Coatings

Zinc coatings are successfully used in a very wide field to protect iron and
steel goods from corrosive attack.

The building trade is one of the largest users of zinc-coated steel. The
frameworks of large modern buildings can be either galvanised or zinc-
sprayed before erection, or sprayed on site. Where a framework is accessible,
zinc-rich paints provide an excellent way of renovating old buildings. Apart
from the structural aspect, galvanised sheeting is used for roofing, ventila-
tion ducts and gutters, as well as for water tanks and cisterns, and galvanised
pipe is used for public and domestic services.

In the Forth, Severn and many other suspension bridges, zinc coatings
have an important function. The whole main structure is of steel and has
been zinc-sprayed on the external surfaces, while the main cable and hanger
ropes have been coated by continuous hot-dip galvanising. Case histories of
galvanised multi-truss bridges cover more than 30 years.

Zinc-coated structures are used in pylons carrying electrical transmission
lines, in masts for radio, television and radar aerials, and for supports for
overhead wires on electrified railways.

An interesting new use of galvanised steel is for reinforcement of concrete.
This reduces the risk of spalling and staining or can enable the depth of the
concrete cover to be reduced leading to slimmer structures of lower cost.



Economics

All coatings cost money and a true appraisal of both the initial and
maintenance costs is essential when specifying the protective scheme for a
new structure. An example showing the comparative costs of galvanising
and painting is given in Section 9.1.

Recent Developments

Since the previous edition was written, the main development has been
the introduction of a range of zinc alloy coatings designed to give increased
corrosion resistance and sometimes with additional advantages such as
increased formability and retention of paint adhesion with a wider range of
paints.

The zinc-aluminium alloys are most important. The zinc-55%-
aluminium-1.5 % -silicon alloy hot-dip coating was initiated over 20 years
ago by the steel industry and has recently become of major worldwide
importance (known as Galvalume, Zincalume, Alugalva, Aluzink, Aluzinc,
Zincalit or Zalutite). The coating usually has 100-400% more corrosion
resistance than galvanising in the atmosphere, but less cathodic protection
and also has the inherent problem of aluminium alloys when in contact with
alkalis.

Since 1980, the zinc-5%-aluminium (notably GaIfan which has a mis-
chmetal addition) alloys, which are essentially based on the eutectic struc-
ture, have been developed commercially. They give 30-200% increase in
corrosion resistance in the atmosphere and are extremely flexible. They can
be used for sheet, wire and some types of tube galvanising whereas the
zinc-55%-aluminium alloy is restricted to sheet.

Intermediate alloy compositions include a zinc-15 % -aluminium alloy
for metal spraying (higher aluminium contents are unsuitable for spraying
wire) and a zinc-30%-aluminium-0.2%-magnesium-0.2%-silicon coating
(Lavegal) for sheet.

A further range of alloys has been produced using nickel. The 13% nickel
alloy has been adopted commercially in the USA for electroplating sheet
destined for car-body manufacture. Other developments range from 5 to
14% nickel. Additions at a much lower level —less than 0.1% nickel in the
operating bath — are used in the hot-dip galvanising of products to give more
uniform growth of the iron-zinc alloy layers than would otherwise occur on
steels containing silicon.

Other alloy additions in commercial use include; iron (often a two-layer
electroplated coating with less iron—typically 20% —in the under-layer to
assist formability and more iron—often 80% —in the outer layer to assist
paintability); cobalt (0.15-0.35%); similar amounts of chromium (the zinc/
chromium/chromium-oxide coating known as Zincrox); and a range of
ternary alloys and of composite coatings.

New coating techniques in commercial use are mechanical coating (now
incorporated under 'plating' in Table 13.7) and adhesive-bonded or vapour-
deposited coatings, although each of these represents less than 1 % of the
zinc coatings used.



The mechanical coatings are primarily barrel processed on to parts up
to about 150mm long or 40Og mass. Adhesive bonding (with a conductive
adhesive to maintain the electrochemical protection by zinc) is particularly
suitable for wrapping pipes. Vapour deposition has some use in products
but the newest development is application on continuous strip for car-body
manufacture—the surface is smooth so that the subsequently painted surface
has no unevenness.

Duplex coatings of zinc followed by organic materials have increased and
there has been a swing away from lead-bearing paints. One or two organic
coats are sufficient. Some paints are formulated for direct application to zinc
surfaces, but adhesion is most assured by pretreatment with phosphate-type
solutions, particularly as most paints are not covered by national specifica-
tions and slight modifications in formulation or method of application which
may not be significant on steel can markedly affect adhesion, especially on
untreated zinc surfaces. Sprayed powder coatings (see BS 6497) are applied
over zinc for long-life decorative effects. Sprayed zinc coatings are often only
sealed, i.e. a labile solution fills the pores in the coatings but provides no
specified overlay.

Zinc or zinc-alloy coatings, previously used on luxury cars, are now being
used on more mass-produced cars to meet 10-year warranties against per-
foration corrosion. In general, the percentage of steel which is zinc-coated
is increasing. Hot-dip galvanising after fabrication, in addition to giving
long lives to first maintenance, enables hidden interior areas of tubular space
frames and lamp posts to be safely protected against failure by rusting. A
new use is for earth reinforcement in which galvanised tie-bars, embedded
deeply into prepared earth walls, hold in position concrete slabs forming the
near-vertical exterior of road and rail embankments.

