
12.4 Principles of Applying Coatings

by Metal Spraying

The metal spraying process originated in the work of the late Dr. M. U.
Schoop of Zurich, who took out the original world patents for it, between
the years 1910 and 1913. The idea was then so revolutionary that many exag-
gerated claims were made for the coatings produced, with the result that
it was a long time before the method really made commercial headway.
The first experimental practical use of the process was made in France and
Germany during World War I, but commercial development on a con-
siderable scale only took place in England in the early 1920s. Great use was
made of the process during World War II and expansion has continued in
most countries ever since. At reasonable intervals the method forms the
topic of international conferences.

Methods of Spraying

Four main methods are used in metal spraying, the variation being in the
initial form in which the metal is used. The earliest process employs molten
metal. The metal is poured into a container and is allowed to flow through
a small nozzle surrounded by an annular orifice, through which compressed
air or other compressed gas is fed. The stream of molten metal is divided into
small particles, as in a scent spray, and as the gas pressure used is high, each
particle travels forward at a high velocity. If the droplet strikes a suitable
surface while in the molten condition, it will adhere and form one member
of a deposit. The process, originally employed in the UK for zinc spraying
steel window frames, finds a limited outlet in the repair of dents in motorcar
panels and for the backing of metallic rectifiers with fusible alloys. The
disadvantages of the process are: (a) the tools are rather awkward to handle
as they contain molten metal, (b) the metal must be easily fusible and (c)
there is a good deal of erosion on the nozzle orifice. Among the advantages
of the method are cheapness, as the metal used has not to be processed in
preparation for its use in spraying in any way and the heat is usually obtained
from towns gas at normal pressure and oxygen is not required.

The second process (the Schori process)* of metal spraying is that in which

*F. W. Berk Ltd. (Engineering Division), London, W5.



metallic powders are used as the raw material and are mixed with a stream
of gas, which may be air or a combustible gas. This stream is fed into a cen-
tral nozzle, again surrounded by an annular orifice. The annular orifice is fed
with a fuel-gas and oxygen mixture which would normally give a blow-pipe
flame on ignition, and the passage of the powder through the flame results
in the melting of most of the particles. Compressed air or other gas is fed
through a second annular orifice surrounding the gas ports, with the result
that the molten powder particles are projected forward as in the molten
metal process.

With modern methods of powder production it has become possible to
increase the output and efficiency of powder pistols by introducing the
powder, not through a central duct in the nozzle, but through four or more
small ports interspaced with a similar number of gas ducts in a ring forma-
tion. The nozzle bearing this multiplicity of ducts is surrounded by an outer
case forming an annular space through which the propellant gas (usually air)
flows. The tools are fed from a specially designed powder container fed by
positive pressure, and outputs of 50 kg/h are not unusual.

The advantages of the modern form of this method are that many alloys
that cannot be conveniently drawn into wire form can be used in the process,
that the hand tool contains no moving parts, and that high outputs can be
obtained. The disadvantage of the powder system is that it is not very
suitable for high-melting-point metals, and the losses are higher than with
wire, because not all the particles are melted.

The third and most highly developed method uses a metal wire as the raw
material. The wire is fed into the central orifice of a nozzle resembling that
of the powder pistol; it passes through an intense oxy-gas flame and is
sprayed by an air blast provided by the feed of air into an orifice surrounding
the gas ports. In the case of hand pistols, the wire is fed by a mechanism in
the tool itself, powered by compressed air which is fed through the same
supply that provides air to the nozzle. The feed of the wire can be syn-
chronised exactly with the rate of melting. This process will deal with all
metals that can be drawn into wire, and which can be melted in any oxy-gas
flame. As all the metal sprayed must first be melted, there is much less loss
with this process than with the others. The tools weigh from 1.4 to 1.8 kg and
can be handled without difficulty. The disadvantage of this process is that it
is applicable only to metals ductile enough to be produced in wire form. It
is essential that the feeding mechanism in the pistol is kept in good order.
Some modern pistols also have automatic governors incorporated so that the
wire speed remains constant.

The demand for higher output and greater efficiency has been met by a
steady improvement in the design of wire pistols. The small high-speed tur-
bine and its attendant reduction gear is now often replaced by a special air-
driven displacement motor giving a more positive drive to the wire. The
group of valves controlling the gaseous feeds have been modified to give
positive action and freedom from leaks. While the nozzle design is basically
similar, improvements in wire quality and accuracy of nozzle part manufac-
ture allow outputs from the hand tools similar to those from the powder gun
and comparable to those from early mechanised tools. Wire pistols need
three gas feeds:



1. A fuel gas under pressure which may be hydrogen, towns gas, acetylene
or propane. With special nozzles, low-pressure acetylene or butane can
be used, but it is not common practice. The use of single cylinders of
fuel gas is now giving way (except under site conditions) to the gases
drawn from bulk liquid storage. All modern installations use flow-
meters in the gaseous feeds.

2. Oxygen from cylinders or bulk storage for the tools.
3. Compressed air at pressures of from 4 to 6 X 102kN/m2. The air

supply must be free from suspended moisture and also be reasonably
dry.

Fig. 12.26 Diagrammatic arrangement of compressed air and hoses for wire pistols

The general arrangement of the apparatus is shown in Fig. 12.26. In recent
years both the powder and wire processes have been automated for large pro-
jects. Mechanisation allows the use of large nozzles of special contours and
the replacement of pneumatic drives by electric motors. Controls are usually
from consoles by pneumatic or electronic signal systems.

Improvements of the manual pistols have made it possible to use a much
thicker wire which can be up to 8 mm dia for the softer metals. Recently, the
range of the wire pistol has been extended by the spraying of plastic cords
containing the material to be sprayed as a fine powder. This development,
as yet, is not much used in the anticorrosives field.

Although at the time of his early inventions Dr. Schoop envisaged that an
electric arc could be used to produce the molten metal for spraying, forty
years passed before the method became commercially important. Then, in
Germany, Russia and Japan tools were made based on the arc. Although
in Japan alternating current is used, the noise is nearly intolerable and else-
where direct current from motor generators is employed. The fundamental
idea is simple; two wires, carefully insulated from each other, are advanced
to meet at a point where an arc is formed, immediately in advance of a jet
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of compressed gas, usually air. The metal melted by the arc is immediately
broken down into a spray of fine droplets which are projected onto the work
surface. In the UK the process had a limited use for spraying metals of high
melting point for reclamation, but when metallic rectifiers and step-down
transformers became common the future of arc spraying was assured. A
transformer taking 3-phase current and delivering single phase to a rectifier
giving out a direct current of up to 600 A at around 27 V is ideal for a spray-
ing tool, and together with the controls can be a convenient size for work-
shop use. In general, arc deposits tend to be a little coarser than those from
the best gas pistol, but because of the high temperature there is some inci-
pient welding to the work face and adhesion is high. Unfortunately, as yet,
spraying losses are higher than with the gas gun and the arc does not seem
to have economic advantages over flame guns for the production of zinc
coatings. There is a rapidly expanding demand for the system for
aluminium, and by using wires of two metals, for coatings of mixed metals.
The diameter of the wire used in arc pistols is normally about 1.6mm and
outputs of 8 kg/h are possible with aluminium.

Metals which are subject to oxidation or attack by nitrogen can be sprayed
in a closed system so that air is exluded. The heat necessary to melt the wire
is produced by current generated in the wire itself by high-frequency currents
flowing in small water-cooled coils. By this means, titanium, niobium and
even uranium, can be sprayed without gaseous contamination.

Before leaving this brief consideration of spraying methods it should be
noted that metal can be deposited by plasma or constricted arc and by
detonation. In the plasma process an arc is struck between a central elec-
trode of a refractory metal such as tungsten and the rim of a water cooled
nozzle, often of copper. The nozzle forms a small chamber in which the arc
is constricted by the pressure of the spraying gas. This is one of the inert gases
such as argon, helium or mixtures of these with nitrogen. The temperature
of the arc plasma can greatly exceed 5 50O0C and the material to be sprayed
is introduced into the nozzle chamber as a fine powder of diameter in the
range of 5-40 jon.

