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13.1 The Protective Action of

Metallic Coatings

The application of metallic coatings for the protection of metals may be
required for one or more of the following reasons:

(a) To prevent or reduce corrosion of the substrate metal.
(b) To modify the physical or mechanical properties of the substrate

metal.
(c) To achieve and maintain some desired decorative effect.

Although the initial choice of coating material applied for reasons (b) or
(c) may be dictated by the particular properties required, the corrosion
behaviour of the composite metal coating/metal substrate system must also
be taken into consideration in so far as it may affect the maintenance of
the desired properties. Consequently, in all cases where protective metal
coatings are used the corrosion performance of both coating and substrate
require careful consideration.

Choice of substrate metal is usually governed by cost, weight and general
physical, mechanical or fabricational properties, and these factors will nor-
mally dictate a very limited number of possible materials none of which may
be ideal in resisting the corrosive environment which will be encountered in
service. Ideally, a protective metal coating should exclude completely the
corrosive environment from the substrate metal and, if this can be achieved,
only the resistance of the coating metal itself to that corrosive environment
needs to be considered. However, in practice, discontinuities in the coating
may occur during application (Chapter 12) or be produced subsequently by
mechanical damage or by the corrosion of the coating itself. In these cases
the corrosion performance of the bimetallic system so produced becomes of
major importance.

Anodic and Cathodic Coatings

A detailed discussion of galvanic corrosion between dissimilar metals in con-
tact in a corrosive environment has been given in Section 1.7, but in the case
of coating discontinuities the effect of the anode/cathode area relationship
and the nature of any corrosion products formed at small discontinuities
may modify any choice made on strict considerations of general galvanic
corrosion theory based on the potentials of the coating and substrate in the
environment under consideration.



Thus, coatings which are anodic or cathodic to the substrate are both used
in practice, but whereas the former will provide sacrificial protection at
a coating discontinuity the latter may stimulate attack on any exposed
substrate. The sacrificial consumption of an anodic coating at a pore or
discontinuity results in a gradual increase in the area of substrate exposed
and a corresponding decrease in the corrosion current density which, in time,
may become insufficient to maintain protection in the centre of the exposed
area. The rate of sacrificial consumption of an anodic coating is reduced
by several factors such as the resistance of the electrolyte solution within
the discontinuity, blocking of the discontinuity by corrosion products or
the formation of protective films on the exposed substrate which may be
encouraged by increase of electrolyte pH by the cathodic reaction at the
discontinuity. Under these circumstances the life of the anodic coating will
be prolonged.

Zinc and cadmium are both anodic to steel and provide sacrificial protec-
tion to the substrate when used as coating metals. On exposure to industrial
atmospheres, zinc will protect steel for a longer period than cadmium,
whereas in many marine or rural environments cadmium provides a longer
period of protection. Layton1 attributes this difference in behaviour to the
nature of the corrosion products formed in the different environments. In
industrial atmospheres soluble sulphates of both zinc and cadmium are pro-
duced and are removed by rain so that corrosion can continue freely. Under
these conditions zinc, which has a more negative potential than cadmium in
most environments, is a more efficient anode than cadmium and gives a
longer period of protection to the substrate. In rural and marine exposure,
however, the cadmium carbonates and basic chlorides which are formed are
insoluble and corrosion is stifled to a greater extent than is the case with the
more soluble zinc carbonates and basic chlorides, so tending toward a longer
life with cadmium coatings.

When cathodic coatings are used the sacrificial action is reversed, the
substrate being attacked and the coating protected. This attack on the
substrate can be highly localised and can lead to rapid penetration through
the thickness of the metal. The effect is appreciably reduced by electrolyte
resistance and by the stifling action of corrosion products, as mentioned
above for anodic coatings, and the production of substrate corrosion pro-
ducts within the discontinuity can significantly decrease the corrosion rate
and delay penetration.

Decorative coatings of nickel plus chromium are cathodic to steel or zinc
alloy substrates and with these protective systems deliberate use may be
made of discontinuities in the chromium topcoat where corrosion of the
underlying nickel will occur. If the number of these discontinuities in the
chromium layer is greatly increased the current density at each individual
corrosion site is reduced, penetration of corrosion through the thickness
of the nickel layer is thus slowed down and the period of protection of the
substrate metal is prolonged.

In general, the choice between cathodic or anodic coatings will be
governed by the service application. Where cathodic coatings are used any
attack on the substrate will be highly localised, leading to rapid perforation
of thin sections with a consequent loss of functional integrity. Anodic
coatings, on the other hand, will protect exposed areas of substrate metal



by sacrificial action until the area exposed exceeds that over which cathodic
polarisation of the corrosion reaction can be maintained, after which time
the substrate itself will corrode freely.

With both anodic and cathodic coating systems, account must be taken of
the extent to which the presence and nature of corrosion products on the
surface may impair either the decorative aspects or the functional use of the
article. For example, the presence of small amounts of corrosion products
on the surface of gold-plated electrical contacts can markedly increase the
electrical contact resistance and cause malfunctioning; the problem may be
overcome by increasing the thickness of the gold deposit— thus reducing its
porosity— or by interposing an undercoat of a more resistant metal to act as
a barrier layer between the gold and the substrate.

Because of the many variables which can influence the corrosion reaction,
the use of the e.m.f. series of metals to predict the behaviour of galvanic
couples in a given service environment can be hazardous and misleading.
Numerous examples of coatings expected to act cathodically which have, in
fact, been anodic have been reported in the literature2"5 and specialised lists
of galvanic couples in different environments have been compiled6"8.

Factors Affecting Choice of Coating

Many factors are involved in the choice of coating material to be used for
any particular application, and these will now be described.

Resistance to the Corrosive Environment

The principal difficulty in assessing the resistance of a coating material to a
corrosive environment lies in an adequate accurate definition of that environ-
ment. Metals exposed to natural atmospheres will corrode at markedly
different rates dependent upon the degree of pollution present and a number
of interrelated meteorological factors. Atmospheric corrosion rates for most
of the metals in common use have been published by many authors and by
official organisations such as the A.S.T.M.9 These tables may be consulted
for general guidance but must always be used with caution, choosing data
for environments which most nearly approach the service conditions con-
cerned. However, purely local conditions can markedly affect the rate of
attack. An example of this in the author's knowledge involved the corrosion
of galvanised-steel air-intake louvres on the roof of a building in a severe
industrial environment; most of the louvres gave satisfactory service but
premature rusting occurred on those which faced in a westerly direction
where the prevailing winds exposed them to additional chloride contamina-
tion picked up from a nearby river estuary. A detailed knowledge of both
the macro- and micro-environmental conditions to be encountered is thus
seen to be essential if the best choice of coating is to be made and it is often
desirable to make site inspections before recommending a coating system for
a particular application.

When the corrosive environment consists of waters or other liquids, the
effect of the presence of minor constituents in the liquid as well as the degree
of aeration and rate of flow must be taken into account.



Practicability of Application

It is essential to choose a material and a method of application which will
provide a coating of adequate thickness with good coverage and distribution
over the surface of the article.

Hot-dipped tin coatings are difficult to apply outside the thickness range
of 8-38 /im10 and hot-dipped zinc coatings do not normally greatly exceed
50/mi in thickness. Hollow sections and excessively large articles may be
impractical to handle by the hot-dipping process and very thin sections may
be subject to much distortion.

Electrodeposited coatings may range in thickness from about O-1 pirn to
about 25 jim for decorative and protective purposes, though considerably
greater thicknesses may be applied in the case of coatings for wear resistance
purposes. The shape of the article to be plated greatly influences the thick-
ness and coverage of the electrodeposit. Copper and nickel deposits cover
well, throw well into recesses and levelling can be obtained during elec-
trodeposition. Zinc gives good coverage but poor levelling and chromium
has a very poor throwing power leading to bare areas in deep recesses of the
plated article. Precious metals, because of cost, tend to be electrodeposited
in thicknesses of less than 1 /*m and at these thicknesses porosity of the
electrodeposit is a significant factor; acid gold electrodeposits tend to be less
porous than deposits from alkaline baths.