The bibliography covers some of the major developments.
A. R. L. CHIVERS
F. C. PORTER
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13.5 Tin and Tin Alloy Coatings

Tin Coatings

Methods of application (Chapter 12) Tin coatings are applied by hot-
dipping, electrodeposition, spraying and chemical replacement. A variant of
hot-dipping called wiping, in which the tin is applied either solid or melted
to the fluxed and heated surface and is wiped over it, is also used for local
application, e.g. to one face of a sheet or vessel. The hot-dipped and wiped
coatings are bright; electrodeposited coatings may be matt or bright.

The electrolytes used for electrodeposition of matt coatingsl for general
purposes are: (a) an alkaline bath containing tin as stannate; (b) an acid
bath containing stannous sulphate, free sulphuric acid, cresol-sulphonic
acid, gelatin and & naphthol; and (c) an acid fluoroborate-bath containing
organic addition agents. For high-speed plating on rapidly moving strip in
the production of tinplate, the baths used are the Terrostan Bath' based on
stannous sulphate and phenolsulphonic acid, the 'Halogen Bath' based on
chloride and fluoride (both with appropriate addition agents) and to a lesser
extent, the alkaline stannate bath and the acid fluoroborate bath.

Bright coatings are deposited from acid stannous sulphate baths con-
taining combinations of organic addition agents. The electrodeposited matt
coatings may be brightened by momentary fusion. This process of flow-
brightening or flow-melting is achieved with most of the electrolytic tinplate
production by conductive or inductive heating; for manufactured articles, it
is usually carried out by immersion in a suitable hot oil2.

The hot-dipped coatings3 are distinct from the others in having practical
thickness limits and in possessing an inner layer of intermetallic compound,
usually described as the alloy layer. The flow-melted electrodeposited coat-
ings also have an alloy layer, which is somewhat thinner than that obtained
in hot dipping.

Coatings of tin produced from tin-containing aqueous solutions by
chemical replacement may be used to provide special surface properties
such as appearance or low friction, but protect from corrosion only in
non-aggressive environments. Copper and brass may be tinned in alkaline
cyanide solutions or in acid solutions containing organic addition agents
such as thiourea. Steel may be first coated with copper and then treated



as copper, or it may be tinned in acid tin salt solutions with or without
contact with zinc. Aluminium alloys may be tinned by immersion in alkaline
stannate solutions.

Articles of steel, copper or brass which require a thicker coating than is
possible by chemical replacement, and which are difficult to tin by normal
elect rodeposition, may be coated by immersion in alkaline sodium stannate
solution in contact with aluminium suitably placed to act as anode.

Thickness of tin coatings The thicknesses of the various types of tin coating
are shown in Table 13.11.

Table 13.11 Thicknesses of tin coatings

Hot dipped
Electrolytic tinplate
Wiped coatings
Electrodeposits other than tinplate
Flow-melted electrodeposits
Sprayed coatings
Chemical replacement coatings

1-5-2S1JLm
0-4-2/xm
1-12 /mi
2 -5-75^m
2-5-7-5 Mm
75-350 pirn
trace-2-5/xm

Properties of tin coatings When the choice of coating is not governed
by the size and geometry of the article to be coated, it depends upon
appearance, the thickness required, and the degree of porosity which can be
tolerated. Bright coatings, as produced by hot dipping, flow-melting or
bright elect rodeposition, have the advantage of smoothness, good appear-
ance and resistance to finger-marking. The presence of an alloy layer in hot-
dipped and flow-melted coatings also confers some advantage in the making
of soldered joints. On the other hand, with hot-dipped coatings it is rarely
possible to ensure absence of coating porosity, whereas electrodeposition
can build the coating up to the thickness, above 25 /mi, at which pores are
unlikely to penetrate the coating.

Sprayed coatings have structures in which fine pores thread tortuous
paths through the deposit, and it is necessary to apply a coating thickness of
about 350 /mi if all these paths are to be closed. Scratch-brushing of the
deposit, however, makes it possible to consolidate the surface and to achieve
adequate continuity in thinner deposits, e.g. 200 /mi.

Tin coatings are ductile and are able to contribute a lubricating effect in
the deep drawing of steel. The presence of the thin alloy layer in flow-melted
tinplate coatings does not impair this property appreciably but bright
electrodeposited coatings may be less ductile than others.

Sometimes a spontaneous outgrowth of metal filaments about 1 /zm
diameter, commonly called whiskers, occurs on tin coatings in a time after
application which may vary from days to several years. This growth does not
affect the protective quality of coatings but the whiskers are able to short-
circuit compact electronic equipment. The character of the substrate is
influential and tin coatings on brass should always be undercoated, e.g. with
nickel or copper. The introduction of some impurities, e.g. 1 % lead, into the
tin coating is some safeguard. Hot-dipped or flow-melted coatings are rarely
affected49.



Corrosion Resistance of Tin Coatings

General considerations Influential factors in the behaviour of tin coatings
are the variation according to environment in the relative polarity of coating
and substrate, the nature of any intermetallic compound layers formed
between coating and substrate and the extremely low rate of corrosion of tin
in alkaline and mildly acid media in the absence of cathode depolarisers. The
depression of the corroding potential of tin, when the tin ion concentration
in solution is reduced by the formation of complex ions, has been referred
to previously (Section 4.6). Iron may also be complexed and the potential
of iron is affected by the presence of tin ions in solution. The extent of
the potential shifts4 depends on the complexing agents present, the solution
concentration and pH. The electrochemical relationship of tin and iron is
therefore a complicated one, but for practical purposes, tin can be regarded
as being anodic to iron in contact with such products as fruit juices, meat
and meat derivatives and milk, in solutions of citric, tartaric, oxalic and
malic acids and their salts, and in alkaline solutions. In solutions of
inorganic salts, natural waters or atmospheric water, tin is cathodic to iron.