While plasma deposits are widely used, especially in the American aero
industry to provide wear resistance, there is not at the moment any great
demand for the exotic materials deposited to be used as a protection against
corrosion. However, M. A. Levinstein of General Electric (USA) reports the
successful use of sprayed chromium carbide as a protection for ventilator
blades operating in corrosive conditions.

Finally, it should be noted that there is now a method of coating by
detonation which in some ways is akin to spraying. Briefly, mixtures of
explosive gases charged with the coating material as a fine powder are fired
in a special strong tubular chamber with a small exit. At each explosion the
powder leaving the exit strikes the work face at high velocity. After each
detonation (many times per minute) the chamber is swept clean with
nitrogen. As yet the demand for these deposits is for wear resistance but they
could be important as a protection against high temperatures. Unlike most
spraying processes, the apparatus is not mobile and the operation is carried
out in sound-insulated chambers. In some cases when plasma deposits fail
detonation may provide an answer.



Surface Preparation

As with all metal coating processes, the success of the finished deposit
depends considerably on the surface to which it is applied. Most metal
coating processes depend upon interatomic forces or alloy formation for
adhesion; in metal spraying, on the other hand, the bond is entirely
mechanical. Although each small particle arriving at the surface is molten,
there is not sufficient heat present to produce incipient welding to the surface
and the process is virtually cold. Adhesion is thus normally the result of a
mechanical interlocking of metal particles with a clean and rough surface.

A suitable surface for the reception of ordinary metal-sprayed coatings as
used for protection is obtained by blasting with angular grit, but not by shot
blasting. When spraying is carried out in a works the normal abrasive used
is chilled iron grit (BS 2451) Grade 2. On site, or where recirculation of
abrasive is not easy, an aluminous grit (24 mesh) or some type of hard copper
slag is used. Blasting with iron grit can be performed by means of com-
pressed air or by airless blasting, in which case the abrasive is thrown by cen-
trifugal force from the periphery of fast rotating wheels. This process is not
suitable for the lighter abrasives. It goes without saying, that the function
of the blasting is not only to give the required angular roughness but to
ensure that the work surface is clean and free from all scale.

In cases where very high adherence is necessary an undercoating of
sprayed molybdenum is applied. Owing to the volatile nature of its oxide this
metal presents a clean surface to the workface and with most metals (except
copper) very high adhesion is obtained. To a limited extent arc-sprayed
aluminium bronze will also form a strongly adherent base coating.

Deposition by metal spraying can also be used for the reclamation of worn
parts; in this case, surface preparation is often accomplished by machining,
i.e. by cutting a rough thread on the surface or by increasing the surface area
of the part by grooving. Such methods ,are not, however, normally used in
corrosion prevention, except in the case of pump rods, which can be built
up with nickel or stainless steel.

Sprayed Metal Coatings

Aluminium- and Zinc-sprayed Coatings

The metals most used for corrosion protection by metal spraying are
aluminium and zinc, both of which are anodic to steel in most environments.
Physical properties of these coatings are shown in Table 12.6.

Metal spraying is, however, capable of producing deposits of nearly all the
metals and alloys of commerce. The great advantage which the process
possesses over almost any other is that zinc and aluminium coatings can be
applied to very large structures, such as bridge members. Usually these are
treated in unit form, and after erection the coating is touched up on site.
Examples of well-known structures that are zinc sprayed are the bridges over
the Menai Straits and the Volta river in Africa, and the Forth and Severn



Table 12.6 Physical properties of sprayed zinc and sprayed aluminium

Material

Sprayed zinc
Sprayed

aluminium

Density
(g/cm3)

6-35

2-35

Coating
weight

(kg/m2)
O -025 mm
thickness

0-159

0-059

Property

Brinell
hardness

20-28

25-35

Ratio of
contraction
stresses in

sprayed deposits
0-51 mm thick

1

4

Compressive
strength
(stress to
collapse}
(MN/m2)

159

185

suspension bridges. The structure of the British Steel Corporation's mills at
Margam, Trostre and Velindre in South Wales are sprayed with aluminium.
Sprayed deposits of zinc and aluminium have protective properties propor-
tional to their thickness. They have the advantage that, being of a matt
finish, they absorb paint well.

The coatings produced by metal spraying have an unusual structure which
is characteristic of the method of formation. They are composed of small
particles usually not more than 0-01 mm in diameter which, having reached
the surface in the molten condition, have splashed outwards and then
solidified. Figure 12.27 (left) shows in section the irregular form of the
flattened particles. In transverse section the surface profile is undulating (Fig.
12.27 (right)).

In all metal spraying processes the particles emerge from the nozzle in
a conical stream, and although the particles near the centre are molten,
those at the periphery have solidified. In the powder process there are in
addition solid particles which have not melted. The solid particles tend to
become entrapped in the coating, making it porous. The effect is more
pronounced in the powder process owing to the larger number of solid
particles present.

Fig. 12.27 Sprayed aluminium on steel. Left: section taken parallel to substrate and etched,
x 75. Right: section taken transverse to substrate and etched in HF, x 75; A aluminium and

B steel



In the case of the reactive metals like aluminium and zinc, the particles
themselves become coated with a thin oxide skin, so that the finished deposit
contains very thin layers of oxide. In the early days it was thought that the
presence of pores and oxide layers (Fig. 12.28) would cause trouble, but this
has been found to be untrue, at least for anodic metals. In a zinc coating,
in fact, pores should have little effect. Zinc protects by sacrificial action, and
immediately an electrolyte permeates a zinc coating, corrosion will com-
mence, giving rise to relatively insoluble products which will seal the pores
automatically. Therefore if the zinc coating has sufficient weight per unit
area, it will give complete protection. The life of a zinc coating applied by
metal spraying, weight for weight, is equal to the life of a zinc coating applied
by any other method.

Pores play an important part in the protective value of sprayed
aluminium. Its behaviour when sprayed is entirely different from what would
be expected from the massive metal. Sprayed aluminium is in fact used to
protect wrought aluminium from corrosion. Aluminium coatings are slightly
more porous than zinc coatings, and the interconnected porosity may be as
high as 10%, although it is usually nearer 5%. Each particle of aluminium
on the coating is surrounded by a very thin oxide layer. This layer is,
however, discontinuous in places, so that the electrical conductivity of
sprayed aluminium coating is quite high.

From its position in the electrochemical series, aluminium would be
expected to protect steel at discontinuities more effectively and over a wider
area than zinc. Aluminium with an oxide film is, however, more noble than
zinc, and thus although sprayed aluminium will protect steel by sacrificial
action, its action in this respect is not so marked as that of zinc. Thus an elec-
trolyte passing through a sprayed aluminium coating in the first few hours
of its life will cause corrosion, with the formation of very insoluble
substances, which completely seal the pores of the aluminium, so that after
a little time the aluminium coating becomes absolutely impervious to
moisture. In the event of mechanical damage this self-healing mechanism is
supplemented by sacrificial action, insoluble products form and a scratch is
healed almost immediately. Aluminium does not give heavy corrosion pro-
ducts and therefore coatings of paint on the sprayed layer do not tend to lift.

Fig. 12.28 Transverse section of sprayed
0.4% C steel, unetched and x 75



Aluminium-sprayed coatings on steel have been exposed for over 20 years in
very severe atmospheric conditions (such as those at Congella near Durban)
and have given perfect protection; the only result of long exposure has been
the appearance of a few small nodules of aluminium oxide which appear to
have little or no significance as sites of future corrosion.