Sprayed metal coatings may be applied without limitations of size of
article to be processed such as may apply for hot-dipping processes and the
thickness and coverage of the coating can be readily controlled during
application. Problems can arise, however, with applications involving com-
plex shapes or hollow sections. Coating thicknesses are normally in the range
50-250 pm but considerably greater thicknesses may be built up for applica-
tions involving wear resistance, and diffusion heat-treatments may be subse-
quently applied in order to improve wear resistance further. Sprayed metal
coatings are of a porous nature and contain a high proportion of oxides pro-
duced by the method of application. In service, corrosion products may
build up in the pores of the coating which can contribute materially to a
stifling of the corrosion reaction, but even so, sacrificial protection of the
substrate exposed at any coating discontinuities may still be maintained.

Cladding by pressing, rolling or extrusion can produce a coating in which
the thickness and distribution can be readily controlled over wide ranges and
the coatings so produced will be completely free from porosity. Although
there is very little practical limit to the thickness of coatings which can be
produced in this way, the application of the process is limited to com-
paratively simple shaped articles which do not require much subsequent
mechanical deformation. Among the principal uses are lead and aluminium
sheathing for cables, lead-sheathed sheets for architectural applications and
composite extruded tubes for heat-exchangers.

Compatibility of Galvanic Coupling

Most of the published data on galvanic corrosion concern solid metal
couples rather than bimetallic coating systems, and it is important to bear



in mind that the same galvanic relationships do not necessarily apply in
both cases; nevertheless, useful guidance can be obtained from the data
for the solid-couple systems exposed to suitable environments. Data have
been reported11 for combinations of metals commonly used in the elec-
trical industry; couples involving plated brass, copper and aluminium were
exposed to a 1 % salt spray and the corrosion currents (mA) were measured
over a one-week test period. Relative ratings in this test are shown in
Table 13.1 and items of particular interest in this table are that coatings of
aluminium on either brass or copper are unsatisfactory because of the active
galvanic corrosion which occurs at discontinuities. If tin plating is used as
an undercoat to the aluminium, corrosion of the substrate is prevented, but
if tin is applied as a topcoat over the aluminium (particularly by means of
the conventional zincate process) it is sufficiently porous to allow the alumi-
nium to continue to function as an active anode and corrosion can continue.

Table 13.1 Performance of various crimped metallic
couples in 1% salt spray

A. Completely Satisfactory Combinations

Copper/nickel-plated copper
Copper/gold-plated copper
Tin-plated copper/aluminium
Tin-plated copper/nickel-plated copper
Tin-plated copper/solder-dipped copper
Tin-plated brass/aluminium
Solder-dipped copper/nickel-plated copper
Nickel-plated copper/gold-plated copper
Nickel-plated copper/silver-plated copper
Gold-plated copper/silver-plated copper
Aluminium/tin-plated aluminium (no copper undercoat)

B. Satisfactory Combinations, Slight Galvanic Corrosion

Copper/silver-plated copper
Solder-dipped copper/tin-plated aluminium
Copper/tin-plated copper
Copper/solder-dipped copper
Copper/reflowed tinned copper
Silver-plated copper/tin-plated copper
Silver-plated copper/solder-dipped copper
Gold-plated copper/tin-plated copper
Aluminium/tin-plated aluminium (zincate process)

C. Borderline, Moderate Galvanic Corrosion

Gold-plated copper/solder-dipped copper
Tin-plated aluminium/nickel-plated copper
Aluminium/solder-dipped aluminium

D. Unsatisfactory, Severe Galvanic Corrosion

Aluminium/brass
Aluminium/copper
Tin-plated aluminium/copper
Aluminium/nickel-plated copper
Aluminium/nickel-plated brass
Aluminium/silver-plated copper
Tin-plated aluminium/silver-plated copper
Aluminium/gold-plated copper
Tin-plated aluminium/gold-plated copper



The relationships given in Table 13.1 apply to the specific environment
quoted and it must always be remembered that if the conditions are varied,
even to only a small extent, different galvanic effects may be produced.

Effect of Coating Process on Substrate Properties

The application of any coating process may affect the physical or mechanical
properties of the substrate material and any such effects should be con-
sidered when choosing the type of coating to be used and its method of
application.

With hot-dipping processes, apart from the risk of distortion previously
mentioned, the high temperatures involved can produce annealing, e.g.
softening of brass and copper during hot-tinning. Furthermore, hard and
brittle intermetallic-alloy zones are produced during hot-dipping as a result
of diffusion of the liquid coating metal into the solid basis metal, e.g. FeSn2
in the tinning of steel, Cu6Sn5, and Cu2Sn in the tinning of copper —the
extent and depth of the alloy formation depending on temperature and time
of dipping. Thus, too long a dipping time in hot-dip galvanising can lead to
flaking during subsequent mechanical deformation12-13.

Evolution of hydrogen during some electrodeposition processes can cause
embrittlement if it diffuses into the substrate; the effect has been reported for
chromium and cadmium plating of high-strength steels14 and provision is
made in relevant standards15'16 for diffusion heat-treatments after plating to
reduce the hazard (see Sections 8.4 and 13.3). Alternatively, zinc or cadmium
coatings may be applied by vacuum deposition, thus avoiding any embrittle-
ment of the steel —a process of this nature having been developed by the
Royal Aircraft Establishment, Farnborough. Cases have also occurred
where cracks in a highly stressed electrodeposit have acted as stress-raisers
which initiate stress-corrosion of susceptible substrate metals.

Although the annealing effects of overheating are avoided when coatings
are applied by metal spraying processes — provided that those processes are
properly applied —it has been reported17 that compressive stresses imparted
to the substrate by the grit-blasting pretreatment can alter the fatigue proper-
ties of the material. Cladding involves extensive cold-working which may
necessitate annealing of the composite material before use.

Coating Properties

A number of physical and mechanical properties of coating metals need to
be considered when making a choice of metal to be used in a particular
application.

Appearance, colour and brightness are important in decorative applica-
tions. Copper, zinc, cadmium, nickel, silver and gold can be readily plated
in a bright condition whilst tin normally plates as a dull deposit but may be
brightened by flash melting after electroplating (flow brightening process).
Aluminium and lead deposits are always dull, but reflective aluminium
coatings can be produced by roll cladding using highly polished rolls.
Colours may range from the blue-white of chromium through yellows for



gold or brass to the reds of bronzes. Reflectivity after polishing also varies
with the coating metal, being very high for silver and rhodium and pro-
gressively decreasing in the order aluminium and palladium, tin, zinc, gold,
iron and lead.

Hardness, strength and wear resistance are prime properties, not neces-
sarily interrelated. For example, rubbing contact between two hard surfaces
may produce more wear than with two soft surfaces though, in general,
rubbing contact between one hard and one soft surface causes wear in the
softer material. However, mechanical design factors can alter this wear
relationship so that the harder material wears to a greater extent, e.g. the case
of the rapid wear imposed on a steel record needle rubbing against a vinyl
record surface. In general, the hardest deposits are those of chromium,
nickel and rhodium; with iron, copper, zinc, cadmium and silver in an
intermediate hardness group; with tin, lead, gold and indium being relatively
soft.

Temperature resistance, i.e. a combination of melting point and oxidation
resistance, may be of prime importance. A general correlation exists between
melting point and hardness since both reflect the bond strength of the atoms
in the crystal lattice, and the preferred order of coating metals for use in high
temperature applications as temperature is increased is: silver, aluminium,
nickel, rhenium, chromium, palladium, platinum and rhodium.

The electrical conductivity of coatings is often of secondary importance
since they are of thin section and are in parallel with a metallic substrate of
larger cross-section which is generally a good electrical conductor. A more
important property for coatings used as electrical contacts is surface hard-
ness and the ability to remain free from oxide and tarnish films. Thus,
although aluminium has almost four times the conductivity of tin it is often
tin-plated to improve its electrical contact properties. Other coating metals
commonly used for low-voltage applications are gold; tin/lead, silver,
palladium, copper, rhodium and nickel.

Economics

Economic factors are obviously of prime importance when choosing both
the coating material and its method of application. Individual items in the
economic balance sheet will vary not only with the material and the process
but also with availability, local labour costs and factors unique to the design
and use of the articles concerned. A further factor which frequently does not
receive adequate importance in costing is the ease or otherwise of main-
taining the finish so as to ensure an adequate and efficient service life for
the component. In general, though with many exceptions, processing costs
may be ranged in ascending order from hot-dipping to plating, spraying
and cladding. The lowest cost group of metals includes zinc, copper, iron
and lead, the intermediate group contains nickel, tin, tin/lead, cadmium and
aluminium, and in the highest cost group are silver, palladium, gold and
rhodium, though cost relationships may vary from time to time as a result
of price fluctuations in response to supply and demand.