Supplementary protection can be given to tin coatings either by passiva-
tion treatments or by organic finishes. Passivation in chromate solutions
gives some protection to the steel exposed at the base of pores as well
as to the tin coating (Section 15.3). Electrolytic tinplate is passivated on the
production line by rapid passage through acid solutions, usually dichrornate,
with applied cathodic current. Similar treatments may be employed on other
forms of tinned cathodic metal, and a process of immersion in hot alkaline
chromate5, which combines cleaning and passivation, is useful for treating
metal coated by oil or other contaminants in manufacturing operations.

Tinplate for containers and closures is often decorated by colour printing
and protected by clear lacquers. No surface preparation is carried out
and difficulties with wetting and adhesion, sometimes associated with the
character of the oxide layers on the surface, are rare.

The corrosion of tinned steel

Atmospheric corrosion During full exposure to the weather, some rust at
pores in the coating soon appears. In coatings of thicknesses less than about
5 /^m the rust spreads out from the pores and in due course the whole surface
becomes covered by rust. With thicker coatings, this spread of rust does not
occur. In industrial atmospheres, penetration of the steel may cease, after a
few weeks, the surface becoming covered by a growing grey layer of tin cor-
rosion product with faint rust stains; tin coatings of upwards of 12 /mi will
outlast zinc coatings of comparable thickness6'7. In marine atmospheres,
however, attack at pores persists even with the thicker coatings and pits are
formed.

In most of its uses, e.g. the external surfaces of tinplate cans, tinned steel
has only to resist condensed moisture. In the absence of pollution of the
atmosphere by unusually large amounts of sulphur dioxide or chlorides, or
of several days of continuous wetting, tinned steel remains unrusted; even
the thin porous coatings on the common grades of tinplate remain bright
and unmarked over the periods involved in the commercial handling and
domestic storage of cans, and the domestic use of kitchenware. When



wetting persists for long periods, especially if pools of water collect, rusting
at pores begins. This situation can easily arise in the holds of ships in transit
through the tropics unless proper precautions are taken; shipment in large
sealed containers seems likely to avoid most of the trouble8. The conditions
needed to ensure complete absence of pore rust are similar to those needed
to preserve uncoated steel, although with the tinned steel, rust-promoting
conditions can be tolerated for a much longer period without the general
appearance of the metal being spoilt.

Condensed moisture rarely produces serious pitting of the steel at pore
sites, but for many purposes maintenance of appearance is important. The
change in aspect which takes place on rusting is much influenced by the
degree of porosity of the coating, which is usually dependent on coating
thickness. The thinnest coatings of electrolytic tinplate of 5g/m2 of sheet
(equivalent to a coating thickness of 0-4 ̂ m) will develop a continuous rust
coating in conditions where a hot-dipped coating of 30g/m2 will show only
inconspicuous rust spots. A coating heavier still may show no visible change.

The oil film present on both types of tinplate and on newly hot-dipped
tinware has a slight protective value. The passivation processes have much
more effect but this is unlikely to compensate for a substantial reduction in
coating weight. The effects of oil and passivation on the outside of tinplate
cans may be reduced during can manufacture, filling and sterilisation.

The resistance of tin to organic acid vapours emanating from wooden
cases and from some insulating materials and paints gives tin an advantage
over zinc and cadmium as a coating for equipment likely to be exposed to
these vapours. There is, however, some risk of rust-spotting at pores in tin
coatings; one method of trying to secure immunity of the coating from
organic vapour corrosion and of the pores from rusting, consists in plating
a layer of tin over a layer of cadmium or of zinc.

Immersion in aqueous media open to air Solutions in which tin is cathodic
to steel cause corrosion at pores, with the possibility of serious pitting in
electrolytes of high conductivity. Porous coatings may give satisfactory
service when the corrosive medium deposits protective scale, as in hard
waters, or when use is intermittent and is followed by cleaning, as for kitchen
equipment, but otherwise coatings electrodeposited or sprayed to a sufficient
thickness to be pore-free are usually required.

Sometimes it is possible to add corrosion inhibitors to an aqueous product
that is to remain in contact with tinned steel. The normal inhibitors used for
protecting steel, e.g. benzoate, nitrite, chromate, etc. are suitable, provided
that they are compatible with the product and that the pH is not raised above
10. In a closed container with an air-space, such inhibitors will not protect
the zone above the water-line, and possibly not the water-line zone itself,
against condensate. Volatile inhibitors have been used to give protection to
these areas.

Fruit juices, meat products, milk and milk products, fish and most
vegetables, in which tin is likely to be anodic to steel, can be handled open
to the air in tinned steel vessels. Some corrosion of the tin occurs at rates
similar to those found for pure tin and in due course retinning may be
necessary. The alloy layer in hot-dipped tin coatings is cathodic to both tin
and steel and, under aerated conditions may stimulate the corrosion of both
metals, but this effect appears to be unimportant in practice.



Tin is anodic to steel in alkaline solutions, the corrosion rate for a con-
tinuous coating being similar to that of pure tin, and tinned articles that are
washed in aerated alkaline detergents slowly lose their coating.

Tinplate containers The behaviour of tinplate is basically similar to that of
other types of tinned steel, but performance requirements of tinplate con-
tainers are special. Containers are used in several forms:

1. Cans with replaceable closures for such products as dry foodstuffs,
Pharmaceuticals, tobacco, solvents, liquid fuels and paint. These
usually contain an appreciable amount of oxygen. Tinplate closures for
bottles and jars made of non-metallic materials may also be considered
in this category.

