
13.8 Chromium Coatings

It is not economically or technically feasible to use chromium in a fabricated
form, but the high resistance of the metal to corrosion can be utilised by
applying a thin coating of chromium to less resistant metals. Although
the metal is base (£°Cr

3+/cr = -0.74 V (SHE)) it is protected by a thin,
stable, tenacious, refractory, self-sealing film of Cr2O3. This is preserved
by oxidising conditions, and the metal is very resistant to high-temperature
oxidation and to atmospheric exposure in most natural environments.
Unlike silver and copper, it is not tarnished by hydrogen sulphide, nor is it
'fogged* like nickel by atmospheres containing sulphur dioxide.

The high reflectivity, pleasing blue-white colour, and the oxidation- and
tarnish-resistance of the metal are the main reasons for its application in the
form of thin coatings to cheaper and less resistant metals, for decorative
purposes.

In addition, the extreme hardness of the metal, its low coefficient of
friction and its non-galling property, combined with its corrosion resistance,
make it particularly valuable as a coating where resistance to wear and
abrasion are important. Thick deposits applied for this purpose are referred
to as hard chromium to distinguish them from the thin decorative deposits.

Methods of Applying Chromium Coatings

The only methods of significance for producing chromium coatings are elec-
trodeposition, chromising and vapour deposition. The last-mentioned is
used only to a negligible extent for special high-temperature applications, as
the coatings are less porous than electrodeposited chromium and are less
liable to spall (see Section 12.5). The metal is deposited in vacuo from
chromous or chromic iodide. Chromising produces coatings which are essen-
tially alloys, and which are considered in Section 12.3. Electrodeposited
chromium is one of the most widely used metallic coatings.

Electrodeposition (Section 12.1)

Electrodeposited chromium, both decorative and 'hard', is produced with
the use of a solution of chromic acid containing a small amount of catalyst
which is usually sulphuric acid, although fluosilicic or fluoboric acid may be
used. A typical electrolyte contains 250-400 g/1 of chromic acid and



2-5-4-Og/l of sulphuric acid; the CrO3 :SO4
2 ratio is important and for

satisfactory plating it should be maintained at about 100:1. If the catalyst
content is too low no metal will be deposited, and if it is too high throw-
ing power will be considerably reduced. The cathode efficiency is usually
only 10-12% although up to 20% can be achieved with a silicofluoride
catalyst. The evolution of hydrogen at the cathode and oxygen at the
anode (6% antimonial-lead, which becomes coated with lead peroxide)
necessitates provision for removal of the toxic spray by extraction or for
the suppression of bubble formation by the addition to the baths of a
perfluoro-carbon type of surface-active agent, the only type known to be
stable under the prevailing conditions1. The chromium content of the bath
is replenished by addition of chromic acid, as a chromium anode is not
technically feasible.

The voltage used is 4-8 V, current density 9-22 A/dm2, and temperature
38-430C. Higher current densities, up to 55 A/dm2, are used for thick
deposits. A considerable amount of heat is generated during electrodeposi-
tion and provision must be made for cooling of the electrolyte during
operation.

The covering and throwing power of the electrolytes is low, and bright
plating which is required for decorative purposes can be obtained for a given
composition and temperature only within a relatively narrow range of cur-
rent densities. Outside this range, the deposits are not bright and the hard-
ness of chromium is such that polishing is very difficult and uneconomical.
Hence special care must be taken in the racking of irregularly shaped articles
to avoid unplated areas, or dull and burnt deposits.

Rack design is important in obtaining uniform deposits and good coverage
in view of the low efficiency of the bath. The use of computer modelling has
been examined for this purpose35.

Much attention has been given of late to the development of chromic acid
baths with higher efficiencies, especially for hard chromium plating, since it
is here that the greatest potential for savings in time and energy can be
achieved (see below). Amongst the addition agents which have been found
to be effective in increasing the efficiency of the conventional chromic acid
solution are the bromates, iodates and dichloromalonic acid36. Several
commercial high efficiency baths are currently in use.

Self regulating chromium The self-regulating chromium solutions were
introduced to eliminate the need for maintaining the correct catalyst concen-
tration by periodic analysis; they depend on the addition of a sparingly
soluble sulphate to the bath which supplies the correct amount of SO4

2"
automatically. Initially strontium sulphate (solubility approx. 1-75 g/1 at
3O0C and 21 g/1 at 4O0C) was employed for this purpose2. The strontium
sulphate forms a layer on the bottom of the bath, which must be stirred
from, time to time. A bath with a CrO3 concentration of 250 g/1 would
have a catalyst content of 1-52 g/1 SrSO4 and 4-35 g/1 of K2SiF6. Potas-
sium dichromate and strontium chromate have also found application as
additives for the control of the saturation solubility of the catalyst.

Succinic acid has also been proposed3 for the stabilisation of a self-
regulating bath, a recommended bath composition consisting of 375 g/1
of CrO3, 8 g/1 of SrSO4, and 40 g/1 of succinic anhydride; the bath is



operated at 350C. Self-regulating solutions generally have a higher current
efficiency (18-25%) than the conventional bright solutions4.

Tetrachromate electrolytes The alkaline tetrachromate baths are used to a
small extent chiefly for the direct chromium plating of zinc die-castings,
brass or aluminium, since the solutions do not attack these metals5. The
original bath was developed by Bornhauser (German Pat. 608 757) and con-
tained 300 g/1 of chromic acid, 60g/l of sodium hydroxide, 0-6-0-8 g/1 of
sulphuric acid and 1 ml/1 of alcohol.

The essential constituent of the bath is sodium tetrachromate, Na2Cr4O13,
which is, however, only stable at temperatures below about 250C. This
temperature should therefore not be exceeded in the operation of the bath.
Current densities of 75-150 A/dm2 are used. The current efficiency of the
bath is high (30-35%) so that the metal is deposited at the rate of about
1 ptm/min. The deposits are normally matt in appearance, but are com-
paratively soft and readily polished.

A proprietary tetrachromate bath has been used in Germany under the
name of the D process6. By the use of additions of magnesium oxide and
sodium tungstate it is claimed that the current efficiency of the bath can
be raised to as high as 35-40%. Other additives such as indium sulphate,
sodium selenate or sodium hexavanadate enable bright deposits to be
obtained.