Aluminium coatings are extremely attractive from the point of view of
protection in both immersed and atmospheric conditions, but they are most
advantageous when the electrolyte of the corrosive medium is of high con-
ductivity. While aluminium-sprayed coatings give good results in sea water,
and excellent results in sulphurous atmospheres, a combination of sulphur
and chlorine seems to reduce the insolubility of the corrosion product, and
for resistance to such combined attack zinc is preferable to aluminium. If a
freshly sprayed aluminium coating on steel is exposed to pure water for a few
hours it sometimes becomes covered with a brown stain. This is due to the
aluminium acting cathodically to the steel during the first few hours. The
action appears to be due to the oxide layers. A very small quantity of iron
is corroded during the initial period, but after a little time the aluminium acts
normally as anode. The insoluble aluminium oxides formed are coloured by
a small amount of iron, and it has been proved that these brown stains,
although unsightly, do not have a significant effect on the expectation of life
of the aluminium coating.

The thicknesses of the deposits are normally those recommended in BS
2569, Part 1*, i.e. 0-01 mm (0-004in) in the case of aluminium and 0-075
mm (O-003 in) for zinc. If the surface is to be subsequently painted, the
thickness is sometimes reduced to 0-05 mm (0-002 in). It should be realised
that these thicknesses are the average, the high and low spots varying 0-025
mm (0-001 in) up and down. For immersed conditions some specifications
call for 0-2 mm (O-008 in) coatings of aluminium. Recently, it has been
shown that layer corrosion in high-tensile aluminium members is completely
prevented by spraying with aluminium, and it is worthy of note that the best
results for this purpose and for the protection of steel are obtained with an
aluminium of commercial purity, containing 99 • 5% of aluminium (the main
impurity should not be of copper). Commercial aluminium of this purity is
much more effective than the 'super-pure' metal. It is now suggested that
aluminium-zinc alloys containing from 25 to 95% Zn give better protection
in certain conditions than either of the components alone. There appears to
be some evidence that this is the case in stagnant sea water, but much more
practical experience will be necessary before these alloys can be generally
recommended. The raw materials would be available in powder or wire
form, but it is probable that, although there is no difficulty in the actual
spraying process, the cost would be greater.

An interesting application of sprayed aluminium is for resistance to high-
temperature oxidation up to 90O0C. The article is grit-blasted and aluminium
sprayed, usually to a thickness of 0-008 in (0-2 mm). It is then treated with
a sealing composition which may be bitumen or water-glass, and is diffusion
annealed in a furnace at 85O0C for approximately 30 min. The final coating



consists of a gradation of aluminium-iron alloys with a skin of aluminium
oxide (Fig. 12.29). Such deposits will withstand oxidation for very long
periods at temperatures up to 90O0C. Above this temperature the diffusion
of iron into the aluminium becomes so rapid that the alloy layer becomes
impoverished and the upper layer contains insufficient aluminium to provide
further protection. Deeper penetration is obtained using this method. The
process can be used on some cast irons, but if the free graphite content is too
high the aluminium layer will not prevent growth.

Lead Sprayed Coatings

Lead is a toxic metal and rigid precautions against lead poisoning are
essential. Sprayed lead is, like other sprayed metals, porous, and the sprayed
layers will not as a rule withstand attack by strong acids. On the other hand,
lead from 0-13 to 0-25 mm (0-005 to O-Ol in) in thickness has proved
extremely useful in atmospheres containing sulphuric acid. In this case the
pores in the lead become blocked with lead sulphate, with the result that
complete protection is assured. In the event of mechanical breakdown, lead
does not exhibit any sacrificial action and therefore corrosion may lift the
lead layer.

Tin Sprayed Coatings

Tin can be sprayed by all the processes mentioned above, and is very often
used for food vessels. The advantage of the spraying process is that heavy
layers of pure tin can be deposited. As the layer is porous, it is usual to apply
0-38 mm (0-015 in) and polish the deposit. The polishing of tin, which is a
soft metal, completely seals the pores. When tin coatings have to be used in
deep-freeze conditions, there is a likelihood that pure tin will be transformed
to a grey powder, owing to allotropic change. This is completely prevented
by using tin containing 0-75% of bismuth, and this alloy can readily be used
in the metal spraying process.

Fig. 12.29 Aluminised steel. A Al2O3 +
aluminium, B Fe-Al alloys and C steel;

x 75



Copper Sprayed Coatings

Copper and its alloys are all cathodic to steel, therefore sprayed coatings of
these materials are not used for protection, except for ornamentation work
in the interior of buildings, or in conditions such as where there is a minimum
humidity.

Stainless Steel, etc.

Most stainless steels can be sprayed, but it is necessary to use material which
has been stabilised against weld decay, because during spraying the stainless
steel particles pass through the critical temperature range. Stainless steel
coatings are porous, hence, it is not economical to spray tanks with these
alloys, as it would be necessary to polish the surface to ensure that no discon-
tinuities were present. Pump rods, shafts and rolls are now reclaimed and
resurfaced with really heavy deposits of several millimetres in thickness
which are afterwards ground and polished. Under these conditions stainless
steel gives good service. The above remarks apply, in addition, to coatings
of nickel and Monel. These coatings give good results on rods where a
ground and final high finish is possible.

For resistance to high-temperature oxidation in air, at temperatures above
90O0C, good protection may be obtained by spraying nickel-chromium
alloys and then heat treating at 1 10O0C so that diffusion takes place. Such
coatings are extremely useful under high-temperature conditions where it is
not economical to use solid nickel-chromium alloys. Under some furnace
conditions, solid nickel-chromium parts sometimes give unsatisfactory
results owing to attack by sulphurous gases. This can be largely overcome
by spraying them with aluminium.

Mechanical Properties of Sprayed Metal Coatings

The strength and adhesion of sprayed metal coatings are extremely difficult
to measure with precision, and the properties of sprayed metals vary greatly
with the spraying conditions and with the conditions of test. It is difficult,
therefore, to correlate the values taken from the literature on the subject. For
instance, American workers produce tensile test pieces by depositing on to
9-5 mm (O-375 in) steel tube and then machining out the tube. By this
method the results shown in Table 12.7 were obtained.

On the other hand, the ultimate strength obtained by testing solid sprayed
bodies in the UK gives values about one-third of those in Table 12.7. The
density of sprayed metal is between 10 and 15% lower than that of the
wrought metal.

Spraying conditions make hardness values so variable that unless they are
accurately known no comparisons are possible. Brinell hardness figures for
sprayed molybdenum vary from 350 when produced with a reducing flame
to 725 with an oxidising flame, and while a thick sprayed deposit of 0*8%
carbon steel can give a figure of 330, the hardness of a particle obtained by
micro hardness methods will be about 550.



Hardness values ascertained for solid blocks of sprayed metal are given in
Table 12.8. Values obtained in America on deposits O-76mm in thickness
were about two-thirds of those given in this table. Figures for shrinkage of
various deposits are given in Table 12.9.

Thermal conductivity can be as low as one-eighth that of solid metal; in
the case of steel 7 WXm0C. The electrical resistance (specific) of copper, zinc
and silver is about twice that of the cast metal, and of aluminium as much
as five times, depending on spraying conditions. Adhesion in tension should

Table 12.9 Shrinkage of sprayed metal
deposits

Table 12.7 Mechanical properties of sprayed metals

Metal or
alloy

Fe-ISCr-SNi
Fe- 13Cr
0-11Vo carbon steel
0-25% carbon steel
O -SOVo carbon steel
Aluminium
Bronze
Zinc
Molybdenum

Ultimate tensile strength
(MN/m2)

206
274
205
239
18S
134
139
90
51

Elongation
W

0-27
0-50
0-30
0-46
0-42
0-23
0-45
1-43
0-30

Table 12.8 Hardness values (Brinell) for solid blocks of
sprayed metal

Metal

Zinc
Aluminium
Copper
Monel
Mild steel
Fe-ISCr-SNi
0-75% carbon steel
0-75% carbon steel

Hardness value (HB)

21
IS
93

192
320
301
336 (kept cold during spraying)
280 (allowed to get the hot during

spraying)

Metal

Fe-ISCr-SNi
Fe- 13Cr
Ni + Cr + Mo steel
O- 1097o carbon steel
0-25% carbon steel
0-80% carbon steel
Aluminium
Bronze
Zinc
Molybdenum

Shrinkage
(mm/mm)

0-012
0-001 8
0-002
0-008
0-006
0-0014
0-0068
0-006
0-010
0-003



be from 7-7 to 35 MN/m2, but shear can be five times this according to the
method of preparation.