2. Sterilised sealed cans of foodstuffs, including fruit, vegetables, meat,
fish and milk, which should contain only residual traces of oxygen.

3. Cans for beer and soft drinks.
4. Aerosol cans which may contain a propellant together with products

such as paints, cleaners, cosmetic preparations and foodstuffs. These
may also contain some oxygen.

With all of these containers, both the can and its contents must reach the
user in a visibly good condition. Cans must therefore resist external rusting,
and methods of achieving this (e.g. adequate coating thickness, passivation
treatment, attention to packaging and storage conditions and, if need be,
lacquering) have already been mentioned. In other respects, both the require-
ments and the methods of achieving them may differ for the several classes.

For categories 1 and 4, the relative polarity of tin and steel may be in either
direction, depending on the product contained, but, more commonly, steel
is anodic to tin and sufficient oxygen is present to make perforation by corro-
sion a possibility with water-containing products. Small quantities of water
in nominally non-aqueous products can be seriously damaging because they
are able to use all the oxygen present in the contents. Change of formulation,
including addition of corrosion inhibitors, is possible for many non-food
products and protection by lacquering is a generally available means of
protection.

Containers of foodstuffs should not be unduly stained or etched and must
not be perforated or allowed to become distended by pressure due to evolu-
tion of hydrogen, and the contents must not suffer unacceptable changes of
colour or flavour. Long storage periods, e.g. two years, may be required.

Yellow-purple staining of can interiors may be produced by adherent films
of tin sulphides formed by S2~ and HS" compounds derived from proteins
in meat and vegetable products. It may be prevented by suitable passivation
treatment of the tinplate9 or by the use of appropriate lacquers. Loose iron
sulphide, occasionally formed by sulphur-containing products at pHs above
about 5 • 5 in the headspace of a can where there is some residual oxygen, is
more objectionable and is not prevented by passivation or by normal lacquer
since it occurs at breaks in the coating. Careful control of can-making and
canning procedures is the best safeguard.

Discolouration of products inside cans may follow the reduction of
colouring matters or the formation of new coloured compounds with tin or
iron. This is a problem with strongly coloured fruits and the remedy is to



use fully lacquered cans. Other than this effect, dissolved tin has no objec-
tionable action on the quality of canned products, but very small amounts
of dissolved iron have adverse effects on flavour.

Except in special circumstances, the anodic relation of tin to steel
and the inhibition of steel corrosion by dissolved tin10"12 protects the
unlacquered tinplate can of food from risk of perforation or from taking
up appreciable quantities of iron. The main hazards are excessive dis-
solution of tin, which may impair the appearance of the can and breach
food regulations, and evolution of hydrogen which may distend the can
and make it an unsalable 'hydrogen swell'. The amount of hydrogen collect-
ing in a can to produce a 'swell' is usually roughly proportional to the amount
of iron dissolved, and the high rate of hydrogen evolution responsible for
swells seems to arise from self-corrosion of the steel when protection by
tin has been lost, and not from the combination of tin anode with steel
cathode13

In general, tin dissolution inside an unlacquered can has a high but
diminishing initial rate followed by a steady slow rate14. The initial phase is
associated with the reduction of cathodic depolarisers, including residual
oxygen, and its duration and the corrosion rate reached depend on the nature
of the product and on canning technology. In the second phase the cathode
reaction is hydrogen ion reduction and the slow rate of tin dissolution,
often equivalent to corrosion currents of the order of 10~9 A/cm2, is due to
the scarcity of effective cathodes. The area of steel exposed at pores and
scratches may be expected to have some influence on the corrosion rate, and
small grain size of the tin coating has been considered to be associated with
high rates.

Many compounds capable of acting as cathodic depolarisers are naturally
present in foodstuffs; they vary in character from product to product and,
even in the same product, may vary in amount under such influences as
season of growth, harvesting conditions13 and sterilising procedures15'16.
The reduction of colouring matters in fruit has already been mentioned;
other organic compounds in fruit and vegetables may be reduced and, in fish,
trimethylamine oxide is a known large stimulator of corrosion. Inorganic
nitrate, which is reduced to ammonia, is a most damaging promoter of cor-
rosion in many vegetables and in fruit at pH values below 5 • 517. If cathodic
depolarisers are present in amounts sufficient to promote dissolution of a
substantial amount of tin coating then the best means of obtaining satisfac-
tory can appearance and shelf-life is to use lacquered tin-plate. Passivation
films are not a reliable means of preventing etching of the tin coating. In the
more acid media they are removed wholly and, in some slightly corrosive
products such as milk, the films break down locally where the surface has
been slightly damaged in can manufacture and unsightly local corrosion then
occurs.

Although lacquering is used increasingly for can interiors, there are advan-
tages in cost and in preserving the flavour and colour of some products for
the use of plain tinplate. With plain cans, deferment of serious hydrogen
evolution can be obtained by increasing the thickness of the tin coating but
the preferred method is to control characteristics of the coating and steel
base in manufacture, checking achievement by suitable tests. Control
measures in use are:



1. To limit the content in the steel of phosphorus, sulphur and 'tramp'
elements such as copper, nickel and chromium18.

2. To avoid the slight oxidation of the steel surface during the bright-
annealing process that precedes tinning19'20 . The harmful, so called
'pickle-lag layer' so produced is detected by its resistance to 10 N HCI.

4. To limit the total porosity of the coating, checking by the Iron Solution
Value (ISV) test in which samples are immersed under standard condi-
tions in a solution of sulphuric acid, hydrogen peroxide and ammonium
thiocyanate, and the amount of iron dissolved is measured19.