Trivalent chromium baths Considerable attention has been given recently
to the possibility of depositing chromium from trivalent chromium solu-
tions. One bath uses a dimethyl formamide-water solvent system having
chromic chloride as an active salt with additions of ammonium chloride,
sodium chloride and boric acid to improve current efficiency and conduc-
tivity. Plating efficiencies are of the order of 30-40% based on Cr(Ui)
and bright deposit can be obtained over the normal plating range of
25-1-25 A/dm2 at a plating speed of at least 0-3 /mi/min. The deposits are
micro-discontinuous7"10.

A commercial trivalent chromium bath which is entirely aqueous and
based on chromic sulphate (Cr2O3), with complexing agents, conductivity
salts, a buffer (e.g. boric acid) and a wetting agent, has been introduced
and has had some success37 although it has the disadvantage of having to be
operated in a diaphragm cell. The deposit has a more greyish colour than that
obtained from a chromic acid bath, and has a lower hardness. The bath is
mainly used for decorative purposes, being unsuited to producing thicker
coatings.

The attractions of trivalent baths are their lower toxicity, greater
efficiency, and a considerably simplified procedure for efficient treatment.

Properties of electrodeposited chromium

Structure Although massive chromium has a body-centred cubic structure,
electrodeposited chromium can exist as two primary modifications, i.e. a-
(b.c.c.) and /3- (c.p.h.). The precise conditions under which these forms of
chromium can be deposited are not known with certainty. Muro11 showed
that at 4O0C and 2-0-22 A/dm2 the deposit was essentially a-chromium but
small amounts of fi- and 7- were present, while Koch and Hein12 observed



the 0- form at 5O0C and 40 A/m2. This form is unstable, however, and is
converted rapidly by heating or more slowly by storage at room temperature
to the OL- form.

The crystal structure is exceedingly fine and cannot be revealed by the
microscope; Wood13 has shown by X-ray diffraction that the grain size is
1-4 x 10-9m.

Porosity and discontinuities Chromium plate of O • 5 ̂ m or less in thickness
is invariably porous. An increase in thickness above this value, however,
when plating is carried out under conventional conditions (i.e. 38-430C,
11-16 A/dm2 and a CrO3 :SO4

2~ ratio of 100:1 to 120:1) results in a cracked
deposit which can be revealed by microscopical examination at about x 350
magnification. Cohen14 considers that the cracks are filled with a trans-
parent film, probably of hydrated chromic oxide, which dehydrates on
heating to form Cr2O3. According to Snavely15, cracks and included
material in the cracks are caused by the formation of unstable chromium
hydrides during plating. A hexagonal form of the hydride (CrH to CrH2) is
formed initially, but decomposes spontaneously to a-chromium and free
hydrogen. This involves a decrease in volume of over 15Vo, and since the
plate is restrained by the basis metal, surface cracks form normal to the
surface. The chemical constituents found in the electrodeposit are due to
the drawing of electrolyte into the cracks, which are then covered over by
subsequent layers of electrodeposit.

Black chromium plating Black chromium deposits are frequently required
for the optical and instrument industries. The deposits contain large
amounts of chromium oxides and are not strictly speaking chromium
deposits. Graham16 recommends a solution consisting of 250 g/1 of chromic
acid, 0-25 g/1 of hydrofluosilicic acid and a CrO3:H2SiF6 ratio of 1 000:1.
The bath is operated at about 320C with a current density of about
30 A/dm2 and a bath voltage of 6V. The electrolyte solution must be free
from sulphuric acid, excess sulphate ions being removed by treatment with
barium sulphate. Silvery deposits of chromium containing some nickel are
obtained at 70-100 A/dm2 from a bath consisting of 200 g/1 of chromic
acid, 20 g/1 of nickel chloride and 5 ml/1 of glacial acetic acid. By a short
immersion (5-3Os) in concentrated hydrochloric acid, the deposit becomes
greyish black. Good black deposits are produced from a bath containing
200g/1 of chromic acid, 20g/1 of ammonium vanadate and 6-5 ml/1 of
glacial acetic acid at a current density of 95 A/dm2 and a temperature of
35-5O0C17. Some types of black chromium deposits are claimed to have
very good corrosion resistance.

Hard chromium plating The so-called 'hard' (or thick) chromium deposits
are applied on carbon and alloy steels, cast iron and light alloys, to
improve resistance to wear, abrasion and corrosion. The solutions employed
generally contain 150-500 g/1 of chromic acid and employ a CrO3: H2 SO4
ratio of 80-120. Deposit thicknesses of 12-150/xm are applied, but the use
of thicker deposits is limited to parts which are not subject to bending or
stress. Plastic moulds are generally plated with coatings of 10-15 /mi, which
are considered adequate. Hard chromium deposits are normally ground or
lapped before being put into service, and allowances must be made for this



operation to be carried out. Applications for hard chromium deposits
include cylinder liners, crankshafts, pump shafts, plastic moulds, dies, cams,
rockers, journals and bearings.

Plating is carried out by suspension in the bath in the usual manner, areas
which are not to be plated being protected by 'stopping off materials, such
as lacquers, waxes or plastics. Chromium can also be deposited locally with-
out the use of a tank by the tampon method. The Dalic18 process makes
use of an insoluble anode and an absorbent pad containing the electrolyte
solution, which is a slightly alkaline organic complex amino-oxalate com-
pound of chromium dissolved in an alcohol, with a wetting agent added.
High current densities are used, and rates of deposition of up to 2 • 5 /nm/min
are practicable. The deposit is slightly softer than the conventional hard
chromium deposits.

A trivalent hard chromium bath has recently been described38. The bath
contains potassium formate as a complexing agent, and thicknesses in
excess of 20 /mi can be deposited. Hardnesses of up to 1 650 Hv can be
obtained by heat treatment at 70O0C. The deposits contain 1.6-4.8% car-
bon, and the bath is suitable for the deposition of composite deposits con-
taining diamond or silicon carbide powder.

Several high-efficiency hard chromium plating baths are now available
commercially. A solution which does not contain fluoride, and does not
therefore attack steel or aluminium, has been described by Schwartz39. At
50 A/dm39 and 530C the cathode efficiency is about 25%, enabling deposi-
tion to be carried out at the rate of 1 jun/min, with a consequent substantial
saving in power and time. The deposit is bright, and has a hardness of about
1050 Hv.