For 30 years, large constructional engineering projects have been sprayed
with zinc and with aluminium. Spraying has been done in metal spraying
works, and no preferential treatment after transport to the site has been
given. Experience has shown that the amount of touching up and repair of
coatings on site necessary is extremely small. One can assume that if the
grit-blasting process has been carried out satisfactorily the adhesion will
be sufficient for all normal anti-corrosive work. It should be realised that
the spraying process is essentially the casting of a great number of small
particles under pressure, and the coatings have a strength comparable to
that of a cast metal of similar thickness. It is clear that thin sprayed metal
coatings cannot be expected to withstand rubbing friction or heavy mechani-
cal damage. If coatings are applied to sharp edges some breakdown is to be
expected. In constructional engineering most edges are radiused, and the
problems connected with the corners do not arise. The spraying process can
be applied wherever a pistol can reach the surface, and in order to extend its
adaptability special nozzles which deflect the spray in angular directions
are used. Straight tubes up to 2 • 5 m in length can often be sprayed internally
by the wire process, by use of special nozzles, provided their internal dia-
meter exceeds 32mm.

Painting of Sprayed Coatings

While zinc sprayed coatings give excellent protection in themselves to steel,
the matt surface is very reactive and hence becomes unsightly due to the
formation of corrosion products. Galvanised steel gives a smooth surface
and is therefore not an ideal base for painting and it is normal to use an etch
primer to give the necessary adhesion. The etch primer is usually based on
a butyral resin and free phosphoric acid, and it leaves the zinc surface with
a thin inhibitive film. It is obvious that there is no need to etch a sprayed sur-
face, and the late Dr. Jordan of the Paint Research Association suggested
reduction of the free phosphoric acid by a quarter to 3-5-4%. This primer
is now normally applied to zinc sprayed material before it leaves the metal-
lising site. There is still no definite ruling as to the ideal paint system to follow
the priming wash, but research on this is still being pursued at the Paint
Research Station and elsewhere. Most paint systems give good results over
sprayed zinc but certain oily media which react with the metal should be
avoided. The use of inhibitors such as chromates has been found to be
good in practice, but the less soluble zinc tetroxychromate is preferable
to zinc potassium chromate. After much thought and in order to make
the system used on the Forth and Severn bridges near-perfect, an undercoat
of zinc tetroxychromate in a phenolic vehicle, followed by two coats of
micaceous iron ore in a similar vehicle, were used. Very promising results
have been obtained with the inert paints based on polyurethanes and vinyl
copolymers.

The texture and drying properties of the paint are important. If it is too
thin it will leave the peaks of the matt coating uncovered and if too thick,
gas will be trapped in the valleys giving a tendency to blister. In view of the



success of the silicate-bonded zinc-dust paints, tests are now being made on
paints with a silicate vehicle, usually ethyl silicate. All over the world,
painted sprayed zinc has given good results in many types of exposure condi-
tions and with many types of paint, and it is because of the need to produce
the best paint that speculation and research continues.

Aluminium coatings exposed as sprayed show remarkable protective pro-
perties and in many cases the only evidence of age is the appearance of small
hard nodules of aluminium oxide, and these do not appear to be deleterious.
However, the dead white of the sprayed surface soon becomes discoloured
by dirt and so a paint covering is usual. A chromate inhibitor is not essential
and two coats of a simple vinyl-based sealing paint have given remarkable
results in the tests of the American Welding Society over periods of 12 and
15 years.

Thin zinc sprayed deposits of 0-05 mm in thickness are used as a base for
stove enamelled finishes on such structures as radar cabinets.

It is necessary to choose the type of paint with care. If it skins-over too
quickly in the oven the gases cannot escape and blistering results, but if set-
ting is deferred for too long the paint will flow to the base of the article. Some
experimentation is advisable and the conditions once established should be
retained. Some users treat the sprayed coating with a passivator of 200 g
sodium dichromate in 1 litre of 6% sulphuric acid and dry it before
enamelling.

Recent Developments

In recent years, the spraying process has been adapted for hard facing,
using the chromium-nickel-boron alloys which have become known as
Colmonoy. More recently still, the cobalt-base Stellite alloys have also been
used. These materials in powder form are sprayed on to the surface in the
usual way. The deposit is afterwards heat treated by a torch, so that fusion
takes place. The process is often known as spray-welding. Such coatings are
primarily used for hard facing under wear conditions, but as the final surface
is nickel-chromium or cobalt-chromium they exhibit very high anticorrosive
properties.

The spraying process provides a method of treating steel with coatings of
zinc or aluminium, which can afterwards be painted. A combination of such
a metallic primer and a good paint system is the most effective means of com-
batting corrosion of constructional steelwork at a reasonable cost that is yet
known.

Addendum

The vision of the late W E Ballard ensured that this chapter is still very
relevant but there have been some changes in emphasis. Of the spraying
techniques, the electric arc process is now generally more economical in
operation than oxy-fuel gas processes. The rate of spraying is proportional
to the current used and several types of equipment are available ranging from
200 to 1 000 A capacity. For manual operation, pistols using currents up to



40OA capable of spraying, for example about 30kg/h zinc are typical;
equipment giving throughputs of 50kg/h is used mainly for automatic
spraying. Electric arc tends to facilitate the achievement of good adhesion,
a point which has been particularly beneficial with aluminium, but which is
of less significance with zinc which has adequate adhesion using either source
of heat.

Adhesion is mechanical. For anti-corrosion protection by zinc or alumi-
nium, an adhesion value of about 3MN/m2 is sufficient; 7MN/m2 is
typical and more than 15 MN/m2 can be obtained. There is no alloying to
the substrate as the temperature of the sprayed metal is quite low when it
reaches the steel surface (this can be demonstrated by spraying onto glass
which does not crack with the limited heat received).

Coatings up to more than 500 /*m (3 200 g/m2 zinc) can be applied to suit
requirements, but with aluminium it is usually best to spray 100-200/mi;
more than 200 /xm is unnecessary. In manual spraying, the uniformity of the
coating depends on the skill of the operative. Spraying in horizontal over-
lapping lines gives more uniform thickness than the 'cross-hatch' technique.

The importance of inspection must be stressed. Work should be inspected
at four stages: (1) prior to treatment; (2) after surface preparation and
immediately before spraying; (3) after spraying; and (4) after storage or
transport. If delay occurs in the inspection prior to spraying, or after spray-
ing and prior to painting, extra costs are involved in re-preparing the surface.
Clients who quite reasonably insist on inspection at these stages should
therefore also insist that their inspectors are available promptly of the
required time.

Where the end use of the product is known, there is usually preference to
use either zinc or aluminium, both technically and because of the works pro-
blems associated with use of an alloy (identification, separation of over-
spray). However, in some countries (such as the United States) where there
has been a recent-surge in anti-corrosion uses of metal spraying, a
zinc-15%-aluminium alloy wire has been widely used. The original com-
mercial experience was with 65-35% alloys used in powder form. Both
have many of the advantages of the parent metals. At one time, the zinc-
5%-aluminium alloy was also of interest. These alloy coatings may prove
particularly satisfactory for sprayed coatings on articles where service condi-
tions are not known in advance.