Experience in the application of metal-coating processes can materially
affect economics. Thus, although it is possible to apply aluminium by



electrodeposition, the process is difficult to operate and few metal finishers
apply the process; the application of aluminium coatings by hot-dipping or
by metal spraying is much more readily accomplished and more of these
types of installations are becoming available on the metal finishing market.

Coatings in Practical Use

In modern coating technology the range of materials used is ever increasing
and specific coatings may be chosen and applied, often by specially designed
techniques, for particular applications. Details of the behaviour of various
specific metal coatings are given elsewhere in this book but some general
information on a number of the more commonly applied coating metals is
as follows.

Zinc (Section 13.4)

This is an anodic coating material that may be applied by hot-dipping, metal
spraying or electrodeposition, with a good corrosion resistance to most
neutral environments, particularly when used in combination with chromate
or phosphate passivation treatments. In most cases of atmospheric exposure,
zinc will provide good protection to steel, particularly where any sulphur
pollution is present, but in rural and pure marine environments the condi-
tions of humidity and chloride pollution level can reduce the effectiveness of
zinc coatings and make the use of cadmium more suitable, though the same
degree of protection may often be achieved at lower cost by increasing the
thickness of the zinc coating. Zinc is the preferred coating for steel used
under immersed conditions in scale-forming waters or sea-water and, since
it is less toxic than cadmium it should be used in applications involving
welding.

The life of zinc coatings is generally proportional to thickness and
independent of the method of application, though it has been reportedl8'l9

that zinc electrodeposited from the sulphate bath gives a better performance
than when deposited from the cyanide bath. Hudson20 has reported lives
for 42/zm thick zinc coatings on steel ranging from 3| years in a severe
industrial environment (Sheffield) to more than 10 years in a rural environ-
ment (Llanwrtyd Wells) and Gilbert21 quotes lives of 4-5 years in London,
9 years in Cambridge and 18 years in Brixham.

Cadmium (Section 13.3)

Cadmium also provides a sacrificial coating to steel which gives better
protection than zinc in applications where strong acids and alkalis may be
encountered and those involving immersion in stagnant or soft neutral
waters. It should be used in applications involving bimetallic contact with
aluminium and in electrical applications where ease of solderability is
important. Cadmium has a low torque resistance and should be used as a
coating material in cases where bolted assemblies have to be frequently



dismantled. It also provides better protection than zinc in enclosed spaces
where condensation can occur, particularly when there is contamination by
organic vapours.

Cadmium is more expensive than zinc. It is usually applied by elec-
trodeposition in thicknesses up to about 25 /*m and has a superior tarnish and
stain resistance to that of zinc. As with zinc, the life of cadmium coatings
is proportional to thickness; Hudson20 quotes a life of only 9 months at
Sheffield for a 25 /*m thick coating and approximately 8 years for a 42 ptm
thick coating exposed to a marine environment at Calshot.

Tin (Section 13.5)

Tin is applied by hot-dipping or electrodeposition and has a similar corro-
sion behaviour to that of zinc. Coating thicknesses are usually in the range
12-50/im, and in the lower portion of this range coating porosity can be a
factor to be taken into account (see discussions by Kochergin22, and Gonser
and Strader23).

Tin coatings are widely used in the electrical industry because of their
good contact properties and in the food industry because of low toxicity.
In addition to pure tin coatings a number of alloy coatings have been
developed for special applications, e.g. tin-lead (terne plate), tin-zinc,
tin-cadmium, tin-bronze and tin-nickel. Reference should be made to
Section 13.5 and to the publication by Britton24 for data on the corrosion
of tin and its alloys.

Aluminium (Section 13.2)

Aluminium may be applied as coatings by metal spraying, cladding, hot-
dipping and electrodeposition, though the last-named process is difficult
to apply and by far the largest proportion of aluminium-coated metals are
produced by the first two methods.

In atmospheric exposure to industrial environments its corrosion rate is
only about one-third that of zinc and the corrosion reaction is stifled by the
tenacious oxide which is produced; nevertheless it can frequently function
as an anodic coating both for steel and for the less corrosion-resistant
aluminium alloys.

Hudson20 reported lives of about 4y years for 38 ̂ m thick metal-sprayed
aluminium coatings on steel exposed at Sheffield, and more than Uy years
for coatings 75/xm thick. Sprayed aluminium coatings (approximately
125 nm thick) have also provided complete protection against exfolia-
tion and stress corrosion to aluminium-copper-magnesium (HE 15) and
aluminium-zinc-magnesium (DTD 683) alloys in tests lasting up to 10 years
in industrial and marine environments25'26.

Nickel (Section 13.7)

Nickel has an inherently high corrosion resistance, particularly in chloride-
free atmospheres and is widely used as a coating material in the chemical



industry. When exposed to the atmosphere, rapid tarnishing and slow super-
ficial corrosion occur; for this reason, nickel coatings are seldom used alone,
but they are widely used as undercoats beneath bright chromium to give
decorative and protective schemes for steel, zinc-alloy and copper-alloy con-
sumer goods notably in the automobile and domestic hardware industries.
Used in this way, corrosion of the nickel undercoat is confined to localised
pitting which develops at discontinuities in the chromium layer and which
will eventually penetrate to the substrate. Many special processing variations
have been developed to improve the corrosion resistance of these composite
coatings and recommended systems are detailed in standards documents
such as BS 1224 (197O)16.

Lead (Sections 13.4 and 13.5)

Lead coatings are mainly applied by cladding and find principal use in
the chemical industry for resistance to sulphuric acid, for cable sheathing
resistant to attack by soils and in architectural applications where resistance
to industrial atmospheres is particularly good. They rely for their protective
action on the formation of insoluble corrosion products which stifle the
corrosion reaction and lead to very long service lives, but the corrosion
resistance is impaired when chlorides are present.

Copper (Sect/on 13.6)

Except in the case of certain decorative and electrical applications, copper
is seldom used as a coating material in its own right owing to the rapidity with
which it tarnishes, particularly in sulphur-polluted environments. Never-
theless its atmospheric corrosion resistance is good owing to the development
of the well-known green patina of basic copper salts which gives protection
against further corrosion of the metal. When copper coatings are used for
their decorative effect the high lustre and distinctive colour are retained by
applying a protective coating of transparent lacquer which may contain an
inhibitor, e.g. benzotriazole.

By far the largest use of copper as a coating metal is in the form of under-
coats to other protective schemes, such as the nickel plus chromium systems,
where they offer great benefit by levelling the surface so as to improve the
brightness of the finished article. Their role in the corrosion protection of the
substrates is complex; they are themselves often preferentially attacked when
overlay coatings are penetrated by corrosion and can stimulate enhanced
corrosion of the substrate when penetration through their thickness occurs.
On the other hand, however, in the case of coatings of bright nickel plus
micro-discontinuous chromium, the use of a copper undercoat is known to
improve corrosion resistance and to extend the period of protection of the
substrate27.

Chromium (Sect/on 13.8)

Chromium is highly resistant to atmospheric corrosion, being almost inert
in most atmospheres, and is therefore used as a thin, bright overlay to other



Gold thickness (/Ltm)

Fig. 13.1 Log/log plot of gold-plate porosity against thickness for the conventional hot-
cyanide gold-plating bath on copper substrate. The porosity was determined by the amount of
copper (p.p.m.) dissolved under standard conditions by an ammonia-ammonium persulphate

test solution

coatings to retain decorative appeal for long periods. The thickness of these
coatings, applied by electrodeposition, is normally in the range O- 3-1 • 3 /zm.
In the lower thickness range the coating contains minute discontinuities
which cannot be eliminated by increasing the thickness, since spontaneous
cracking of the deposit occurs as the thickness builds up. The tendency
to cracking of chromium electrodeposits is encouraged and put to good
use by inducing cracking on a micro scale by processing modifications.
When this is done the micro-cracked deposits so produced provide greater
protection to nickel-plated steel and zinc-alloy substrates exposed to the
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Current density (A/m2)

Fig. 13.2 Linear plots of the effect of current density on the porosity, expressed as p.p.m. Cu,
for three different gold-plating baths. The numbers next to each point show the actual average
thickness (/xm) for each test. Bath A was a proprietary alkaline cyanide bath using silver as a
brightener. Bath D was an acid gold bath containing cobalt and an ethylenediamine tetraacetic

acid gold complex

atmosphere by increasing the area of nickel exposed at the micro-
discontinuities and so reducing the corrosion current density at individual
corrosion sites with a consequent reduction in the rate of penetration
through the nickel layer.