Hard chromium plating provides excellent resistance to atmospheric
oxidation both at normal temperatures and at temperatures of up to 65O0C.
It is unattacked by many chemicals, owing to its passivity. When attack takes
place, this usually commences at cracks in the chromium network; hence the
most corrosion-resistant deposits must have a very fine structure, such as
is obtained from relatively high solution temperatures using low current
densities.

Corrosion

Electrodeposited chromium, if it is required to protect an underlying metal
against corrosion, has to be applied in considerable thicknesses, owing to its
high porosity and tendency to crack. Such deposits are expensive to produce
and are not fully bright, and, as the polishing of chromium is difficult, it
is the general practice to use a protective undercoat, usually nickel, when
ferrous or non-ferrous metals have to be protected. For wear resistance or
engineering applications, however, 'hard' chromium coatings are usually
plated directly on to steel and other metals at thicknesses of up to approx-
imately 0-50 mm as against 0-000 25-0-002 mm for decorative chromium
deposits on a nickel undercoat.

When corrosion of a chromium-coated metal takes place, the corroding
current concentrates its action on fissures in the deposit. There appears to be
an incubation period, after which rapid attack occurs in the form of pits, and



Fig. 13.13 Two stages in the corrosion commencing at a discontinuity in the chromium plating
(after Electroplating and Metal Finishing, 12 No. 1, 3 (1959))

Dettner19 claims that the degree of polish of the base metal has a definite
influence on the corrosion resistance of chromium deposited directly on
steel, a high degree of polish leading to improved protection; electrolytic
polishing is said to lead to particularly good durability20. Polishing of the
chromium layer usually has little effect, but excessive heat generation can
lead to reduced corrosion resistance. It is desirable, from a practical point
of view, that the chromium be deposited within the bright plating range, and
although this does not always coincide with the conditions necessary for
maximum protection, a reasonable compromise can be reached.

Crack-free Chromium

As has already been stated, attempts to reduce the porosity of chromium
plating by increasing its thickness much above 0-000 5 mm result in cracked
coatings when normal solutions and conditions are employed. It is, however,
possible to obtain crack-free deposits in thicknesses up to 0-002 5 mm, with
a consequent improvement in corrosion resistance as shown by accelerated
tests, by the operation of the bright chromium plating bath at 49-540C, and
higher CrO3:SO4

2" ratios of 150:1 to 200:121'23. Crack-free deposits can be
obtained under conditions outside these ranges, but for practical operation
these are the ones which it is most convenient to employ.

The main drawback to plating chromium under these conditions is that the
current requirements are greater owing to the need to work at twice or three
times the conventional current density. There is also some tendency for the
deposit to be rather more blue in colour, while frostiness can develop at high-
current-density areas. Better results can be obtained by allowing the work to
enter the plating tank at a lower voltage (2-3 V) before applying the full
plating voltage, or by working at a temperature of around 490C.

Some confirmation of these findings has been reported by Safranek
etal.24 in their work on the corrosion resistance of plated die-castings.
They found that 0-000 64mm (minimum) of bright crack-free chromium

sometimes a network of corrosion can be observed. The chromium becomes
cathodic, the underlying metal (usually nickel) which is exposed at the pores
or stress cracks of the chromium plate being anodic (see Fig. 13.13).
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deposited in a high-ratio bath at 540C will extend the 'corrosion-free' life of
plated die-castings in highly corrosive environments to at least one year, as
compared with less than six months for normal deposits. Bright, crack-free
chromium deposited on 0-007 6 mm of copper and 0-020 mm minimum of
bright nickel furnished good protection against accelerated corrosion.

Deposits of more than around 0-002 O mm in thickness cannot be applied
in this way without the initiation of cracks visible to the naked eye par-
ticularly at high-current-density areas. This is a disadvantage, since owing
to the poor 'throw' of chromium it is sometimes necessary to exceed this
thickness at such areas on articles of complex shape in order to secure an ade-
quate deposit in recesses. A method of overcoming this problem known as
duplex chromium plating (see below) has been developed.

Using pulse plating techniques with a duty cycle of 50%, it is also possible
to produce crack-free chromium deposits from a sulphate- or silicofluoride-
catalysed solution with a hardness similar to deposits obtained by direct
current40. A high frequency (2 000-3 000 Hz) is required to give the hardest
deposits at a current density of 40 A/dm2 and a temperature of 540C. It is
important to avoid conditions that will co-deposit hydrides.

Microcracked Chromium

Duplex Chromium

It has been claimed that better corrosion protection than that afforded by the
high-temperature chromium-plating method can be obtained by the use of
a double chromium plate. In this system, bright crack-free chromium is
deposited as described above, followed by an equal thickness of a bright,
finely cracked chromium plate. The total chromium thickness should be
not less than 0-000 75mm, and should preferably be greater. The initial
crack-free deposit may be obtained by plating from a solution of chromic
acid and sulphuric acid (250-400 g/1 of chromic acid, chromic acid to
sulphate ratio 125 to 175:1), operating temperature 49-540C. Baths contain-
ing fluoborates, which are self-regulating so far as the ratio of chromic acid
to catalyst is concerned, can also be used successfully for producing crack-
free deposits25.

Immediately after this deposit has been plated, a cracked chromium layer
is applied from a dilute bath containing about 200 g/1 of chromic acid at
46-520C. The articles to be plated should enter the bath at a low voltage to
prevent streakiness. Fluoboric or fluosilicic acid in the bath, in addition to
sulphuric acid, helps to produce the required fine stress cracking.

Single-layer Chromium

A number of proprietary solutions are now available for producing the same
result from a single bath. The plating time tends to be rather longer, but this
can be reduced either by increasing the current density (which may upset the
crack pattern), by decreasing the chromium thickness at which cracking
occurs, or by increasing the cathode efficiency.



The effect of the finely cracked chromium layer is to equalise the anode
and cathode areas more nearly, so that corrosion of the nickel under the
chromium takes place more slowly than it would at larger, isolated cracks.
Moreover, the corrosion proceeds laterally along the nickel surface and not
in depth as is the case with conventional chromium; hence failure of the
coating under adverse conditions is less likely to occur.