The corrosion rate of a bare sprayed coating is comparable to that of solid
zinc or aluminium, although the greater surface area exposed may cause
apparent corrosion rates to be a few per cent higher. For most uses, how-
ever, the sprayed coating is sealed or painted and achieves the much
higher corrosion resistance associated with duplex coatings. The extra life
depends on the sealer or on the thickness and type of paint used, and on the
environment.

The slightly rough sprayed surface coating gives an excellent key for pain-
ting. Many simple paint treatments which give excellent long-term service on
sprayed zinc or aluminium would be totally inadequate if applied directly to
steel. However, care is needed to avoid paints where the binder penetrates
into the pores leaving unbound pigment on the surface. This ability to
penetrate into pores, however is the basis of the widely adopted sealing
technique using one of many low-viscosity materials. Vinyl copolymer,



phenolic, epoxy or silicone products are most frequently used as then no
further treatment is necessary.

A low acid polyvinyl butyral-based pretreatment primer ('etch' or 'wash'
primer are alternative names) is usually advantageous as the first treatment
of a metal-sprayed surface before painting. Up to an equal volume of spirit
soluble phenolic resin is used as a diluent to the polyvinyl butyral of conven-
tional pretreatment primers. This has an incidental, but particularly valuable
effect, in reducing the free acid available to penetrate into the pores of the
coating. The modified pretreatment primer is highly water resistant and this
helps to avoid damage due to condensation.

With zinc, paints must be chosen to avoid inter-reaction which, months
or years after the coating has been applied, may form zinc compounds at an
interface of a type that destroys the bond between the paint and the zinc.
Alkyds in particular should be avoided.

A wide variety of paint systems may, however, be used over the pretreat-
ment primers. Applying a coat of inhibitive primer such as zinc chromate
after the pretreatment primer is less advantageous than applying an addi-
tional coat of finishing paint; indeed, unless the inhibitive primer is carefully
formulated, it may contribute problems of intercoat adhesion and blistering.

W. E. BALLARD
F. PORTER
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12.5 Miscellaneous Methods of

Applying Metallic Coatings

The more important metallic coating methods such as electroplating, spray-
ing, hot-dipping and diffusion have already been considered. There are,
however, several other methods which have certain advantageous features
and therefore find exclusive application in specific fields. These include new
techniques such as laser hardening and alloying1.

The miscellaneous coating methods to be considered here are:

1. Immersion plating.
2. Chemical reduction.
3. Peen (or impact) plating.
4. Vacuum evaporation or metallising.
5. Chemical vapour deposition (CVD).
6. Cathode sputtering.
7. Brush plating.
8. Plasma spraying.
9. Ion implantation.

Their characteristics are summarised in Table 12.10.

Immersion Plating

Principles Immersion plating resulting from a displacement reaction
involving the metal to be coated can continue only as long as the less noble
substrate remains accessible to the plating solution, and therefore as plating
proceeds, the quantity of M1 deposited, and OfM2 dissolved, falls. Dissolu-
tion OfM2 can be avoided by coupling it with a less noble metal M3, so that
only M3 dissolves, i.e. by internal electrolysis.

Radio-tracers have been used to study silver deposition2, and it has been
shown that when certain inhibitors or complexing agents are present the
displacement reaction may be markedly affected3.

If a displacement reaction is to take place uniformly, the surface of M2
should be chemically clean initially; in addition, a wetting agent may be
employed in the plating solution.

Features of the method The solutions and prodecures are uncomplicated,
and can often be adapted for barrel plating. Addition agents4 are usually
necessary in order to restrict the high initial rate of plating, which might



otherwise cause poor adhesion and spongy deposits containing trapped elec-
trolyte, although it has been reported that adherent deposits of copper on
aluminium can be plated from a solution of CuCl2 in alcohol5. Some
difficulty in achieving a uniform coating may arise with articles composed of
two or more different metals. Coating thickness is limited to about
0.001 2 mm (average), because plating cannot proceed after the last exposed
M2 atom has been replaced by an M1 atom.

Table 12.10 Miscellaneous coating methods*

Method

Immersion plating

Chemical reduction

Peen plating

Vacuum evaporation

Chemical vapour
deposition (CVD)

Cathode sputtering

Brushing plating

Plasma spraying

Ion implantation

Significant plating mechanism involved

Displacement of metal ions in solution
by metal to be coated:
xM1+ + M2 ̂  M1 I 4- yM1?+ ,
where xn =ym

Chemical reduction, often based on
simple redox reactions:
Mf+ + R = M1 4 + oxidised R
where R = a suitable reducing
reagent

Adhesion brought about by the
intimate contact of two chemically
clean solid surfaces:
M\ powder + ^2(°r M\ solid)

impacted
> "*\ solid coating

Evaporation at reduced pressure in
accordance with the Clausius
equation, followed by condensation
on a cold surface:
M\ solid ~~* M 1 vapour

* M\ solid on M2

Chemical reaction causing gaseous
Af1 compound to split up and
release M1 to deposit on M2 :

Heated M2
XM\gas ' M1 solid On M2

M1 is volatilised by d.c. arcing,
followed by condensation on
cool M2:
M\ cathode ~* ^/1 vapour

~" M\ solid °n M2

M1 is electroplated on local areas by a
brush or tampon

Metals, or refractory materials or
composites are applied by melting in
an ionised inert gas

Ions in gaseous form are
implanted into the substrate
by an electric field at low
temperature

Common examples

M1 : Cu from
aqueous CuSO4

M2: Fe

M1 : Cu from
aqueous CuSO4

RHCHO

M1IZn
M2: Fe

M1: Al
M2: Fe

M1: Cr
M2: Fe

M^Au
M2: Se

M,:Ni
M2 : Fe or Cu

M1 : tantalum,
molybdenum,
alumina, zirconia

M2 : a variety of
metallic substrates

M1 : Cr, Al, Si, Ni
M2: Steel, W, Al and
other metallic
substrates

*Af, : coating metal and M2 : metal to be coated.



Properties of deposits These deposits invariably possess an appreciable
number of discontinuities, which diminish their protective value. At such
discontinuities there is an inherent susceptibility to corrosion because of the
galvanic relationship that necessarily exists between M1 and M2. Corrosion
resistance may, however, sometimes be improved by sealing6 (cf. ano-
dising) or by chromate passivation.

Owing to the thinness of the coatings, properties such as reflectivity and
smoothness are chiefly governed by the substrate, although addition agents
find useful application in improving these properties.

Applications The method is clearly restricted to those systems in which a
displacement reaction can occur7, but it is possible to extend the range by
pre-coating M2 with a thin coating of another baser metal by an alternative
coating method. Some alloys can be deposited8. The displacement coating
is often followed by a further metal-finishing step. Applications include
'nickel dipping* of ferrous metals prior to vitreous enamelling to assist bond-
ing; 'copper lacquering' of ferrous rod for wire drawing in order to assist
lubricant carrying and improve the final appearance and corrosion resistance
of the drawn wire; deposition of certain precious metals and alloys on copper
and its alloys in engineering applications, and of copper alloys to facilitate
their soldering8; plating of aluminium with zinc using sodium zincate solu-
tion to facilitate the subsequent electrodeposition of a Cu-Ni-Cr system;
'quicking' of copper alloys with mercury to promote adhesion and covering
power in subsequent electrodeposition; deposition of gold on to steel pen
nibs; deposition of copper on to plastics substrates containing a suitable
base-metal powder for electrical conduction9.

Chemical Reduction

Principles The reduction reaction is controlled essentially by the usual
kinetic factors such as concentration of reactants, temperature, agitation,
catalysts, etc. Where the reaction is vigorous, as, for example, when a power-
ful reducing agent like hydrazine is used, wasteful precipitation of M1 may
occur throughout the whole plating solution followed by deposition on all
exposed metallic and non-metallic surfaces which can provide favourable
nucleation sites. In order to restrict deposition and aid adhesion, the selected
areas are pre-sensitised after cleaning; the sensitisers used are often based on
noble metal salts.