Chromium is also a very hard metal with excellent wear resistance, and
so is widely used as a coating material for engineering applications. For these
purposes, coatings are applied by electrodeposition which may be several
millimetres thick. These hard engineering chromium coatings invariably
contain fine cracks and fissures which can allow corrodents to attack the
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substrate, but this is not often a hazard in service and in many cases they are
advantageous in providing a means of retaining lubricant on the working
surface during use.

Precious Metals (Section 13.9)

Gold and platinum, being highly noble metals, can provide highly corrosion-
resistant coatings, but are rarely used for this application alone because of
cost. Silver, though cheaper than gold or platinum, has a somewhat lower
corrosion resistance since it is very prone to attack by sulphides which cause
dark tarnishing.

The principal use of gold is as a very thin coating about 0-05 /mi thick
for electrical and electronic applications. Because of the thinness of gold
electrodeposits, porosity must be very carefully controlled since seepage of
corrosion products from substrate or undercoat exposed at these pores can
have serious adverse effects on both appearance and electrical properties
of the composite. The porosity can vary with the thickness of the deposit
(Fig. 13.1), and with the type of plating bath and with its method of opera-
tion (Fig. 13.2), and the phenomenon has been extensively studied by Clarke
and many other workers.

Recent Developments

The general principles of protection of metal substrates by metallic coatings
are of course, clear. Nevertheless detailed considerations and particular
aspects have received continued attention and some of these developments
can be highlighted. Amongst general treatments several books may be noted
dealing with the coating spectrum and the theory of protection28"30, and a
book on the testing of such coatings for product performance assessment in
relation to quality assurance is also available31.

Galvanic Coupling

This particular topic remains vital but often controversial especially when
attempts are made to codify practice and opinion. The British Standards
Institution have published a 'Commentary on corrosion at bimetallic con-
tacts and its alleviation'32 which represents an important first attempt to
produce such a code. It lists 23 metals and alloys coupled to each other in
three atmospheric and two immersed environments using a four-point sub-
jective scale to describe behaviour.

The shortcomings of such a code are mainly attributable to the limited
number of environments considered because specific behaviour is generally
related to specific metal/electrolyte behaviour which can result in substantial
potential changes or even polarity reversals. A polarity reversal implies a
large potential at one or both metal electrodes and may be attributed to two
main factors:



1 . onset of passivity on the more base (negative) metal, thereby raising its
surface potential to more noble values;

2. solution complexants reacting with free metal ions of the corroding
metal thereby lowering that metal's corrosion potential.

The features of instances of such potential reversals have been described33

and include tin coatings on steel in various foodstuffs, particularly acid
fruits34'35, cadmium coatings on steel in hard waters36, and zinc and
aluminium for cathodic protection of steel in natural ground- waters37'38.

Porosity

The study of coating porosity and its effect on corrosion rates continues
to be an important subject and is generally directed at establishing the
minimum thickness that can be allowed in a specification, related of course
to a test /service corrosion environment. Porosity usually decreases exponen-
tially with coating thickness (Fig. 13.1 represents a relationship for part of
the range only) and the minimum acceptable thickness can be defined accord-
ing to O, 0-5, 1 -0% etc. porosity level or to a threshold corrosion rate. The
ability to measure porosity rapidly and precisely is thus of importance and
the whole subject has been critically reviewed by Clarke39. In many cases
the purpose of such testing is to separate effects on porosity of the coating
process itself and the substrate preparation and roughness; the latter is often
the aspect most susceptible to improvement.

Environment Classification

All testing has to be related to environmental conditions whose charac-
teristics must be defined. The relation of accelerated corrosion test condition
to real service conditions is one aspect while another is defining classes of
environment and relating them to characteristic corrosion performance in
order to produce useful specification guidelines. BS5493:1977 is an attempt
to do this using four categories appropriate primarily to the UK (Table 13.2).
Such a classification is clearly an over-simplification, but represents an
important step in this particular direction.

Table 13.2 Atmospheric corrosion environments*

Type 1
Type 2
TypeS
Type 4

Non-polluted inland
Polluted inland
Non-pulluted coastal
Polluted coastal

Rural areas, town suburbs
Industrial towns and cities
Type 1 but with marine spray
Type 2 but with marine spray

* BS 5493: 1977

Alternative Coating Systems

The drive of financial economy has been manifest in terms of the need to
establish alternative coating systems for particular applications based not on



technical performance alone but on cost saving and sometimes environmen-
tal or ecological considerations. Thus expensive metals may be challenged by
cheaper metals and alloys, and cheap, metals by non-metals. Every coating
is under such economic pressure, which some have withstood by reducing
thickness, improving quality and maintaining performance, but some have
succumbed to the competition. Gold in particular has faced competition
from brass electrodeposits in the cheap market, titanium carbonitride (CVD
produced) for wear-resistant applications and Pd-Ni alloy electrodeposit
for electrical connectors and contacts, each representing cost saving and
improvement in selected properties40"42.

The desire to replace cadmium is generally attributed to its toxicity, both
in terms of process pollution and product corrosion, and several alternatives
are feasible: thicker zinc, tin-zinc alloy or tin-nickel alloy depending upon
the precise application1"43. The demise of decorative nickel-chrome systems
in the automotive industries of the world is partly due to cost and partly to
market image, and not to technical performance where major improvements
took place in the period 1960-1975 through the establishment of duplex
nickel under-layers and micro discontinuous chromium top-layers. In the
1980s the trend has been towards black finishes produced generally by
powder-applied epoxy polymers.

A recent publication by Dini44 provides a relatively novel text covering
the material science of coatings and substrates.

D. R. GABE
V. E. CARTER
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13.2 Aluminium Coatings

Aluminium is used as a protective coating for iron and steel and also for
some high- and medium-strength aluminium alloys; in some situations
the optimum protection is obtained by using an aluminium alloy as the
protective coating. Aluminium is applied also as a decorative coating on
both metallic and non-metallic surfaces. Several methods of applying the
aluminium coating are available, and the method selected depends to a large
extent on whether the protective or decorative aspect is more important.
Some methods of coating will be excluded by the geometry of the article to
be coated, while others will be excluded by the chemical or physical nature
of the article.

Coating Methods

Methods available for coating other metals with aluminium include
spraying; spray aluminising (heat-treated sprayed coatings); hot dipping;
Calorising (diffusion or cementation); vacuum deposition; electroplating;
electrophoretic deposition; chemical deposition (gas or vapour plating);
cladding or mechanical bonding; casting.

Painting with aluminium-pigmented paint is considered in Chapter 14
because its properties are essentially those of a paint and not of a metallic
coating; in this respect aluminium paint differs from zinc-rich paint which
can be formulated to provide galvanic properties similar to those of metallic
zinc.

Sprayed, vacuum-deposited and plated coatings can be applied to most
metals and to many non-metals, e.g. vacuum deposition is applied to many
substrates including plastics; spray application can be used for coating
fabric, plastic and paper. Hot dipping and other diffusion processes are
dependent on the nature of the substrate for the properties of the coating.
Most commercial applications of aluminium coatings are on iron and steel
with smaller quantities applied to aluminium alloys and plastics.