A crack count of 30-80 cracks/mm is desirable to maintain good corro-
sion resistance. Crack counts of less than 30 cracks/mm should be avoided,
since they can penetrate into the nickel layer as a result of mechanical stress,
whilst large cracks may also have a notch effect26. Measurements made
on chromium deposits from baths which produce microcracked coatings
indicate that the stress decreases with time from the appearance of the first
cracks27. It is more difficult to produce the required microcracked pattern
on matt or semi-bright nickel than on fully bright deposits28. The crack
network does not form very well in low-current-density areas, so that the
auxiliary anodes may be necessary.

Corrosion tests have shown that a system based on copper, double nickel
and microcracked chromium gives good corrosion resistance, although
automobile parts plated with microcracked chromium are not as easy to
clean as those plated with crack-free chromium deposit.

Microporous Chromium

One of the best methods of improving the corrosion resistance of nickel-
chromium deposits is to apply a uniformly porous layer, rather than a micro-
cracked chromium layer, this having the advantage that the microporosity
is not greatly dependent on the current density at which the chromium
plating is carried out. Hence the chromium can be deposited in microporous
form on quite complex-shaped articles from a single, conventional chro-
mium solution. The method of achieving this is to suspend inert particles in
the underlying nickel coating; the presence of these, being non-conducting,
results in the formation of a highly microporous chromium deposit. Severe
electrochemical attack of the underlying nickel at large cracks or pores in the
chromium is thus prevented, and a substantial improvement in the corrosion
resistance of the combined coating is obtained. A relatively thick copper
deposit (75 /nm) underneath the nickel layer has been found to add consider-
ably to the protective value of the coating. Thereafter very little improve-
ment occurs. The large number of microscopic anode nickel sites which
develop when about 0-25 ^tm of chromium is applied results in very weak
corrosion currents with extremely low corrosion penetration. The number of
pores in the chromium can be varied from about 3 000 per square centimetre
to several million per square centimetre29. The variation in the porosity of
microporous chromium with thickness is shown in Fig. 13.14.

In practice a special nickel solution containing the suspended particles is
applied over the normal bright nickel deposit. The plating time in this solu-
tion is from 20 s to 5 min; the most suitable ratio of the two deposits has to
be determined in each particular case.

The use of a chromium deposit with a fine porosity pattern of 15 000 to
45 000 pores per square centimetre in the usual thickness results in a sharp



C h r o m i u m deposit th ickness (/AITI)

Fig. 13.14 Variation of porosity of microporous chromium with thickness of deposit

slowing down of the corrosion rate. Such corrosion as does occur develops
laterally, thus very greatly delaying the downward penetration into the
vulnerable base metal (Fig. 13.15).

Since the theory of the mechanism of the microporous chromium system
depends on the fact that the occlusions in the underlying nickel provide a

Fig. 13.15 Lateral corrosion in nickel deposit layer containing inert particles beneath micro-
porous chromium
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large number of sites where nickel can be corroded at discontinuities in the
nickel deposit, it was at one time believed that increasing the chromium
thickness excessively would be disadvantageous, as it would seal some of the
active nickel sites. Carter30 has shown that this is not the case provided that
the porosity in the chromium is not reduced below about 15 000 pores per
square centimetre. When copper was present under the nickel plus chromium
coating, full protection of steel was obtained in industrial atmospheres for
two years in all environments. This effect on copper is not found under
conventional chromium coatings. The reason for this is ascribed to the fact
that the copper remains cathodic to the nickel because of the large area
of nickel involved in the corrosion reaction when the chromium layer is
discontinuous31. With conventional deposits, however, the smaller area of
the corroding nickel allows high current densities to occur in the pits so that
the copper becomes anodic and is readily penetrated. The effect is reduced
when the nickel layer adjacent to the copper is of a less corrodible type
(i.e. semi-bright, dull nickel) and hence the advantages of the copper under-
coat are less in the systems employing double nickel deposits. There is
some deterioration or dulling in the appearance of articles plated with
microporous chromium (as is also the case with the microcracked deposits),
but this is only significant on exposure in the severest environments. Dulling
was progressively reduced by increasing thickness of the chromium deposit
within the range studied, without adverse effect on the protection of the basis
metal.

Chromium-nickel-chromium

A further development is the use of a combined chromium-nickel-
chromium or nickel-chromium-nickel-chromium deposit on steel- or zinc-
base alloy articles32. An advantage of this system is that the first chromium
layer need not be plated within the bright range of the chromium bath, so
that plating can be carried out under conditions giving deposits of maximum
corrosion resistance; such conditions do not coincide with those under which
fully bright chromium plate is obtained.

Knapp33 reports that a chromium deposit of 0-000 25 mm from the usual
type of chromium bath, followed by O-Ol3 mm nickel and a further
0-000 25 mm of chromium gave protection equal to that of a nickel coating
of double the thickness applied in the form of normal nickel and chromium
plate.

Porous Chromium

Porous chromium is largely used on cylinder liners for automobile engines,
its advantage being that it retains lubricants better than normal chromium34.
The porosity is usually created by etching the metal. Appropriate etching
methods include reversal of current to make the work anodic in the plating
solution, and cathodic or chemical treatment in a separate bath. Hydro-
chloric, sulphuric or oxalic acid may be used as the etching electrolyte in a
separate bath, the work being made cathodic; alternatively, chemical etching



without current in a hot dilute sulphuric acid or hydrochloric acid bath,
to which an inhibitor such as antimony oxide is added, can be employed.
Whether pin-point or channel porosity is produced depends primarily on the
conditions of deposition, solution temperature and composition being the
principal factors. Generally, higher temperatures and higher sulphate ratios
in the bath favour channel-type porosity. The degree of porosity must be
carefully controlled in order to ensure that excessive roughness is not pro-
duced. The ideal condition is one where the chromium becomes adequately
receptive for oil but remains smooth. It is usual to hone or lap the porous
chrome; careful cleaning is then essential to remove the debris produced by
honing.

H. SILMAN
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13.9 Noble Metal Coatings

The most widely used methods for the application of coatings of gold,
silver and the platinum group metals (platinum, palladium, rhodium,
iridium, ruthenium, osmium) to base metals are mechanical cladding and
electroplating.