Features of the method With proper plating control there is usually no
limit to the coating thickness that can be built up, although the simple plating
solutions seldom give acceptable thick deposits. Certain addition agents can
be used; in the 'electroless' nickel process, for example, such additions
include sequestering agents to prevent pre-precipitation of M1; exaltants to
enhance the reducing power of the reducing agent; stabilisers to inhibit cer-
tain active nuclei, thus preventing overall decomposition of the plating solu-
tion; buffers to control the pH of the plating solution; and wetting agents10.
While high plating rates, e.g. 0.025 mm/min, can be achieved, moderate
rates avoid poor adhesion and entrapment of solution in the deposit.



Although the actual plating operation may be uncomplicated, the plating
solution requires regular replenishment of M1 salts, and filtration.

The most extensively used reducing agent for the electroless deposition of
nickel is hypophosphite11, and the reaction is as follows:

3H2PO2- + 3H2O + Ni2+ -> 3H2PO3- + 2H+ + 2H2 + Ni

The most important parameters of deposition are the temperature and the
pH of the solution. Generally speaking, raising the temperature increases the
rate of deposition. The solution can be alkaline or acid, the latter being
preferred. The composition and operating conditions of a typical bath are:

NiSO4-6H2O 20-25 g/1
NaH2PO2 - H2O 25-30 g/1
Complexing and buffering agents 30-50 g/1
Accelerators 3-5 g/1
Stabiliser 3-5 g/1
Surfactant 30-50 mg/1
pH value 4.3-4.7
Temperature 93-950C
Deposition rate 25-28 iun/h

Nickel can also be deposited by reduction with the aid of boranates12

such as sodium boranate (NaBH4) or N-diethyl borazane, i.e.
(C2H5)2NH-BH3, the basic reaction proceeding as follows:

NaBH4 + 4NiCl2 + 8NaOH -> 4Ni + NaH2BO3 + 8NaCl + 5H2O

The sodium boranate bath is operated at a pH of 14 and a temperature of
90-950C. The rate of deposition is 10-30^m/h. A metallic catalyst is
required for the reaction.

Chemical reduction is used extensively nowadays for the deposition of
nickel or copper as the first stage in the electroplating of plastics. The most
widely used plastic as a basis for electroplating is acrylonitrile-butadiene-
styrene co-polymer (ABS). Immersion of the plastic in a chromic acid-
sulphuric acid mixture causes the butadiene particles to be attacked and
oxidised, whilst making the material hydrophilic at the same time. The
activation process which follows is necessary to enable the subsequent elec-
troless nickel or copper to be deposited, since this will only take place in the
presence of certain catalytic metals (especially silver and palladium), which
are adsorbed on to the surface of the plastic. The adsorbed metallic film is
produced by a prior immersion in a stannous chloride solution, which
reduces the palladium or silver ions to the metallic state. The solutions
mostly employed are acid palladium chloride or ammoniacal silver nitrate.
The etched plastic can also be immersed first in acidified palladium chloride
and then in an alkylamine borane, which likewise form metallic palladium
catalytic nuclei. Colloidal copper catalysts are of some interest, as they are
cheaper and are also claimed to promote better coverage of electroless
copper.

Electroless nickel baths are usually preferred to electroless copper, since
they tend to be more stable and are less likely to deposit metal on unwanted
areas, such as plating racks. Electrolytic copper is then plated before the final
application of nickel and chromium, where this is the required finish, as it



provides a ductile interlayer which serves to accommodate the large
differences in the expansion coefficients of plastics and metals: this can lead
to separation of the plate under severe temperature changes.

Other plastics now being plated on an increasing scale are polypropylene
and, to a smaller extent, polysulphone. Polypropylene is considerably
cheaper than ABS, and is much more resistant to distortion at elevated
temperatures, so that it can be used at up to 15O0C as compared with 10O0C
for ABS; the adhesion of the deposits is also superior.

Properties of deposits Deposits can be produced that are adherent, cohe-
rent and finely crystalline. Addition agents, e.g. organic sulphonamides13

can improve the deposit structure so that thick coatings can be produced free
of nodules and blisters. The production of very smooth thick deposits of
copper has been reported14. Thin deposits tend to reproduce the substrate
topography, but some cases of levelling have been reported. The brightness
tends to fall with increasing thickness.

Ductile and easily buffed chromium deposits having satisfactory corrosion
resistance have been produced; thus 0.005 mm-thick chromium deposits
applied to steel by chemical deposition or by electrodeposition gave similar
results when subjected to a salt-spray test15.

Applications The method can be adapted to barrel plating and to the
mirror-spray technique7. The development of printed circuitry has
stimulated demand for means of rendering parts of insulating surfaces con-
ducting and solderable. Developments seem to be confined to deposition of
single metal species e.g. Sn, Ni, Co, Ag, Cu, Pd and Au. The hypophosphite
method10 gives deposits which contain 8-10% of phosphorus. Such
deposits are hard (e.g. 500 Hv) and brittle; they are relatively pore-free and
have good corrosion resistance, particularly if heat-treated. In general, the
corrosion resistance is proportional to the phosphorus content, and such
coatings can comply with Fed. Spec. QQ-N-290. Exposure tests have shown
that 0.012mm thick Ni-P coatings give better protection to steel than
0.025 mm of electrodeposited nickel. Their high resistance to wear has been
proved by their application in, for example, surfacing moulding dies. These
coatings have been used to protect a low-alloy pearlitic steel from corrosion
in air at 65O0C, and in superheated steam for up to 100Oh16 (see also
Section 13.7).

Composite deposits of electroless nickel and PTFE are characterised by a
very low coefficient of friction17. They contain 18-25% by volume of
PTFE, and have found considerable application in the automobile, textile
machinery and paper-making industries, among others.

Peen Plating

Principles The process consists of 'tumbling' the metal to be coated with a
powder of the coating metal. It is considered that a form of welding is
involved, but the type of conditions conducive to successful deposition
indicates that the deposit adheres by mechanical keying (M1 must therefore
be relatively soft) and adhesive forces18. Thus pretreatments such as
abrading or pickling enhance the keying effect, and the use of a soft metal



'strike' coating (e.g. Cu electrodeposited on steel) can also aid bonding. The
presence of grease or oxide films on M2 prevents adhesion of M1, and the
use of 'promoters' and wetting agents ensures that such films do not interfere.

The optimum quantities and grades of M1 powder, impact media, water
and promoter, and plating conditions such as barrel-rotation speed, are best
decided by trial runs.

Features of the method This method has the advantage that sintered, car-
bur ised, nitrided and non-metallic articles can be plated, and that no
involved surface preparation is required. Futhermore, the possibility of
hydrogen embrittlement is avoided19

Hydrogen-embrittlement can, however, arise during the acid pickling part
of the processing cycle. It has been found that such embrittlement is more
readily relieved by baking at a moderate temperature, or even by standing
for a time at room temperature, than is the case with electrodeposited
coatings. Although the reason for this is not established, it may be due to
the fact that the peen-plated coatings are somewhat discontinuous, so that
they allow molecular hydrogen to escape more easily than do electrodeposits.
Plating speeds are of the order of 0.007 5 mm/h, and thick deposits
(0.05 mm) can be produced, although subsequent heat treatment may be
required to enhance adhesion. Alloy coatings can be produced by using a
coating powder prepared from its appropriate alloy.

Properties of deposits These are usually satisfactorily adherent, coherent
and continuous on accessible surfaces. Micro-structures are often similar to
those of metal-sprayed coatings. The coatings sometimes contain traces of
included promoter solution which may partly account for the good tarnish
and corrosion resistance. Exposure tests in a severe industrial atmosphere
containing sulphurous gases showed that, for zinc on steel, similar corrosion
resistance was provided by electrodeposition, hot-dipping and impact
plating. In other tests, e.g. in marine atmospheres, impact plating provided
superior corrosion resistance, and this method has met with approval for cer-
tain applications. Post-plating chrornate passivation has been observed to
confer more benefit on impact deposits than on electrodeposits of zinc on
steel.