Sprayed coatings These are of the greatest importance, particularly for the
protection of structural steel or certain aluminium alloys. The metal to be
coated must be grit blasted shortly before spraying to provide a clean rough
surface. Chilled iron grit is used for most steelwork, while alumina or silicon



carbide may be used for metals having a hardness exceeding 360 Hv.
Calcined alumina should be used for cleaning aluminium in order to avoid
contamination of the surface by residual iron grit (see Sections 11.1 and
12.4). Grades of pure aluminium or aluminium alloys are applied by means
of pistols fed by wire or powder; the two application methods give similar
results. Coatings of O-075-0-1 mm give good protection and it is preferable
that not more than 0-05 mm should be applied in any one pass of the gun.
In most atmospheric conditions no advantage is obtained by the use of
aluminium coatings thicker than O-25 mm and there is danger of flaking
under some circumstances if the local film thickness exceeds 0-3 mm. For
general purposes, the optimum performance is obtained using 99- 5% purity
aluminium applied within the limits of O-1-0-2 mm.

Recent advances in metal spraying include arc spraying, which claims
higher application speeds, better adhesion and reduced oxide content in the
coating.

Spray-aluminised coatings For service temperatures in the range 55O0C to
about 90O0C it is recommended that the coated steel item should be heated
first to 800-90O0C either in a mildly oxidising atmosphere or after coating
with a solution of coal tar pitch in order to cause diffusion at the steel-
aluminium interface. Oxidation of the aluminium coating during this heat
treatment can also be reduced by the use of Al-O-75 Cd for the coating or
by a protective coating of calcium hydroxide plus sodium silicate. The heat-
treated sprayed coatings are sometimes known as aluminised, but the term
spray aluminised is desirable in order to distinguish them from hot-dip
aluminised coatings which are obtained (after pretreatment of the metal
surface) by immersion in a bath of molten aluminium.

Hot-dipped coatings (Section 12.2) These coatings are applied after clean-
ing the work, e.g. pickling in hydrochloric acid in the case of steel, and then
preheating. The work is then immersed in a molten salt bath, a flux or a
reducing atmosphere, prior to immersion in the bath of molten aluminium.
The bath temperature is usually in the range 620-71O0C, depending on
whether the coating material is an aluminium-silicon alloy (for use in high-
temperature conditions) or pure aluminium (for corrosion prevention).
Alloying occurs between iron and aluminium at the interface. The
aluminium coating thickness is generally in the range 0-025-0-075 mm.

This type of coating is applied to both individual items and on continuous-
coil plant. The process is in use in North America, Great Britain and other
European countries.

Calorised coatings (diffusion, cementation - Section 12.3) These coatings
are produced by packing the articles to be coated in a mixture of powdered
aluminium, aluminium oxide and ammonium chloride for periods of 4-6 h
at 800-95O0C, followed by 12-48 h at 815-1 00O0C after removal from the
mixture. Coatings of 0-025-0-15 mm are reported with diffusion to a depth
of 1 mm. The resistance of such coatings to scaling at temperatures up to
95O0C depends on the maintenance at the surface of an aluminium content
sufficient to give self-healing properties associated with the formation of a
protective aluminium oxide layer.

Vacuum deposited coatings This type of coating can be deposited from



high purity aluminium vaporised by passing a heavy current through
tungsten filaments around which the aluminium is wound. The application
chamber is operated at very low pressure and the vaporised aluminium con-
denses on the cold surface of the work. Coatings of this type can be used to
give an extremely thin bright finish to metallic or non-metallic surfaces. It
is usual to apply a coat of stoving lacquer before and after depositing the
aluminium coating. Coatings of the order of 0-025 mm are normally pro-
duced, but deposits up to O-025-0-075 mm can be applied and are more
appropriate where corrosion protection as well as decorative properties is
required. Silicon monoxide is sometimes used as a final protective coating at
thicknesses around 100 /mi. Vacuum deposited coatings of aluminium can be
applied to irregular static shapes or to plastic strip passing through the
application chamber at speeds of 7-6m/s or greater.

Sputter application is somewhat analogous to vacuum deposition. The
deposition is carried out in a partial vacuum of about 13N/m2 and at a
potential of around 1 000 V.

Electroplated coatings (Section 12.1) Aluminium can be electroplated
from molten salts or organic solvents. It can be plated on to other metals
from fused aluminium chloride melts, e.g. 15% AlCl3, 20% NaCl, 5%
LiCl, operated at 170-18O0C and 210 A/m2.

Aluminium can be deposited from complex organic solutions if sufficient
precautions are taken, and such coatings are now being produced commer-
cially in North America. Two of the systems on record are (1) aluminium
trichloride and lithium aluminium hydride dissolved in diethyl ether used at
4O0C and 50 A/m2, and (2) aluminium chloride, w-butylamine and diethyl
ether used at 2O0C and 970 A/m2. Deposits of O-010 mm can be obtained
on mild steel or copper at 2O0C and 970 A/m2 using aluminium-wire
anodes and nitrogen or argon atmospheres.

Electrophoretic coatings Coatings of this type can be produced by elec-
trophoretic deposition of aluminium powder from a carrier system based on
methyl alcohol and water. The material to be coated, e.g. steel, can be passed
through the system using aluminium anodes and a potential of about 50 V.
The deposited aluminium and strip then pass through compacting rolls,
and are coiled prior to heat treatment at temperatures in the region of
400-60O0C; the lower temperatures give maximum ductility to the coating
while the higher temperatures improve adhesion at the expense of the forma-
tion of a brittle intermetallic layer between the coating and the steel
substrate. Further improvement in adhesion can be obtained by heating the
coated coil at 750-95O0C for 30 min to 5 h with a corresponding increase in
the intermetallic layer between the substrate and coating. A similar deposi-
tion of powder has been applied by electrostatic-spray techniques in air or
in an inert atmosphere. Deposits have also been made as a slurry in an
organic binder, e.g. polyethylene oxide, followed by drying and compacting.

Chemical deposition, gas or vapour plating This is a chemical process
whereby the aluminium is deposited when an aluminium compound is
pyrolysed. Organo-metallic compounds such as aluminium diethylhydride
or tri-(iso) butyl aluminium (TIBA) are introduced into the work chamber
after purging with an inert gas such as argon or nitrogen. The hydride



decomposes at around 18O0C and TIBA at 26O0C to deposit aluminium;
deposits of from O • 075 to 2 • 5 mm are claimed on a variety of substrates. The
coatings are said to be ductile, adherent and lustrous.

In a related process the work is dipped in a catalytic titanium compound
and then transferred to a bath of aluminium hydride solution. The solution
dries leaving the hydride on the surface and mild heating then turns the
hydride into metallic aluminium. The conversion stage occurs slowly at room
temperature or in seconds at 10O0C.

The technique lends itself to the coating of surfaces which are relatively
inaccessible, and it is stated that the process has been used to coat parts for
turbine engines and could be used to coat parts for steel mills and coil coaters.

Cladding (mechanical bonding) The mechanical cladding of a surface with
aluminium can be achieved by rolling, extrusion or drawing. Aluminium
cladding can be bonded to other aluminium products and to a variety of
substrates including copper and steel; the products can vary from sheet or
strip to extruded shapes and wire. The cladding process is carried out by the
metal supplier and this type of material is discussed in Section 4.1.

There is an increasing interest in explosive bonding as a means of bonding
aluminium-steel and other composite cladding systems.

Casting Casting around steel parts, which are first hot dipped in aluminium
or in aluminium-silicon alloy (the Al-Fin process), gives good bonding
but requires careful design because of the different thermal-expansion
coefficients of the two metals.

Nature of Coatings and Physical Properties

Sprayed aluminium coatings consist of small flattened globules of metal sur-
rounded by aluminium oxide which forms about 1 to 3% of the coating. The
coating density is typically 2-3-2-4g/cm3. The outer surface is uniformly
slightly rough with a whitish appearance. The coating is a reasonable con-
ductor of heat and electricity, although inferior to bulk aluminium of similar
purity. Coatings are cohesive and normally O-10-0-20 mm thick. They have
good adhesion on a properly prepared surface, but above O-3 mm there
may be danger of adhesion being weakened. Only slight deformation of the
coating is possible. The mechanical properties of the base metal remain
substantially unimpaired except for a slight loss in fatigue strength. Soften-
ing of strong, heat-treated aluminium alloys can occur with overheating
through poor spraying technique. The structure of sprayed aluminium coat-
ings is illustrated in Figs. 13.3 and 13.4.