5. To ensure maximum continuity of the tin-iron compound layer
between tin and steel. This layer is itself corrosion resistant and appears
to act as a nearly inert screen limiting the area of steel exposed as tin
is removed by corrosion. Its effectiveness is measured by the Alloy-Tin
Couple (A.T.C.) test, in which the current flowing is measured between
a sample of tinplate from which the unalloyed tin layer has been
removed, and a relatively large tin electrode immersed in an anaerobic
fruit juice21"23.

Tinplate that meets the rigid specifications imposed by these controls is
sometimes supplied as special quality material and undoubtedly can give
improved shelf-life, particularly with citrus fruits. The A.T.C. value has
probably more effect on shelf-life determined by hydrogen swell than any
other factor.

A limited degree of control over the corrosivity of the product packed is
possible. Minor pH adjustments may be helpful, especially in ensuring an
anodic relation of tin to steel; corrosion promoters, like nitrate, sulphur and
copper may be excluded from necessary additives, such as water and sugar,
and from sprays applied to crops approaching harvest. The effect of sulphur
compounds which may remain from spray residues is complex24 but often
includes reversal of the tin-iron polarity.

The use of lacquered tinplate does not automatically guarantee freedom
from serious corrosion. The covering of the tin surface largely denies both
corrosion inhibition by dissolved tin and cathodic protection to any steel
exposed at coating discontinuities. Consequently, if discontinuities exist,
perforation of cans and hydrogen swells are possible. Lacquer is applied to
the tinplate before it is made into cans so that there is a risk, especially at
seam areas, of scratching through or cracking of the coating. The dangers
are minimised by suitable choice of lacquer and, for critical packs, by double
coating and by applying a stripe of lacquer to the seam after can manufac-
ture. The tin coating is not entirely without influence and coating thicknesses
may still influence performance25'26. In general, the coating properties
found desirable for the plain can are not likely to be so important for the
lacquered can, although steel quality remains an important factor.

Requirements for cans for beer and soft drinks differ from those for food
cans in that (a) only low tin and iron contents can be tolerated in the product
and (b) the anticipated shelf-lives are much shorter. Specialised lacquering
techniques including striping the seams are used to give complete cover to the
metal. For soft drinks it is sometimes possible to select colouring matters and
acids least likely to give rise to corrosion troubles, and rapid methods of
testing formulations have been devised27. Steel quality is also controlled by
special tests.



Tinned copper and copper alloys Copper itself has a fair corrosion resis-
tance but traces of copper salts are often troublesome and a tin coating
offers a convenient means of preventing their formation. Thus copper wire
to receive rubber insulation is tinned to preserve the copper from sulphide
tarnish and the rubber from copper-catalysed oxidation, and also to keep the
wire easily solderable. Vessels to contain water or foodstuffs, including cook-
ing vessels, water-heaters and heat exchangers, may all be tinned to avoid
copper contamination accompanied by possible catalysis of the oxidation of
such products as milk, and discolouration in the form of, for example, green
stains in water and food.

Tin is anodic to copper in water supplies and in all solutions except
those in which copper is dissolved as a complex, e.g. strong ammonia
solutions. In water supplies the corrosion of the tin coating is, like that of
tin, localised, but once the copper is reached it may spread slowly. This
simple behaviour can, however, be considerably altered by the action of
tin-copper compound layers in the coating. A hot-dipped or wiped coating
will have from the outset a layer of Cu6Sn5 and perhaps also another,
nearer the copper, of Cu3Sn. Even an electrolytic coating will in time
develop a compound layer by diffusion, at a rate depending on temperature;
in boiling water the formation of the compound consumes about 2 • 5 /xm of
the coating per year.

The compounds are always cathodic to tin; in a wiped coating, which
usually has streaks of compound in the surface, this has the effect of increas-
ing the extent of local corrosion of tin with the production of unsightly black
streaks. In addition, the compound Cu6Sn5 can be cathodic to copper; this
behaviour is favoured by mild oxidising conditions, which ennoble the com-
pound, and water movement, which anodically depolarises the copper. So
long as some tin coating remains it will protect the copper, and a complete
coating of compound is protective, but if all the coating is converted to
compound and if there is a break in it which exposes copper, then pitting
can occur. Adequately thick tin coatings and re-tinning of equipment when
necessary are the proper safeguards.

The unfortunate action of the compound layer is observed only rarely,
usually in hot water. In cooking vessels (domestic or industrial) the copper
is protected satisfactorily at some sacrifice of tin, and occasional re-tinning
ensures long service. In atmospheric corrosion the arrival of compounds
at the surface of the coating results in some darkening and in loss of
solderability.

With tin coatings on brass, the interdiffusion of coating and substrate
brings zinc to the surface of the tin: the action can be rapid even with
electrodeposited coatings. The effect of zinc in the surface layers is to reduce
the resistance of the coating to dulling in humid atmospheres, and the
layer of zinc corrosion product formed makes soldering more difficult. An
intermediate layer of copper or nickel between brass and tin restrains this
interdiffusion28.

Since galvanic action (Section 1.7) between tin and aluminium alloys is
slight, tin coatings are often applied to copper and copper alloys which are
to be used in contact with these metals. Both direct galvanic action and cor-
rosion resulting from copper dissolving and re-depositing on the light alloy
are prevented by this means.



Applications of tin coatings The properties of tin coatings which are
advantageous in most of their applications are: fair general resistance to
corrosion except in strongly alkaline or acid environments, lack of colour,
toxicity or catalytic activity of any corrosion product formed, and ease
of soldering. The ready availability of coated steel sheets in the form of
tinplate, which has a bright appearance and is easy to form and receptive to
decoration and protective finishes, is also an advantage.