Owing to the slight abrasion during tumbling, very thin coatings are rarely
mirror-bright, and the coating smoothness and reflectivity usually fall
slightly as the coating thickness increases.

Applications Since M, must be relatively soft the method is restricted to
metal powders such as Zn, Cd, Sn, Al, Pb and certain alloys. The geometry
and strength of M2 govern whether this method can be usefully applied.
Generally impact deposits are applied for their corrosion resistance rather
than for their decorative value. Thus the method has found particular
application for coating ferrous nails, washers, chain links, and high-tensile
steel springs and hose-clips, particularly where hydrogen embrittlement must
be avoided (see Section 12.3).

Coatings consisting of a mixture of equal parts of cadmium and tin
are particularly suitable for the protection of steel fasteners in contact
with aluminium in aircraft structures where electrochemical corrosive attack
is prone to occur under adverse conditions. The protection afforded is



considerably better than that obtained from zinc or cadmium coatings. A
reduction in the couple voltage from 30 mV for pure cadmium in bimetallic
assemblies to 2OmV for the tin-cadmium co-deposit has been found. The
corrosion resistance both in neutral salt-spray and in outdoor exposure tests
is markedly superior.

Cadmium and zinc combination coatings are considerably cheaper than
tin-cadmium, and appear to be almost as effective, especially when in con-
tact with aluminium under humid conditions.

Vacuum Evaporation

Principles Details of the process and plant, which consists essentially of a
heated M1 vapour source20 contained within a closed coating chamber
capable of evacuation to 13-1.3 kN/mm2, for example, have been given
elsewhere21'22. The subject has also been reviewed by Fabian23.

Special preparation of M2 is necessary to obtain maximum adhesion and
to avoid outgassing of foreign matter during evacuation. Outgassing can be
prevented by pre-coating the substrate with a lacquer which can further pro-
vide a smooth base for M1.

Condensation of M1 vapour can occur on all cool surfaces and the
plating process is therefore not selective with regard to M2. Some funda-
mental aspects concerning the formation and properties of these coatings
have recently been considered24.

Features Good control of average coating thickness can be obtained and
there is no excessive build-up at sharp discontinuities, but irregularly shaped
articles should be so located in the coating chamber as to avoid 'shadowing'
and to minimise loss of M1 on the coating chamber's inner surfaces. The
coating rates depend on the nature of M1; for example, 0.025-0.075 mm
thickness of Cd, Zn or Se can be deposited in 10 min, but considerably lower
rates are observed for Cu, Al or Pt. The cost of depositing thick, protective
coatings of, for example, Al is estimated to be similar to that for elec-
troplating. The process has the advantage of being a dry one, and subsequent
steps such as rinsing, de-watering and drying can be eliminated. Adhesion
can be still further improved by, for example, prior shot blasting (where
hydrogen embrittlement must be avoided) or by post-plating heat treatment.
The plating can be carried out in stages to allow inspection, because lamina-
tion is not usually encountered.

Properties of deposits Deposits are normally smooth (often highly reflec-
ting, depending on the topography OfM2), adherent, coherent, non-porous
(although porosity may be affected by plating conditions), and free from
inclusions. Significant alloy formation at the M1XM2 interface can be
avoided. The electrical resistance is often greater than that of the same metal
as cast or rolled.

Compared with other methods, vacuum evaporation produces coatings
that have a most satisfactory corrosion resistance, e.g. 0.005 mm of
evaporated Cd gives a degree of protection to steel similar to that afforded
by 0.01 mm of electrodeposited Cd. Cadmium coatings on ferrous and other
substrates can meet authoritative specifications concerning corrosion



resistance, adhesion and other factors, and the National Research Corpora-
tion has found that 0.012-0.025 mm of Al on steel withstood the standard
20% salt-spray test for 1 60Oh.

Applications While any metal can be evaporated irrespective of its physical
form, the method is restricted chiefly by the capacity of the vacuum plant and
by the economic time available for the required thickness. Alloys such as Al-
Cu, Sn-Cu and Ni-Cr, which do not fractionate unduly can also be
deposited, while other alloys showing a greater tendency to fractionate may
be dealt with by rapid evaporation, which minimises the fractionating effect.

The relatively low temperature rise of M2 during plating allows the
coating of temperature-sensitive materials. Furthermore, composite articles,
even those having porous and otherwise reactive surfaces, can be successfully
plated.

Aluminium is widely applied for decorative and protective requirements,
while cadmium25, zinc and titanium26 have been applied to ferrous
materials chiefly for their protective value. The method finds particular
application in the plating of high-tensile steels used in aviation and rocketry,
car fittings and lamp reflectors, and gramophone record master discs, as well
as in the preparation of specimens for electron microscopy and in rendering
insulated surfaces electrically conducting, e.g. 'metallising' of capacitors and
resistors.

Chemical Vapour Deposition (CVD)

Principles Plant and procedure have been described in the literature27 and
in Section 12.3. In a given process one of the following reactions steps may
predominate:

1. Reduction, e.g. CrCl3 (g) + H2(g) -> Cr I + HCl(g)
2. Thermal decomposition, e.g. CrI2(g) -» Cr 4 + I2(g)
3. Displacement, e.g. CrCl2(g) + FeM2 -> FeCl2(g) + Cr 4

Similar steps can sometimes be distinguished in cementation procedures such
as calorising and sherardising.

Plating is carried out in a closed system whose atmosphere is adjusted to
contain the metal-gas and a second gas which may be an inert diluent or a
reactive gas (as in 1 above). M2 is heated, for example by high frequency,
and this then initiates deposition of M1 by one of the above steps. Spent
reaction products are exhausted and where possible reclaimed and recycled.

The usual kinetic factors govern reaction and therefore plating rates.

Features High plating rates (1.75mm of tungsten/h) can be sustained28,
but efficiency can vary widely (between 5 and 90%) unless optimum control
over reactant concentrations is exercised. The average coating thickness can
be controlled accurately, but where the M2 article is irregularly shaped,
agitation and proper positioning are essential. Reaction step 3 does not
require strict cleanness of M2 for satisfactory adhesion. When M1 is
required for its corrosion-protective value then strict plating control is essen-
tial to ensure that M1 is continuous and pure. Hydrogen embrittlement can
be avoided.



The precursors, which include halides, carbonyls and organo-metallic
compounds, among others, have the property of being reasonably stable in
the gas phase until heated to temperatures at or near that of the substrate,
which is usually in the range of 400 to 80O0C. In chemical transport type
reactions a heat gradient is used to move the product from the lower to the
higher temperature zone in the case of an endothermic reaction, and vice
versa for an exothermic reaction. In the flow type process, the reacting gas
enters the vacuum chamber at a relatively low temperature, and contacts the
substrate at a higher temperature. The rate of deposition and the properties
of the coating can be varied by controlling the operating parameters.

In plasma-assisted CVD, an electrostatically or electromagnetically
induced plasma discharge is carried out in a low pressure system. The result
is that the process may be operated at a considerably lower temperature. This
has been employed in the deposition of SiO2 and Si3N4 in the production of
heat-sensitive microelectronic circuits.

Properties of deposits Deposits are often more adherent, coherent and
temperature-stable than those produced by alternative coating methods.
Adhesion can be adversely affected by spurious reactions between the metal-
gas and impurities in M2 (e.g. as observed during the deposition of
molybdenum on steel29) and also where the thermal coefficients of expan-
sion of M1 and M2 differ widely. The purity of reactants can affect that of
M1. M1 crystal size is reduced by raising the react ant concentrations, or by
lowering the plating temperature.