Hot-dip aluminised coatings are obtained preferably by continuous
methods. They are normally about 0-05 mm when unalloyed metal is used,
but in the case of aluminium-silicon alloys only O-025 mm is applied. As
dipped, the surface may be rough; a bright appearance can be obtained by
mechanical treatment such as rolling or drawing. Silicon appears to alter
the viscosity of the bath and also inhibits the growth of the iron-aluminium
alloy layer. The structure of the aluminium-silicon alloy coatings is dis-
tinctive. They show dark grey acicular needles of a silicon-rich constituent,
and dispersed islands of an iron-aluminium constituent are also present in



the aluminium solid solution outer layer. The two layers close to the steel
base are of different iron-aluminium-silicon alloys with an average iron
content of 33-5%. In the absence of silicon the plates and stringers in the
aluminium solid solution outer layer are iron-aluminium constituents con-
taining about 45% iron. X-ray examination of both types of coating shows
the presence of FeAl and lesser amounts of Fe3Al, although this is not in
accord with the equilibrium diagram. The coating is more dense than
aluminium but no precise figures can be given. The coatings will withstand
moderate forming (up to bends of twice the metal thickness, depending on
the thickness of the brittle alloy layer); failure occurs more readily in com-
pression than in tension. In the former case, shearing stresses develop at the
alloy/base metal interface, but in tension, cracks which do not immediately
affect adhesion develop at right angles to the surface in the iron-aluminium
layer. The mechanical properties of the aluminised product are those of
the base metal except for a slight loss of fatigue strength and a loss of
tensile strength due to the annealing effect of the coating operation. At
temperatures up to 50O0C, coated steel will reflect about 80% of incident
radiant heat. The coating is a good electrical conductor.

Fig. 13.3 Sprayed aluminium; section taken
parallel to substrate and etched; x 75

Fig. 13.4 Tranverse section of sprayed
aluminium on steel; etched in HF. A alu-

minium and B steel; x 75



Fig. 13.5 Section through Calorised coating on mild steel; approximately x 500 (courtesy
Babcock and Wilcox Ltd.)

Vacuum-deposited and electroplated coatings are pure metal with no
chemical bond to the underlying surface. The properties will be those of pure
aluminium. The presence of lacquer, in the case of vacuum-deposited
coatings will, however, afford resistance to the passage of electricity and
limit the maximum temperature of use.

Steel with up to O-075 mm thick aluminium coatings can be gas-cut by
both hand and machine methods, and welded, without removal of the
aluminium. No fume problems arise in welding aluminium-coated material;
in practice, however, it is usual to leave the edges bare and to spray the joint
with aluminium after welding.

Corrosion Resistance

The corrosion resistance of aluminium coatings is generally related to that
of solid aluminium of similar thickness. Additional factors arise with
sprayed coatings associated with texture, and with aluminised and other
coatings when diffusion from the substrate can occur.

Ordinary temperatures The protection of steel by aluminium coatings

Calorised and heat-treated mechanically-clad products have coating struc-
tures similar to hot-dip aluminised coatings, but the degree of alloying with
iron is variable (Fig. 13.5). With Calorised products the surface layers
usually contain 25-50% aluminium.



depends partly on sacrificial action and partly on a physical barrier associated
with the aluminium and oxidation products. Initially, sprayed aluminium
coatings in atmospheric or immersed conditions may show slight superficial
rust staining through pores in the coating before penetration through the
oxide skin around each aluminium particle enables aluminium to protect the
steel cathodically. Subsequently, insoluble aluminium corrosion products
block the pores and reduce corrosion currents to a negligible value, thus con-
serving the aluminium coating. This result is readily observed in practice
when slight initial rust staining of the coating may occur and then either
diminish or remain unaltered for many years. Rust staining can be avoided
by the use of sealing lacquers. It is generally agreed that the cathodic polarisa-
tion of steel by aluminium is less than, for example, that effected by zinc
although the standard electrode potentials indicate the reverse. This results
in a long life for the aluminium coatings although they may allow some rust
to form at breaks in the coating if the nature of the electrolyte in the environ-
ment is such that there is no galvanic protection of the steel, e.g. at cut edges
of sheets in a mild atmosphere. The initial rusting is not progressive and in
some cases the rust is reduced to magnetite leaving only a grey colour.

In selecting sprayed-metal coatings for steel, aluminium is preferred
for use in aggressive environments such as marine environments, acidic
environments and sulphur-containing industrial environments. Aluminium
coatings are less suitable than zinc in most strongly alkaline environments.
Coatings of aluminium-zinc mixtures or compounds of composition of
approximately 65Zn-35Al have been used commercially, and it is claimed
that the initial rust staining sometimes associated with aluminium coatings
is avoided. Coatings of aluminium-zinc mixtures can also provide galvanic
protection to some aluminium base alloys where aluminium alone does not
provide the required sacrifical protection. Duplex sprayed-metal coatings of
aluminium and zinc, or of two grades of aluminium, have been tested to see
if they could prevent rusting or give improved protection; such duplex
systems have not given worthwhile improvement over that of a single coating
material.

Scott shows that unpainted sprayed coatings, O-075 mm thick, of alu-
minium and zinc are giving good service in marine and rural atmospheres
after 15 years, with the aluminium coating being slightly superior. In an
industrial atmosphere BISRA tests show that the aluminium coating after
15 years is superior to zinc. When immersed in the sea, O-075 mm zinc
lasted less than four years, whereas the same thickness of aluminium was still
affording protection to steel after 14 years.

Other investigations indicate that half-tide conditions give results similar
to fully immersed conditions, and that in sea-water the 99-5% aluminium
coating is preferred to aluminium-zinc or aluminium-magnesium alloy
coatings.

Hudson, in tests at Sheffield (severe industrial atmosphere), observed that
an O-075 mm coating of aluminium had not failed after 18 years service
(Fig. 13.6).

Sprayed coatings can be used as a base for painting and it is recommended
that a minimum of 0-075 mm of aluminium be used. In practice a combina-
tion of O-1-0-2 mm of aluminium plus paint coatings will give maximum
economic durability on long-term structures.



COATING WEIGHT (kg/m2)

Fig. 13.6 Relation between coating life and weight for metal coatings on steel exposed at
Sheffield. The line for aluminium has been amended and drawn as a curve (after Fig. 7 of Special

Report No. 66 of the Iron and Steel Institute)

Tests by Clark for the Corrosion Sub-committee of the American Welding
Society were carried out at severe marine and industrial sites. After four
years, the greatest protection to steel was given by sprayed aluminium coat-
ings combined with aluminium vinyl paint in the following environments:
(a) sea air, (b) sea-water immersion, (c) alternate sea-water immersion
and exposure to air (tidal conditions) and (d) industrial atmospheres con-
taminated with sulphur compounds.

Exposure tests of 5-years duration in the atmosphere and during immer-
sion in fresh water or sea-water by Welding Institute and by Stanners and
Wat kins have indicated the best paint systems for aluminium-coated steel.
For immersed conditions two systems giving good performance are:

1. Modified pretreatment primer plus zinc chromate primer plus two coats
of micaceous iron oxide/polyurethane.

2. Modified pretreatment primer plus three coats of aluminium-pigmented
vinyl copolymer.

Under atmospheric conditions the following systems gave good
performances:

1. Pretreatment primer plus micaceous iron oxide/long oil tung phenolic.
2. Zinc chromate primer plus micaceous iron oxide/alkyd or phenolic.
3. Aluminium-pigmented vinyl.

Hot-dip aluminised coatings have been tested by the American Society
for Testing and Materials over a 23-year period in rural and marine atmos-
pheres. In most cases, coatings of O-025-0-050 mm thickness show no
deterioration, but at the more severe marine site some rusting has occurred.

Calorised coatings have a substantial iron content at the surface. Iron-
aluminium alloys generally have superior corrosion resistance to that of the
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steel substrate, and atmospheric exposure tests have shown Calorised
coatings to afford useful protection.

Successful anodising of aluminium coatings produced by hot dipping
and by electrophoretic deposition has been claimed, but this is subject to
having an aluminium coating free from pores and a coating of sufficient
thickness to enable the coating to be anodised; an anodic film O-025 mm
thick is formed at the expense of approximately 0-05 mm from a uniform
aluminium surface. The steel must be fully stopped off in the anodising bath.
Similar observations can be made with respect to aluminium coatings applied
by other techniques.