The main application is in the form of tinplate. Apart from its use for
containers mentioned earlier, tinplate is made into domestic and industrial
kitchen equipment, light engineering products and toys. For most of these
purposes, coatings in the thickness range 0-4-2-5/im, with or without
organic finishes, are used. For returnable containers and more permanent
articles such as fuel tanks and gas-meter cases, heavier coatings of up to
15 fim may be necessary.

Hot-dipped and electrolytic coatings are applied to vessels and equipment
made of steel, cast iron, copper or copper alloys for use in the food industry,
and to wire and components for the electrical and electronics industries,
where ease of soldering is an essential property. Although tin coatings are
not immune from damage by fretting corrosion, and fretting between
tinplate sheets in transit sometimes produces patterns of black spots, tin
coatings may be used to reduce the risk of fretting damage in press fits and
splined joints of steel components29. The coating packs the joint and any
movement takes place within the coating. An allied application is the tinning
of aluminium alloy or iron pistons to provide a suitable working surface
during the running-in period30.

Sprayed coatings find a use in large vessels and some equipment used in
the food industry. The necessity for these coatings to be thick enough to be
pore- free has already been mentioned.

As a general guide to the thickness of coating desirable for various applica-
tions, the requirements of BS 1872: 1964 for electrodeposited tin coatings are
shown in Tables 13.12 and 13.13.

For many purposes involving contact with food and water, coatings

Table 13.12 Thickness suggested for electrodeposited tin
coatings on ferrous components

Purpose

Contact with food or water where a
complete cover of tin has to be
maintained against corrosion
and abrasion

Protection in atmosphere
Protection in moderate atmospheric

conditions with only occasional
condensation of moisture

To provide solderability and
protection in mild atmospheres

Coatings flow-brightened by fusion
(solderability and protection in
mild atmospheres)

Minimum local thickness
(Aim)

30

20

10

5

2-5
(maximum 8)



Table 13.13 Thickness suggested for electrodeposited tin coatings
on copper and copper alloys with at least 50Vo copper

Purpose

Contact with food or water where a
complete cover of tin has to be
maintained against corrosion and
abrasion

Protection in atmosphere and in less
aggressive immersion conditions

To provide solderability and protection
in mild atmospheric conditions

Coatings flow-brightened by fusion
(solderability and protection in
mild atmospheres)

Minimum local thickness
0*m)

30

15

5*

2-5*
(maximum 8)

*On brass an undercoat of copper, nickel or bronze of thickness 2-5 ^m is required.

thinner than those specified in the first category are sometimes sufficient;
much depends on the expected amount of abrasion, or loss during cleaning
processes. Hot-dipped coatings in the usual thickness range of 10-25 pirn give
good protection to water-heaters, dairy equipment and much industrial
plant, and the thinner coatings of the tinplates in common use are usually
sufficient with proper care to preserve appearance in storage and transport.
On the other hand, on copper for hot-water service it may sometimes be
desirable to use coatings thicker than those recommended in view of the risk
in interdiffusion between tin and copper.

Tin Alloy Coatings

Tin-lead

Tin-lead coatings with upwards of 5% lead may be applied by hot dipping
to steel, copper and copper alloys. Steel sheets are commonly coated with
alloys containing 7%, 10% or 25% tin; these are called terne-plate, with
the name tin-terne sometimes applied to the higher tin-content coating.
Tin-lead alloys may also be electrodeposited from a fluoroborate solution
containing organic addition agents and bright deposits are possible.

These alloy coatings have advantages over tin in atmospheric exposure
where there is heavy pollution by oxides of sulphur. They are cathodic
to steel and anodic to copper. In industrial atmospheres, however, forma-
tion of a layer of lead sulphate seals pores and produces a generally
stable surface5 and terne-plate has been used extensively as roofing sheet,
especially in the USA. It is easily and effectively painted when additional pro-
tection is required. Copper heat exchangers in gas-fired water-heaters may
be coated by hot dipping in 20% tin alloy31.

Tin-lead alloy coatings have some of the susceptibility of lead to vapours



of organic acids such as acetic acid, and may be attacked by vapours from
wood and insulating materials when enclosed in wooden cases or in electrical
apparatus. They are, however, widely and successfully used as protective and
easily solderable coatings on wire, electronic components and printed circuit
boards.

Tin-lead can be substituted for tin for other purposes, although the tox-
icity of lead limits the field of application. The corrosion resistance is usually
no better than that of unalloyed tin, but there may be some saving of cost
in applications such as wash-boilers and other vessels for non-potable liquids
and light engineering components formed from sheet metal. Heavily coated
terne-plates may be used for the fuel tanks of stoves and vehicles.

Tin-zinc

Tin-zinc alloys of a wide range of composition can be electrodeposited from
sodium stannate/zinc cyanide baths; only the coatings with 20-25% zinc
have commercial importance32'33.

There is no intermetallic compound formation and the electrodeposit
behaves as a simple mixture of the two metals. It can be considered as
basically a stable wick of tin through which zinc is fed to be consumed at a
rate lower than its consumption from a wholly zinc surface. If the conditions
are such that zinc is rapidly consumed, and no protective layer of corrosion
products is formed, the coating may break down, but in mildly corrosive
conditions some of the benefits of a zinc coating, without some of its disad-
vantages, are obtained.

In condensed moisture, there is sufficient corrosion of zinc to give pro-
tection at pores in a coating on steel without the formation of as much zinc
corrosion product as would develop on a wholly zinc surface. In solder-
ability the coating is tin-like when new or stored dry, but the selective corro-
sion of zinc in humid conditions may produce a layer obstructive to easy
soldering.