In cladding, the coating is applied in the form of sheet, which may be
bonded to the underlying metal by brazing or by elevated-temperature work-
ing processes such as swaging and drawing for the production, for example,
of platinum-clad molybdenum or tungsten wire, or hot-rolling followed by
spinning, cupping or drawing, for the production of coated dishes, tubes,
etc. Silver coatings are extensively applied in this way in the lining of
chemical reaction vessels, distillation and evaporation equipment, etc. par-
ticularly in fine chemical manufacture and food processing where product
purity is vital and the protective coating must therefore be completely imper-
vious. The main advantage of silver in this type of application, apart from
its relative cheapness as compared with other metals of the group, is its good
resistance to organic acids and other compounds and to chloride-containing
media. Its high heat-transfer capacity is also a useful asset. Platinum and
gold find application in a similar sense where particular conditions warrant
their cost. Coating thicknesses may vary from less than 0.025mm to
0.640mm, depending on service requirements.

Palladium can be applied in the same way, but is not employed to a signi-
ficant extent in this form since its corrosion resistance is inferior to that of
platinum. Application of other metals of the platinum group, i.e. rhodium,
ruthenium and iridium, as protective claddings is hindered by limitations in
working technology. In experimental work on the protection of soldering
iron bits by ruthenium, the expedient has been adopted of fabricating small
hollow cones by compacting and sintering ruthenium powder, and fixing
these to the tips by brazing1.

In the case of silver and gold, thick coatings of equivalent protective value
to those produced by cladding can be obtained by electrodeposition; both
metals have, in fact, been successfully employed for electroforming. In the
more general case, however, electrodeposited coatings, particularly those of
the platinum group metals and, to a lesser extent, gold plated in the bright
condition, are subject to some degree of porosity and, with increasing
thickness, to the possibility of spontaneous cracking due to internal stress in
the as-deposited condition. Nevertheless, the bulk of precious metal coatings
used for decorative and industrial purposes, including tonnage use in the
electronics field, are applied by electroplating, since protective requirements,



though arduous, are in most cases less critical than those demanded by long
term exposure to liquid or high-temperature corrosive environments, and
some degree of porosity can often be tolerated.

Processes for electrodepositing silver, gold, platinum, palladium and
rhodium have been long established. In this group the most striking develop-
ment of recent times has been the emergence of bright gold plating solutions
which utilise the stability of gold cyanide at relatively low pH values to plate
under acid conditions2'3, and more recently still, of noncyanide electrolytes
based on sulphite complexes4. Relatively new electrolytes have also been
formulated for the deposition of ruthenium, iridium and even osmium,
though these are subject to limitations with regard to the thickness of sound
coatings. Platinum metal coatings may also be produced from fused cyanide
electrolytes5, a technique which is useful in those cases (e.g. ruthenium and
iridium) where coatings of sufficient thickness cannot be produced from
aqueous solutions. Iridium coatings of this type have been studied in connec-
tion with the high-temperature protection of molybdenum6, and thick
coatings of rhodium have been produced in a similar way7. Since they are
deposited at a temperature of the order of 60O0C from a non-aqueous
medium, such coatings tend to be less stressed, softer and less porous than
coatings from aqueous solutions. For example, rhodium from a bath of this
type shows a hardness of approximately 300 Hv compared with about
900 HV from a conventional sulphate electrolyte.

Limitations imposed upon the thickness of coating obtainable from
aqueous solutions due to internal stress have been overcome in several
directions. Atkinson8 has reported the production of ductile, crack-free
platinum coatings from a chloro-platinic acid plus hydrochloric acid elec-
trolyte. Tripler, Beach and Faust9 have achieved improvement in the pro-
tective value of platinum coatings from a diamminodinitritoplatinum(ii)
electrolyte by the use of the periodic reverse (p.r.) current technique, which
is also widely applied in gold plating. Patent claims have been made for the
production of crack-free rhodium deposits from sulphate electrolytes
modified by the addition of magnesium salts10 or of selenic acid11. Highly
ductile palladium coatings have been produced by Stevens in thicknesses up
to 5 mm from a tetramminepalladium(n) bromide electrolyte12.

Non-electrolytic plating processes of the displacement type and of the
auto-catalytic type have also been described. In the former, a thin film of the
noble metal is formed on a base metal substrate by chemical replacement.
The reaction may cease when the substrate is completely covered, or, as in
the processes described by Johnson13 for the platinum group metals, attack
of the substrate may continue through an essentially porous top-coat, which
may exfoliate on prolonged treatment. Such processes are of main utility for
short-term protection purposes, e.g. retention of solderability of electronic
components during storage. In auto-catalytic processes, further deposition
of metal is catalysed by the initial layer of the coating itself. Processes of this
type have been described for both gold14 and palladium15'16.

Electrodeposited Coatings

Silver and gold (Chapter 6) Apart from their traditional decorative



applications, both silver and gold find important industrial use in various
types of chemical processing equipment. In the electrical and electronics
industries they are employed as plated coatings on contacts and as finishes
on wave guides, hollow conductors for high-frequency currents, etc. Silver
plating is particularly used in the latter application where its high electrical
and thermal conductivity are required in addition to its protective value. The
thickness of coating necessary for adequate protection depends on the condi-
tions of service and the nature and condition of the basis metal to which the
coating is applied. For electrical purposes for the protection of aluminium,
steel and copper, DTD 919A specifies a minimum thickness of 0.007 5 mm
(0.000 3 in) of silver, with a total thickness of undercoat (copper or nickel)
plus silver of 0.038 mm (0.001 5 in) on aluminium parts and 0.020mm
(0.000 8 in) on steel. BS 2816:1957 Electroplated Coatings of Silver for
Engineering Purposes is also relevant in this context.

Laister and Benham17 have shown that under more arduous conditions
(immersion for 6 months in sea-water) a minimum thickness of 0-025 mm
of silver is required to protect steel, even when the silver is itself further
protected by a thin rhodium coating. In similar circumstances brass was
completely protected by 0-012 5 mm of silver. The use of an undercoating
deposit of intermediate electrode potential is generally desirable when pre-
cious metal coatings are applied to more reactive base metals, e.g. steel, zinc
alloys and aluminium, since otherwise corrosion at discontinuities in the
coating will be accelerated by the high e.m.f. of the couple formed between
the coating and the basis metal. The thickness of undercoat may have to
be increased substantially above the values indicated if the basis metal is
affected by special defects such as porosity.