High temperatures Diffusion coatings producing iron-aluminium alloys
are used to provide protection to steel at high temperatures. These coatings
can be produced by hot dipping, Calorising or by metal spraying followed
by heat treatment.

Alloying of the coating and steel substrate commences at temperatures
in the range 300-48O0C, and the resistance of the substrate to oxidation
increases with increasing aluminium content at the surface. An aluminium
content of 8-10% is said to markedly reduce subsequent oxidation at tem-
peratures as high as 1 000-1 10O0C. The diffusion and alloying processes
enable the aluminium coating to give good protection to steel at tempera-
tures well beyond the melting point of aluminium and such coatings find
service in atmospheres where sulphur-containing fuels are being used.

Up to 55O0C, aluminium coatings may be used in the 'as applied' condi-
tion, and the hot-dipped aluminium-silicon alloy may be used up to at least
68O0C, but for service at higher temperatures additional diffusion treatment
is recommended for all except Calorised coatings.

Up to 75O0C, the performance of all aluminium diffusion coatings is
considered to be very good, but above this temperature the results appear to
be dependent on the coating thickness, diffusion treatment and the specific
service environment. Sprayed aluminium coatings can be used up to 90O0C
after diffusion treatment. Hot-dipped coatings also benefit from additional
diffusion treatment, and omission of silicon from the coating alloy improves
performance at the elevated temperatures.

Above 90O0C, the life of aluminium-coated steel is more limited although
the coating can still provide significant protection to steel, e.g. at 900-98O0C
the life is said to be increased 20 times, and at 980-1 00O0C the life is said
to be increased 5 times.

Applications

The main application of sprayed aluminium is for the protection of struc-
tural steel, and the process can also be utilised to protect high-strength
aluminium alloys. The process has the important advantage that it can be
carried out on site.

Sprayed aluminium coatings were applied over twenty years ago for a
number of buildings in steelworks, notably at Margam, Trostre and Velindre
in South Wales. At Margam all steelwork above crane girder level has been
aluminium sprayed to O-10 mm thickness and painted with two coats of



commercial-quality aluminium paint. Two sections in a severely aggressive
environment were repainted about ten years after installation, although
there was no rust present on the sprayed steelwork; the steelwork below
crane level had, meanwhile, been repainted twice. It has been estimated
that with an average interval of 8y years between repainting operations,
the total painting cost over 50 years will be reduced by nearly 50%. The
more recent Spencer Steelworks has been similarly protected following the
experience gained in the earlier buildings.

Aluminium-sprayed steel windows in Sheffield remained in good condition
some 17 years after erection. Aluminium-sprayed coating on a steel structure
at a steelworks in Sheffield is intact after service for 34 years with paint
maintenance at approximately 10-year intervals.

The Spanish National Steelworks has been given similar protection using
sprayed aluminium coatings. Railway bridges at Carlisle and Hook showed
no corrosion when examined after five years with an O'075 mm aluminium
coating on main surfaces and an O-15 mm coating where exposed to direct
locomotive blast. Aluminium-sprayed coatings have been used on two
large road bridges on the southern end of the Ml motorway. Parts of the
Severn Bridge have been sprayed with 65Zn-35Al alloy. Harbour bridges in
Australia and the Near East sprayed with aluminium are in good condition
10-12 years after application. It is estimated that most structures protected
by aluminium-sprayed coatings could have an extremely long service life if
a simple paint coating was maintained at intervals of the order of 10 years.

The main roof girders of the BEA engineering base and workshop at
London's Heathrow airport are aluminium sprayed.

Soft peaty water, e.g. as in Scottish hydroelectric schemes, has been
satisfactorily carried in painted duplex-coated steel pipe (0-075 mm of zinc
followed by 0-075 mm of aluminium), while a similar duplex coating was
reported successful in a steam-ammonia atmosphere. A French railway
bridge, however, showed peeling of the aluminium in a few months, owing
to corrosion of the underlying zinc, suggesting that the duplex coatings
should not be used indiscriminately; the powder-sprayed technique is recom-
mended for duplex coatings.

Hydroelectric-plant pipelines of 0-4 km in length and 1 -8 m in diameter
were in good condition after service for eight years. At another hydroelectric
plant, steel and cast-iron pipes carrying high-pressure soft water from a
mountain reservoir had been in service for about 50 years with considerable
internal corrosion. For safety reasons, it was decided that the pipes should
be replaced or the corrosion stopped. In 1959 the pipeline was gritblasted
internally and sprayed with 0-25 mm of 99-5% Al followed by two coats of
petroleum bitumen. Thirteen years later the aluminium coating was still giv-
ing satisfactory service on these surfaces which were prepared and coated
under the most arduous conditions.

Aluminium-sprayed coatings are used successfully on gas cylinders and on
ammunition boxes under a wide variety of atmospheric conditions.

Car-ferry vessels in Australia have O-15 mm of aluminium-sprayed
coatings on the inside and outside of the hull followed by a compatible
anti-fouling paint. Steel vertical legs on the S. S. President Cleveland and
S. S. President Wilson are aluminium sprayed followed by two coats of
aluminium-pigmented vinyl paint. Aluminium-sprayed steel is also giving



good service in tropical marine atmospheres on sheds erected in 1960 at
Tema Harbour, Ghana.

Aluminium is particularly resistant to sulphur-polluted atmospheres, and
sprayed coatings are used in sulphuric-acid plants for the main con vectors;
for hot, intermediate and cold heat exchangers; and for the internal surfaces
of interconnecting ducting. Coatings of O-15 mm thickness have given good
service.

There are many instances of the use of aluminium spraying for the protec-
tion of steel in gasworks. These include the Dudley Gasworks' Retort House,
which is in good condition after nine years or more; the largest welded gas
holder in Europe located at Bristol was in excellent condition 10 years after
treatment despite the severely corrosive environment, and a steel structure
at the Coxside Gasworks at Plymouth needed no maintenance after more
than 13 years service on a site only a few hundred metres from the sea. Other
aluminium-sprayed applications include the gas holders, gas mains and blast
furnace components at the Spanish National Steelworks at Aviles, and the
components for the converter and heat exchangers of sulphuric-acid plants
in Australia.

Chimney stacks have been sprayed externally with aluminium at many
gasworks, oil refineries, laundries and petrochemical plants, to resist the
combined effects of heat, condensation and atmospheric attack.

Steel structures and components subject to high temperature and corrosive
attack on which paint would fail rapidly are given excellent protection by
sprayed aluminium applied in accordance with BS 2569: Part 2:1965. Such
coatings are used in blast-furnace downcomers, conveyor cooling hoods,
and offtake ducting in reheating furnaces.

Converter shells for production of sulphur trioxide from sulphur dioxide
have been in operation for over 12 years after spraying with O-20 mm of
aluminium. Operating conditions are sulphur trioxide at 600-65O0C inter-
nally and 7% dry sulphur dioxide at 200-45O0C externally, conditions which
formerly resulted in lives of only two years without the metal spraying. A
similar coating thickness has been used on coal-wagon tipper gear to provide
protection against wet sulphurous conditions in the steel industry, and a
coating life of 20 years is expected.

Aluminium coatings are not favoured in atmospheres containing explosive
mixtures because contact with rusty steel can cause incendiary sparking, and
for this reason aluminium coatings are not used for protection of structures
in coalmines (cf. CP 2008:1966).

Aluminium spraying of steel street-lighting columns has been used since
the 1950s and it is estimated that one producer alone has supplied up to
200000 such columns; repainting is simpler, even on neglected columns,
than on columns not metal sprayed. Aluminium spraying has been used
on reflector towers used in the television link between Manchester and
Edinburgh, and on similar structures.

Spray-aluminised coatings are used for exhaust valves in automobile
engines, exhaust and silencer systems (double and triple life), tyre moulds,
gas ducting, heat-treatment pots, furnace ladles, carburising boxes and
fans handling hot gases. Similar applications utilise Calorised and hot-dip
aluminised coatings. Hot-dip aluminised steel wire has been used in steel-
cored aluminium conductors for overhead transmission lines. For some



applications the greater heat-transfer efficiency of the aluminium coating
compared with that of solid steel is an asset.

Electrophoretic and similar compacted coatings are in early stages of
development but will no doubt take their place alongside other coating
methods.