In full weathering in industrial areas, the zinc is taken from the coating
too quickly and the alloy coatings do not endure as long as either zinc or tin
coatings of comparable thickness; they may, however, outlast cadmium34.
By the sea, the alloy coatings are somewhat better, and in more continuously
wet conditions, such as at half-tide positions, they may outlast zinc coatings;
possibly here the corrosion product is protective. It is, however, in sheltered
conditions and special environments that tin-zinc is most useful. Its easy
solderability combined with protection at pores makes it applicable in elec-
trical and radio equipment and in components of tools and mechanisms. It
is also used on the bodies of water-containing fire extinguishers, and on com-
ponents exposed to hydraulic fluids.

The coating is, in addition, useful in preventing galvanic corrosion35.
Plated on steel which is to be used in contact with aluminium alloys, it
protects the steel and does not stimulate the corrosion of the light alloy and
is itself not consumed as rapidly as a 100% zinc coating.



Tin-cadmium

Tin-cadmium alloys of a range of compositions can be deposited from stan-
nate/cyanide solutions or fluoride/fluorosilicate solutions36. The behaviour
of the coatings is rather similar to that of tin-zinc, but as cadmium is less
effective than zinc in giving cathodic protection to steel, a 25% cadmium
coating is barely able to protect pores and a 50% content is better for this
purpose. The coatings in some conditions form an extremely dense layer
of corrosion product, and give an outstanding performance in laboratory
salt-spray tests37, but there has been no substantial practical application.
Coatings of tin over cadmium, which combine an inert outer surface with
protection from rusting at pores, have been used on containers of solvents
and to protect electrical components against organic vapour corrosion.

Tin-copper

Tin-copper alloys may be electrodeposited from copper cyanide/sodium
stannate baths38 or from cyanide/pyrophosphate baths39 to give a range of
compositions. Alloys with 10-20% tin have a pleasant golden colour but are
not tarnish-resistant unless coated with lacquer. The alloy with 42% tin
known as speculum is silver-like in colour and is resistant to some forms of
corrosion. At this composition the deposit is formed as the intermetallic
compound Cu3Sn. It has a useful hardness (about 520 Hv). The deposit
becomes dull on exposure to atmospheres containing appreciable amounts
of sulphur dioxide, but resists hydrogen sulphide, and remains bright in the
more usual indoor atmospheres. Although out of doors it becomes dull and
grey if not cleaned frequently, the coating is very suitable for metalwork used
indoors; it resists the action of most foodstuffs and is suitable for tableware.
Like many intermetallic compounds, the deposit shows a corroding potential
which becomes increasingly noble with duration of immersion in electrolyte.
It is strongly cathodic to steel, and pore-free deposits are desirable. Recom-
mended minimum thicknesses are 12 ̂ m on brass, copper, nickel silver, etc.
and 25 /xm on steel.

The fact that the composition of the speculum deposit must be closely con-
trolled to obtain the best results has been a serious drawback to develop-
ment. The coating finds uses on decorative hollow-ware, oil lamps and
tableware. The bronze deposits with 10 or 20% tin are used lacquered in
decorative metal-ware for domestic and personal ornament and, in thick
layers to protect hydraulic pit props against corrosion and abrasion. They
have also been used with success as undercoatings for nickel-chromium39'40

or tin-nickel alloy deposits.

Tin-nickel

Tin-nickel alloy coatings are deposited from a bath containing stannous
chloride, nickel chloride, ammonium bifluoride and ammonia41'42. The
useful deposit contains 65% tin and the conditions are maintained to obtain



this composition only; control is, fortunately, easy. A special feature of the
process is the good throw of deposit into recesses.

The deposit plates out as the intermetallic compound NiSn, which is white
with a faintly pink tinge, and has a hardness of about 710 Hv. Deposits
from new baths are usually in tensile stress but those from baths used for
some time are in compressive stress; the stress can be controlled if desired
by adjustment of solution composition43. The properties of the inter-
metallic compound differ from those of both the constituent metals. It is
easily passivated, resisting concentrated nitric acid and becoming con-
siderably ennobled during immersion in solutions of neutral salts, including
sea-water. In a wide range of solutions, the potential of NiSn with reference
to the standard hydrogen electrode was, on immediate immersion, -4-0*33-
0-055 pH and, after some hours, +0-59-0-056PH44. Higher potentials are
reached after long immersion or in oxidising conditions, but ennoblement
occurs in solutions with extremely low oxygen concentrations; evidence for
five oxidation states for the surface film has been obtained, one at the low
potential of —0-42-0-06pH45. The film thickening that accompanies this
change to a more noble potential may become visible, and in hot water or
steam a purple film may be produced.

The deposit resists atmospheric tarnish even in the presence of high pollu-
tion by sulphur dioxide (in contrast to nickel) and hydrogen sulphide, and
coatings exposed to the outdoor atmosphere remain bright indefinitely,
sometimes taking on a slightly more pink colour as the oxide film thickens.

The passivity at pH values above about 1 • 5 is maintained in a great variety
of solutions, including fruit juices, vinegar, sea-water, alkalis, and even
ferric chloride46. Hot caustic alkali solutions above about 10% attack the
coating slowly, and the halogens etch it.