In view of its susceptibility to sulphide tarnishing, silver may itself require
some measure of protection in many decorative and industrial applications.
Chrornate passivation processes are commonly employed, but as an alter-
native, thin coatings of gold, rhodium or palladium may be used.

Although usage of gold plating in industrial applications has long out-
stripped that in traditional decorative fields, it was not until 1968 that an
appropriate British standard was issued to cover both spheres of applica-
tion18. The high reflectivity of gold in the infra-red region accounts for its
use on reflectors in infra-red drying equipment, for which purpose a coating
of O-005 mm gives excellent service on beryllium-copper. This order of
thickness became general for electrical contacts in the electronics field, where
the main area of industrial gold plating is to be found; but thinner coatings
are now usual. The basis metals involved are most commonly copper or
copper-base alloys, e.g. brass, nickel-silver, beryllium-copper and phosphor
bronze, and coating thickness is dictated not only by environmental condi-
tions but by the need for mechanical wear resistance in sliding and wiping
contacts, in which context the softness of pure gold deposits from cyanide
electrolytes is generally a disadvantage.

Numerous proprietary electrolytes have been developed for the produc-
tion of harder and brighter deposits. These include acid, neutral and alkaline
solutions and cyanide-free formulations and the coatings produced may
be essentially pure, where maximum electrical conductivity is required, or
alloyed with various amounts of other precious or base metals, e.g. silver,
copper, nickel, cobalt, indium, to develop special physical characteristics.



The hardness of such coatings may reach a maximum of about 400 Hv
as compared with approximately 50 Hv for a soft gold deposit. A series of
corrosion studies in industrial and marine atmospheres by Baker19 has
indicated that the protective value of hard gold coatings is comparable with
that of the pure metal, and that a thickness of only 0-002 5 mm gives good
protection to copper base alloys during exposure for six months.

In view of the high cost of gold there is a continuing urge to reduce coating
thickness in industrial applications to the bare minimum consistent with ade-
quate service life. It is claimed for example that the thickness of gold on a
wiping contact can be reduced by using an undercoating of silver, e.g.
O • 007 5 mm of silver plus O • 000 25 mm of gold. In this case a special problem
arises, particularly at elevated temperature, due to diffusion of silver out-
wards through the gold layer, with formation of a tarnish film at the surface.
This can be prevented by interposing a thin deposit of palladium or rhodium
between the gold and silver layers20.

At gold thicknesses below 0-005 mm significant porosity is likely to be pre-
sent, and a great deal of work was directed to the study of factors affecting
the degree of porosity of gold coatings21"24, and to possible means of reduc-
ing this, or at least minimising its practical effect. Reduction of porosity can
be achieved by the use of copper or nickel under-coats and patents claimed
that a coating of platinum only 0-38^m thick would substantially reduce
porosity and improve the high temperature stability of O-002 5 mm gold
coatings on copper25. The effect of corrosion through pores in thin gold
coatings on copper- or silver-base substrates can be minimised by applying
a thin coating of palladium or rhodium, since sulphide tarnish products do
not spread on these metals26, whereas they readily spread over gold to form
large areas of high contact resistance. Gold coatings on sliding contacts are
often lubricated, and it is claimed that pores in the coatings may be effec-
tively sealed, with marked increase in service life, by incorporating a suitable
corrosion inhibitor in the lubricating system27.

The Platinum Metals (Chapter 6)

Rhodium Rhodium is the most important of the platinum group of metals
as an electrodeposited coating for protective purposes as shown by the
fact that it is the only metal of the group for which a DTD Process Specifica-
tion exists (No. 931). Major fields of application are the protection of
silver from tarnishing in both decorative and industrial spheres, and the
finishing of metallic reflectors and electrical contacts (particularly sliding
or wiping contacts subject to mechanical wear and concerned with the
transmission of very small electrical signals, e.g. in radar, telecommunica-
tion, and allied equipment, where freedom of the contact surface from films
is a critical requirement). The special properties of the electrodeposited
coating on which these applications depend are its high reflectivity, virtual
immunity from attack by corrosive environments, its consequently low and
stable contact resistance, and its extremely high hardness (approximately
900 HV). A disadvantage of the deposit, as produced from conventional
acid sulphate or phosphate plus sulphate electrolytes, is a high internal
tensile stress, which may give rise to cracking in deposits thicker than



O-002 5 mm and which, as indicated earlier, places strict limitations on
the usefulness of the coating for protection against severely corrosive liquid
environments. The value of rhodium in resisting atmospheric corrosion
in environments ranging from domestic to marine and tropical exposure
has, however, been amply demonstrated by experience, and it appears
probable that further developments in technology may lead to still wider
application.

In view of the high cost, when tarnish resistance of the surface is the only
requirement it is customary to use the thinnest possible coatings of rhodium
(0-000 25-0-000 5 mm). Since rhodium deposits in this thickness range, like
thin electrodeposits of other metals, show significant porosity, readily cor-
rodible metals, e.g. steel, zinc-base alloys, etc. must be provided with an
undercoating deposit, usually of silver or nickel, which is sufficiently thick
to provide a fairly high level of protection to the basis metal even before
the final precious metal deposit is applied, and, in this way, to prevent
accelerated electrochemical corrosion at pores in the rhodium deposit.

It is not possible to plate rhodium directly on to reactive metals of the
type mentioned above, in view of the acid nature of the electrolyte, but
copper and its alloys, e.g. nickel-silver, brass, phosphor-bronze, beryllium-
copper, which are of special importance in the electrical contact field, may
be plated directly. Even in this case, however, an undercoat is generally
desirable.

Whether nickel or silver is selected for use as an undercoating is deter-
mined by a number of factors, relative resistance to particular corrosive
environments being clearly of primary importance. Laister and Benham17

have discussed the respective merits of the two metals on the basis of
corrosion tests in a number of environments. Generally speaking, silver
is preferred when the composite coating is required to resist exposure to
marine or other chloride-containing atmospheres, the potential difference
between silver and rhodium in sea-water at 250C being only 0-05 V28. A
nickel undercoat is better for sulphide atmospheres and for operation
at elevated temperatures (up to 50O0C). In this connection, it should be
noted that rhodium itself will begin to oxidise at temperatures in the range
550-60O0C.