Vacuum deposition of high-purity aluminium has been used as a bright
finish of a decorative nature on domestic items and some car accessories, as
well as special items for space missions where opacity to solar radiation was
required. Continuous deposition on plastic strip at speeds up to 450m/min
has been achieved.

Plating of aluminium has been developed for electroforming wave-guides
with wall thicknesses up to O-10 mm, and for the aluminium coating of
reflectors.

Aluminium cast onto steel or cast iron is used to produce integral
aluminium/steel drums and bimetallic pistons. Aluminium clad onto other
metals by mechanical bonding is used in heat-exchanger systems subject to
multiple atmospheres or environments. The clad products are also used for
cooking utensils and functional press work.

The non-toxicity of aluminium coatings and freedom from taste or taint
means freedom from health hazards during application and provides hygienic
finishes for contact with foodstuffs, e.g. baking tins, oven trays, containers.

Aluminium coatings also provide a suitable key or pretreatment for sub-
sequent coatings, e.g. aluminised steel provides a good base for vitreous
enamel.

Recent Developments

Aluminium continues to find use in protecting structural steelwork, and
medium-strength aluminium alloys. Elevated temperature applications with
aggressive corrosive conditions shows that aluminium demonstrates a
superior service performance to zinc. Al-Zn alloys have been developed
which have superior corrosion resistance to both aluminium and zinc in cer-
tain operating conditions. A dilute aluminium alloy (Al-I wt. % Zn-0.2 wt.
% In-0.1 wt. % Sn) has been produced which can be sprayed to give
sacrificial protection to high strength aluminium alloys which are susceptible
to stress corrosion cracking.

Coating Methods

There have been notable improvements in the control, efficiency and under-
standing of several of the coating processes.

Spray Coatings Advances have taken place in arc spraying to promote
faster rates of deposition and greater control over molten particle sizes.
Improvements in substrate preparation have lessened the risk of the coating
peeling in service. To seal coatings a specially formulated paint of low
viscosity with inert polymer pigments has been developed. This sealant
penetrates the pores and forms a surface film. The pore sealing treatment
remains intact for long periods and maintenance is not required with the
same frequency as was the case with conventional paint schemes.



Hot Dipped Coatings Major attempts have been made to improve the
quality of aluminised steel strip. Requirements on coating thickness and
uniformity have been imposed. It is the speed of sheet movement, length of
path in the molten bath, temperature and composition of the bath that con-
trol the thickness of the intermetallic layer which lies below the aluminium
outer surface. The process of intermetallic alloy formation is diffusion
controlled, and it is usual that some dissolution of iron into the molten
aluminium does occur at a rate, dc/d/, which is given by

£ = f<c,-c,,

where S is the surface area of the dissolving material, V is the solvent
(aluminium) volume and K is a constant. The rate of dissolution is depen-
dent on (C5 — C,), i.e. the difference between solubility limit of iron in
aluminium and the concentration of iron in the bath at time, t. Problems
can exist in maintaining constant bath conditions as throughput of sheet
steel increases. Two coatings are available: type 1 (A 1-9-11 wt.% silicon),
and type 2 (unalloyed aluninium). Silicon almost doubles the solubility
limit, C5, of iron in aluminium and reduces the thickness of intermetallic,
in the coating. Variations in the composition and structure of the inter-
metallic layer have been noted as silicon is added to the alloy. In the
unalloyed aluminium case the coating is mainly Fe2Al5, whilst in a 11 wt. %
Si alloy the intermetallic compounds FeAl3, Fe2SiAl8 and Fe3SiAl12 all
become possible.

BS 6536:1985 refers to four grades of carbon steel strip coated with Al-Si
alloys containing 5-11 wt.% Si. The availability of the steel grades allows
account to be taken of the type and degree of forming which is to be
applied to the coatedjsteel. Various coating masses are supplied in the range
40-180g/m2 which may be additionally protected by a chromate passiva-
tion treatment.

Much interest has developed in 'Galvalume', a product of the Bethlehem
Steel Corporation in the USA. This is produced from a bath of composition
Al-43 wt.% Zn-1.6 wt.% Si. It is claimed that this coating provides better
galvanic protection to steel than aluminium. BS 6830:1987 refers to con-
tinuously hot-dipped aluminium-zinc alloy coated steel flat products. The
standard does not specify the composition of the coating, but lists six steel
grades which may be used at various strength levels with different degrees of
formability. Coating masses are available at 150 and 185 g/m2.

Calorised Coatings The nickel- and cobalt-base superalloys of gas turbine
blades, which operate at high temperatures, have been protected by coatings
produced by cementation. Without such protection, the presence of sulphur
and vanadium from the fuel and chloride from flying over the sea promotes
conditions that remove the protective oxides from these superalloys. Pack
cementation with powdered aluminium produces nickel or cobalt aluminides
on the surfaces of the blade aerofoils. The need for overlay coatings contain-
ing yttrium have been necessary in recent times to deal with more aggressive
hot corrosion conditions.

Vacuum Deposited Coatings Aluminium coatings have been strongly con-
sidered as a replacement for cadmium in the protection of high-tensile steel



and titanium parts. Ion vapour deposition ('Ivadising') produces coatings in
the thickness range 7.5-25 /xrn. Such coatings are often chromated to pro-
duce better surfaces for subsequent painting. In 5% salt spray the coatings
are inferior to cadmium, but if SO2 is introduced into the salt spray the
aluminium coating shows the greater resistance. Developments in produc-
tion equipment have taken place which allow large parts to be coated, whilst
barrel coaters are used for fasteners and small components.

Electroplating Again the replacement of cadmium has been the driving
force for the development of the 'Siemens Process' which uses an aluminium
alkyl complex together with sodium fluoride in a toluene solution. This
bath is capable of producing a 10-20/xm/h plating rate under a nitrogen
gas atmosphere. Problems of hydrogen evolution and the embrittlement
of high strength steels is minimised. Adhesion is not as good on titanium
and aluminium alloys as on steel substrates. A wide range of corrosion
tests have demonstrated that aluminium coatings in the thickness range
5-100 /xm are the equal of cadmium. The coatings may also be anodised or
chromated.

Corrosion Resistance

Tests (to ASTM G-1-72) in industrial and marine atmospheres over periods
of five years on Type 2 unalloyed coatings produced on steel by hot dipping
have demonstrated differences in corrosion performance. In the more
aggressive industrial atmosphere the corrosion rate of the ground side of the
sheet is faster initially but then slows down. In the marine atmosphere the
rate is slow initially but in the later stages of exposure the corrosion rate does
not fall. 4At relative humidity values >70% the presence of moisture
encourages the reactions SO2 -» SO3 -» sulphuric acid and oxide film break-
down occurs. A new film of sulphate plus hydrated oxide eventually stifles
corrosion reactions in the industrial atmosphere. Longer term tests in a
marine atmosphere (15 years) can cause perforation of the coated sheet
from the ground-facing side. This is explained in terms of longer periods of
wetness and the greater propensity to retain salt on that side. A more
constant corrosion rate results from the presence of a high-conductivity film
with sea-salt incorporated.

Aluminised steel produced by hot dipping is used in the construction of
parts of many exhaust systems of road vehicles. Failure of some of these
exhausts does take place well within the expected two-year average life. This
arises in the rear end of the exhaust where dew point corrosion occurs on the
inside of the system. 'Acid dew'»of pH 2.7-3.1 is produced in the exhaust
gases at temperatures below 480C and this concentrates as the system even-
tually heats up towards 10O0C. The aluminised coating is attacked at weak
positions, e.g. where holes have been punched and the aluminium does not
completely coat the steel. Eventually, the aluminium coating is undermined
and the steel severely attacked. It is estimated that the use of aluminium
coatings can increase the life of unprotected steel by at least 12%.

Aluminium does provide a protective barrier to corrosive attack on steel
but its ability to provide sacrificial protection is limited. The use of Al-Zn



hot-dipped coatings does result in greater sacrificial action. It is claimed that
such action is gained without too much loss on the general corrosive attack
on aluminium. This has promoted the use of Al-Zn coatings on steel roofing
panels, and exposure tests to date point towards very good service in this
field. With the recently discovered Al-Zn-In-Sn alloys, sacrificial protec-
tion is dependent on the indium content.

S. J. HARRIS
E. W. SKERREY
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