The nobility of the coating brings with it the handicap that corrosion of
base metal exposed at pores is stimulated. In an electrolyte of good conduc-
tivity, steel, brass or copper are attacked freely at pore sites; steel plates
lmm thick were perforated after 12 months in the sea. In the outdoor
atmosphere, the rate of penetration of the basis metal is slow, but disfigure-
ment by the appearance of corrosion products at pore sites may occur46'47.
Since the coating itself is not attacked, new pores do not develop during
atmospheric exposure, so that the risks of corrosion at pores can be miti-
gated by attention to the original condition of the coating. Deposits more
than 30 ̂ m thick will usually be pore-free, and for deposits on steel for out-
door exposure an undercoating of copper is decidedly advantageous47'48.
The copper undercoat, preferably about 12 ̂ m thick, reduces the number of
pores penetrating from the surface to the steel, and in industrial atmospheres
tends to reduce corrosion at such pores as remain. Tin or tin-copper alloy
undercoats may also be used and in marine environments are somewhat
better than copper.

Indoors, pore corrosion is troublesome only if there are prolonged periods
of wetting by condensed moisture, and coating thicknesses may safely be
much less than those desirable out of doors. The coating will not, however,
withstand much deformation, and even with the thinner coatings plating
should, if possible, be carried out after all forming operations are complete.

The application of the tin-nickel coating for out of doors service has
been restricted by fear of pore corrosion and of physical damage, and by



the poor colour match with chromium. For indoor use, the coating has many
applications, e.g. laboratory instruments, balance weights, the valves of
wind instruments, internal mechanism of watches, electrical instruments,
lighting fittings, interiors of cooking vessels and decorative hollow-ware.
Many of these are special applications in which, in addition to corrosion
resistance, the hard, smooth surface, non-magnetic quality and the good
covering power in deposition of the coatings, may have been required.

These qualities have also lead to its use on printed circuit boards and
on electrical connectors, although the persistent oxide film obstructs easy
solderability and produces too high a contact resistance for satisfactory
switching at low voltages.

Recent Developments

Tin Coatings

Recent work50'52 has shown that tin may be deposited by an autocatalytic
process using transition-metal ion reducing agents. Very thick coatings may
also be economically applied to a variety of substrates by the process of roll
bonding53.

Tinplate still represents the largest use for tin, but continuing develop-
ments in can-making technology mean that coatings as thin as O* 1 /*m are in
use54. These may be non-reflowed, reflowed to produce a duplex tin and
tin-iron alloy coating, or reflowed to convert all of the tin coating to tin-iron
alloy. These products are almost exclusively used in the lacquered condition
but the presence of tin still plays a significant role in controlling the corrosion
of the steel basis material. In some cases, the properties of the coatings are
modified significantly by the application of a passivation film consisting of
a mixture of chromium metal and chromium oxides and much heavier than
that used on tinplate with thicker tin coatings.

The shelf-life of containers made from unlacquered tinplate is now
dictated by national and international regulations governing the permitted
tin content of foods. Since the onset of hydrogen swells is usually during the
later stages of plate detinning during service, the value of the A.T.C. test in
predicting container shelf-life is severely limited.

General thickness requirements for electroplated tin coatings on ferrous
and non-ferrous substrates are contained in BS 1872:1984 and ISO 2093 and
these are essentially the same as those in Tables 13.12 and 13.13.

Tin Alloy Coatings

The corrosion resistance of tin-lead alloy coatings on copper and copper
alloys is directly relevant to their use in the electronics industry. The solder-
ability of coatings as a function of storage time has been reported55 and
accelerated ageing techniques have been compared56. The electrical contact
resistance of tin-lead coatings increases in some atmospheres57'59, although
the film of corrosion products is easily ruptured when contacts are mated60.
General requirements for tin-lead coatings are contained in BS 6137:1982.



There has been some renewed interest in the use of tin-zinc alloy electro-
plate as a substitute for cadmium coatings on steel61'62. It has been pointed
out that tin-zinc coatings produce less loose corrosion product than zinc
during full outdoor exposure63.

In view of the difficulties in controlling the electroplating of speculum and
bronze coatings, alternative preparation routes through the heat treatment
of duplex tin and copper electroplated finishes have been proposed64.

The resistance of tin-nickel alloy electroplate to corrosion has been the
subject of recent studies using surface analytical techniques. Workers
generally agree that the surface of NiSn electroplate exposed to the atmo-
sphere is enriched with tin oxide65"69, and that this probably also applies to
other nickel-tin intermetallic compounds70. The interaction of coatings
of NiSn, Ni3Sn4 and Ni3Sn2 with SO2, H2S, NH3, NO2, sulphur vapour,
salt-spray and synthetic dust have been monitored with particular reference
to electrical resistance71. Changes seen have been related to the structure
of the passivation film72, and the advantages in using tin-nickel alloy
electroplate as an undercoat for the very thin gold deposits used in electrical
contacts have been described73. The requirements for tin-nickel alloy elec-
troplate are contained in BS 3597:1984.

Electroplated coatings based on deposits containing tin and cobalt are now
available as substitutes for chromium plating. Deposits corresponding to
CoSn74'75 or CoSn mixed with CoSn2

6 may be obtained which show a good
colour match with chromium and a number of proprietary processes have
been patented. Most studies of the corrosion of tin-cobalt alloy deposits
have been concerned with the performance of thin coatings (0-5 /xm) over
nickel. It has been noted77 that the coating performs well in salt-spray
and CASS tests and that it resists ammonia: comparisons have been made
with a nickel-chromium finish and it was found that tin-cobalt alloy on
nickel deposits perform as well as the conventional coating in all but the most
severe exposure conditions78'79. While the ductility of tin-cobalt coatings is
greater than that for tin-nickel deposits77, the corrosion resistance of each
finish is very similar80. As with tin-nickel, it has been shown that tin-cobalt
deposits have surface enrichment by tin oxides81.

S. C. BRITTON
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