Silver is often preferred as an undercoat for rhodium by reason of its high
electrical conductivity. A further advantage of silver in the case of the thicker
rhodium deposits (O-002 5 mm) applied to electrical contacts for wear
resistance is that the use of a relatively soft undercoat permits some stress
relief of the rhodium deposit by plastic deformation of the under-layer, and
hence reduces the tendency to cracking29, with a corresponding improve-
ment in protective value. Nickel, on the other hand, may be employed to pro-
vide a measure of mechanical support, and hence enhanced wear resistance,
for a thin rhodium deposit. A nickel undercoating is so used on copper
printed connectors, where the thickness of rhodium that may be applied
from conventional electrolytes is limited by the tendency of the plating
solution to attack the copper/laminate adhesive, and by the lifting effect of
internal stress in the rhodium deposit.

A thickness of O-000 38 mm may be regarded as a good quality finish
for general decorative and industrial use for tarnish protection at normal
temperatures. For optimum tarnish resistance at temperatures up to 50O0C,



0-001 25 mm of rhodium on a nickel undercoat is recommended. In sliding
contact applications, where the ability of the coating to withstand some
degree of mechanical wear is almost as important as tarnish resistance, the
order of thickness employed is 0-0025-0-005 mm and, in a few special
circumstances, this may be increased to 0-012 5 mm or more.

Palladium Although satisfactory palladium plating processes have existed
for many years, the metal was slow to attain industrial significance as an elec-
trodeposited coating, but then became of considerable interest as an alter-
native to rhodium or gold in the finishing of electrical contacts, especially in
copper end connectors of printed circuits30. Apart from its relatively low
cost, palladium has special technical advantages in this type of application.
It may be deposited from neutral or slightly alkaline non-cyanide electrolytes
which virtually do not attack the copper-laminate adhesives, the deposit
shows only a low tensile stress, and it may readily be soldered, whereas
rhodium presents some difficulty in this respect. Palladium has good con-
tact properties and, in the electrodeposited condition, has a hardness of
200-300 HV which, while considerably lower than that of rhodium, is
higher than that of most gold deposits, and affords a useful degree of wear
resistance. Thicknesses of 0-002 5-0-005 mm are usual, and the comments
made previously regarding the porosity of thin coatings and the importance
of undercoatings are applicable here too.

In sliding electrical contact applications, palladium plating has been
criticised on the basis of a tendency due to its catalytic activity to cause
polymerisation of organic vapours from adjacent equipment with the forma-
tion of insulating films on the surface31. This effect is important in certain
circumstances, but is not serious in many practical applications32.

Platinum Since the ready workability of platinum permits cladding of
base metal with sound coatings which may be as thin as 0-002 5 mm uses of
the metal in the electrodeposited condition for corrosion protection are
relatively few. As in the case of palladium, electrolytes for platinum plating
have been available for many years but interest in the process was greatly
increased, chiefly in connection with the plating of titanium for the pre-
paration of inert anodes for electrolytic processes33. Attempts to use bare
titanium as an anode in aqueous solutions result in the formation of a
resistive oxide coating on the metal which prevents the passage of useful
currents below about 15V applied potential. At this potential, complete
breakdown of the firm occurs, with the onset of catastrophic corrosion. The
presence of a thin layer of platinum on the titanium surface permits the
passage of high currents at voltages well below the critical value, and in this
application the presence of discontinuities in the electrodeposited platinum
coating does not affect performance, since the exposed basis metal is sealed
by a protective anodic film. This composite material, with a coating of
platinum up to 0-002 5 mm thick, was adopted for many electrode applica-
tions in which platinum-clad base metals or graphite were previously used,
e.g. in brine electrolysis, peroxide and per-salt production, electrodialysis,
cathodic protection, etc.

Studies suggested that under certain conditions platinum would become
mechanically detached from titanium anodes owing to attack of the
substrate through pores in the coating. Anodes became available with a



mechanically-clad platinum coating, and alternative coatings, e.g. of
platinum-iridium alloy or ruthenium oxide were developed.

Ruthenium, iridium and osmium The use of a fused cyanide electrolyte is
the most effective means for the production of sound relatively thick coatings
of ruthenium and iridium, but this type of process is unattractive and
inconvenient for general purposes and does not therefore appear to have
developed yet to a significant extent for industrial application. This is unfor-
tunate, since these metals are the most refractory of the platinum group and
in principle their properties might best be utilised in the form of coatings.
However, several interesting improvements have been made in the develop-
ment of aqueous electrolytes.

For ruthenium, electrolytes based on ruthenium sulphamate34 or nitrosyl-
sulphamate35 have been described, but the most useful solutions currently
available are based on the anionic complex36'37 (H 2 O-Cl 4 -Ru-N-Ru-
Cl4-OH2)3'. The latter solutions operate with relatively high cathode
efficiency to furnish bright deposits up to a thickness of about 0-005 O mm,
which are similar in physical characteristics to electrodeposited rhodium and
have shown promise in applications for which the latter more costly metal
is commonly employed. Particularly interesting is the potential application
of ruthenium as an alternative to gold or rhodium plating on the contact
members of sealed-reed relay switches.

Iridium has been deposited from chloride-sulphamate38 and from
bromide electrolytes39, but coating characteristics have not been fully
evaluated. The bromide electrolytes were further developed by Tyrrell40 for
the deposition of a range of binary and some ternary alloys of the platinum
metals, but, other than the platinum-iridium system, no commercial exploi-
tation of these processes has yet been made.

Electrodeposition of osmium41 was reported from a strongly alkaline
electrolyte based on an anionic complex formed by reaction between osmium
tetroxide and sulphamic acid. Little is known concerning the general sound-
ness of such coatings, but they appear to show excellent mechanical wear-
resistance, since in comparative abrasion tests an osmium coating lost only
one-quarter the thickness of a hard chromium deposit. Both iridium and
osmium have very high melting points and high work functions, which sug-
gest application in the coating of tungsten valve grids to suppress secondary
electron emission, but in both cases application is likely to be restricted by
the high cost and limited availability of the metals.

Other Coating Techniques

'Brush' plating42 is a variant of electrodeposition in which the electrolyte is
held in a pad of cotton wool or other absorbent material and applied by
wiping over the article to be plated. Though very old in principle, modern
developments in equipment and applicational techniques render the method
extremely useful in the case of precious metals in view of the possibility of
localising the coating to selected areas. It is also useful in repair and salvage
operations in the plating of electronic components.