Very few corrosion performance figures have been published, but one
established process for depositing Cr on steel is stated to give a product
possessing similar properties to those of 18/8 stainless steel.

Applications Important applications include chromium deposition for
protecting ferrous substrates against oxidation, wear and abrasion, produc-
tion of a thick ductile coating of Ni [e.g. from Ni(CO)4] for surfacing
moulds, dies and tools30, and deposition of metals which are very difficult
to deposit by alternative methods, for example, tungsten, which can be used
to confer protection on certain jet and rocket engine parts which are exposed
to exhaust gases.

In general, many metals and alloys (e.g. of Al, Ta and Mo) can be
deposited on metallic and some non-metallic substrates. M1 may also be a
metal compound having special useful properties (e.g. borides, nitrides,
oxides, silicides and carbides), or even a non-metal such as Si (as in
'Ihrigising').

Cathode Sputtering

Principles Procedure and plant involved are similar to those used for
vacuum evaporation. The pressure of the coating-chamber atmosphere,
which may be air or an inert gas, is reduced and an arc is struck. The M1
vapour formed subsequently deposits on surrounding cool surfaces,
including those of M2.

Probably mechanisms which have been discussed may be either (a) elec-
trochemical, with active gas particles forming unstable transient volatile M1



compounds which finally decompose to deposit M1 on M2, or (b) physical,
volatilisation of M1 (e.g. by thermal evaporation) being induced by arcing;
but in this case high arc voltages are probably essential. The fundamental
theory was developed by the experimental work of Wehner31 on measure-
ment of sputtering yields and its dependence on ion energy.

Features The rate of deposition is low compared with that of vacuum
evaporation, and is affected by variables such as pressure and temperature
of coating-chamber atmosphere, arc voltage, cathode current density and
geometry of cathode and M2. A high vacuum is not essential, particularly
where an inert gas can be used. The M1 disintegration rate is affected by the
atomic weight of coating-chamber gas.

Properties of deposits These are usually adherent and coherent. M1 is
pure provided that all adverse chemically reactive gases are removed prior
to sputtering; nitrogen, for example, can form a nitride with copper, and
oxygen can form oxides with most metals.

Applications Although a wide range of metals can be sputtered, the
method is often commercially restricted by the low rate of deposition. Appli-
cations include the coating of insulating surfaces, e.g. of crystal vibrators,
to render them electrically conducting, and the manufacture of some
selenium rectifiers. The micro-electronics industry now makes considerable
use of sputtering in the production of thin-film resistors and capacitors31.

Sputtering has also been employed for the deposition of dry lubricants,
and of hard and wear-resistant coatings. It is also employed for EMI/RF
shielding of plastic components in the electronics industry32.

Brush Plating

Principles In brush or tampon plating, a pad or stylus soaked in the plating
solution is attached to the anode (usually inert), the article to be plated being
the cathode. A voltage of about 6 V is applied and the pad moved over the
localised area to be plated. The pad can be of cotton wool or plastic foam,
and any part which does not require to be plated can be masked off with a
suitable lacquer. After plating for half a minute or so, the solution in the pad
is replenished.

Features of the method Most metals can be deposited by this technique,
usually on to steel or copper alloys as substrates. The most commonly
deposited metals are nickel, chromium, tin, copper, zinc, cadmium, gold and
silver.

The solutions used are generally highly concentrated, except in the case of
the precious metals (for reasons of expense) and when zinc and cadmium are
deposited from cyanide solutions, since soluble anodes are employed in the
cases of these two metals. Proprietary solutions are available, particularly
for such difficult metals as chromium, rhodium and indium, and it is advis-
able to use them.

The metal to be plated is first cleaned carefully and then activated with a
weak acid. Steel can be treated with 3-5% HCl, whilst a 10% fluoboric acid
solution is suitable for copper alloys. It is then ready for the electro-
deposition process.



Properties of the deposits The deposits are generally similar to those
obtained from conventional electrolytes, and are for the most part matt or
semi-bright.

Applications Brush plating is mainly used on expensive assemblies where
dismantling is either too expensive or impracticable. It can also be employed
for building-up worn parts, and for the repair of local defects in printed
circuits.

Plasma Spraying

Principles Plasma is a gas which has been raised to such a high temperature
that it becomes electrically conductive as a result of ionisation. In plasma
spraying a gas is passed through an electric arc, the resulting plasma being
formed into a jet as it emerges from a nozzle. The materials to be deposited
are introduced into the jet in the form of a powder, which melts and strikes
the surface to be coated at high speed. The result is a tough and adherent
deposit33.

Features of the method An inert gas such as argon is generally employed
to produce the plasma to avoid contamination or oxidation of the substance
to be applied. The coating material reaches the surface at a comparatively
low temperature, which can be below 10O0C, although the plasma itself is
at a temperature of many thousands of degrees; hence sensitive or low-
melting basis materials can be plasma coated. The coatings are also usually
denser and more adherent than those obtained with chemical flame spraying.
Two or more powders can be applied simultaneously, so that metal com-
posites can be produced in this way which are either in the form of coatings
or free standing.

Properties of the deposits Almost any material which can be melted is
suitable for plasma spraying, giving a vast range of possible coatings of
single or mixed metallic or non-metallic substances. It is often possible to
produce types of coatings which are not obtainable in any other way. Typical
of the materials which are plasma sprayed are copper, nickel, tantalum,
molybdenum, Stellites, alumina, zirconia, tungsten and boron carbides, and
stainless steels.

Applications Plasma spraying is used to apply coatings for protection
against wear and corrosion, to prevent erosion or cavitations, and to provide
electrical insulation or conductivity. It can also be employed to produce
bearing surfaces, abrasive properties or resistance to wetting by molten
metals. The coatings can also be applied to facilitate the joining of different
materials.

Ion Implantation

Principles In this process, ions of almost any material can be implanted
into a substrate to alter its surface properties, such as resistance to wear, cor-
rosion, and oxidation, as well as many others. The implanted material is not



a coating, but introduced below the surface, so that no dimensional changes
occur34.

Features of the method The dopant is first ionised, whereby the electrically
charged species can be accelerated by electric fields, typically in the energy
range 50-100 keV, and uniformly implanted over the required surface area
to a depth of about 1 /mi. The process is carried out at low temperatures, thus
avoiding distortion and dimensional changes. The dopant is introduced into
the electrical discharge in gaseous form and accelerated at high voltage on
to the surface of the component to be treated.

Properties of the deposit The changes in surface properties of implanted
materials which can be achieved are very considerable. Physical and
chemical properties can be widely varied to produce special characteristics,
some of which cannot be obtained in any other way.

Applications Ion implantation is widely employed to improve the life of
tools. Thus press tools, dies and gear cutters can be treated to increase their
durability by three times or more. Nitrogen-implanted tungsten carbide
drawing dies for copper and iron wire can be improved up to fivefold. By
implanting chromium, aluminium or silicon a considerable increase in the
corrosion resistance of steel can be obtained. Implantation of chromium
into aircraft bearing alloys has improved their durability in marine
environments35.

Ion Vapour Deposition A variant of the process is ion vapour deposition,
in which a high negative potential is applied to the workpiece during
chemical vapour deposition. The process has been employed on a commer-
cial scale chiefly for depositing aluminium on to steel and titanium in the
aerospace industry as an alternative to cadmium plating, which is liable to
cause hydrogen embrittlement, especially of high tensile steel components.
The aluminium is evaporated from a wire-fed resistance-heated boat36.

The aluminium coatings are highly corrosion resistant, and are less liable
to contact corrosion than cadmium when in contact with light alloys. They
can also be used at temperatures of up to 4960C as against 2320C for cad-
mium. The aluminium coating is also unaffected by aviation fuels, unlike
cadmium.

J. K. PRALL
H. SILMAN
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