Another method entails application of the coating by spraying, brushing



or silk-screen printing onto the surface a liquid composition containing
organic salts of the metal in a suitable vehicle, which, on firing, decomposes
to produce a metal film. This process has been used for many years to
apply very thin coatings of gold and other precious metals to non-conductors
for decorative purposes, and has served as a basis for technological improve-
ment designed to make it possible to apply thick coatings of platinum in a
single application43. Though developed initially for the coating of refrac-
tories for critical applications in the glass industry, the process is useful
also in the coating of metals carrying refractory oxide films, e.g. titanium,
zirconium. It has the merit that the properties of the coating are some-
times closer to those of the pure metal than is generally the case for
electrodeposits.

Protection at High Temperatures

Although the platinum metals have high melting points, covering a range
from 1 5520C (palladium) to approximately 250O0C (ruthenium and iri-
dium) only platinum retains its freedom from oxide films at temperatures up
to the melting point. Palladium and rhodium form stable protective oxide
films over a temperature range of approximately 500-1 00O0C, above which
the oxides dissociate. The oxides formed by ruthenium and osmium are
readily volatile, hence these two metals are quite unsuitable for high tem-
perature application. The behaviour of iridium in this respect is intermediate
between that of rhodium and ruthenium.

At temperatures above the melting point of gold, which represents the
chief range of interest, the life of a platinum coating on a base metal is
limited by the extent to which inter-diffusion with the substrate metal, and
gaseous diffusion through the outer coating (leading to formation of base
metal oxide initially along grain boundaries of the coating and ultimately
at the surface) is possible. The problems involved are exemplified in the
application of platinum coatings for protecting molybdenum against oxida-
tion at temperatures in the region of 1 20O0C in gas turbines, and in the
preparation of clad-molybdenum stirrers for molten glass. Useful life of the
composite material is obtained only with claddings 0-25-0-5 mm thick, and
in this connection Rhys44 has demonstrated the importance of an inter-
mediate layer of gold or an inert refractory oxide as a barrier to outward
diffusion of molybdenum45.

Although electrodeposition permits the coating of relatively complex
shapes, the permeability of coatings so applied to gases at temperatures
of the order of 1 20O0C is, in the present stage of development, too great
for them to have a protective value comparable to that of wrought metal
coatings. For example, an electrodeposit of platinum O-10 mm thick pro-
tected molybdenum for only 16 h in air at 1 20O0C, whereas a mechanical
cladding of this thickness had a life of some 300 h under similar conditions.
It is possible, however, that modified coatings might be more akin to the pure
metal in this respect. Coatings produced by vapour-phase deposition may
possibly have advantages in this type of application.

An interesting approach to the inter-diffusion problem was made by
Rhys46 who protected ruthenium-rich ruthenium-gold alloys by palladium-



gold coatings of composition corresponding to the opposite ends of the
'tie-lines' in the palladium-gold-ruthenium ternary system. Since substrate
and coating compositions are in thermal equilibrium, diffusion between
the two does not occur to an appreciable extent over long periods at high
temperatures. Unfortunately, coating life is again limited by diffusion of
oxygen through the coating.

Recent Developments

Electrodeposited Coatings

Silver and gold Silver is nearly always deposited from cyanide baths,
though other baths have been described. To limit oxidation and polymerisa-
tion in high-speed selective plating with insoluble anodes, low-cyanide baths
have been developed containing salts such as phosphate47.

Silver coatings may blister above 20O0C because of oxygen diffusion.
A nickel undercoat stops interdiffusion with a copper substrate above
15O0C. Alloying with antimony, selenium, sulphur or rhenium increases
hardness—the coefficient of friction is also much reduced in the last case48.

Clarke's study of the porosity of gold deposits lasted for a decade23'49.
Reviewing the topic, Garte concluded that, to reduce porosity: (1) the
substrate surface should be smoothed chemically or electrochemically;
(2) certain undercoats are beneficial; and (3) plating conditions must be
tightly controlled50. Better procedures led to a reduction of thickness
requirements — e.g. from 5 to 2 • 5 /mi on connectors, provided other require-
ments are satisfied.

Abbott studied the corrosion of contacts, and proposed quality tests in
dilute mixtures of hydrogen sulphide, nitrogen dioxide and chlorine in air at
controlled temperature and humidity51. These gave good results in a project
seeking improved procedures for British and IEC standards52.

Hundreds of baths exist for electrodeposition of gold and its alloys53.
The latter are more wear resistant, so better for contacts54. Polymers incor-
porated in cyanide-bath deposits affect wear and contact resistance55.

The Platinum Metals

Rhodium Patents have been filed on low-stress deposits, better undercoats
and use of soluble anodes; there have been several reviews56, but no major
recent developments.

Palladium Advantages have been claimed for new baths (e.g. using
chelated complexes57). Antler summarised the use of palladium as coatings,
inlays and weldments in electronic connectors58. Crosby noted that palla-
dium deposits are of two kinds: (1) soft but continuous or (2) hard but
porous or cracked. To resist wear and substrate corrosion on contacts, he
proposed the application of type 1 (from a bath with tetranitropalladium(ll)
anion) over type 2 (from solution containing tetramminepalladium(li)
cation)59.



Industry, however, favours electrodeposited palladium-nickel alloy since
it is cheaper than palladium, harder and less prone to cracking, finger-
printing and formation of polymer films60. Its wear resistance is poor, so it
is usually given a thin topcoat of hard (sometimes, soft) gold61.

Palladium-silver alloy has greater resistance to fretting. Inlays are com-
mon, and coatings will be adopted as deposition processes improve62.

Platinum Platinum-coated titanium is the most important anode material
for impressed-current cathodic protection in seawater. In electrolysis
cells, platinum is attacked if the current waveform varies, if oxygen and
chlorine are evolved simultaneously, or if some organic substances are
present63. Nevertheless, platinised titanium is employed in tinplate produc-
tion in Japan64. Although ruthenium dioxide is the most usual coating for
dimensionally stable anodes, platinum/iridium, also deposited by thermal
decomposition of a metallo-organic paint, is used in sodium chlorate
manufacture65. Platinum/ruthenium, applied by an immersion process, is
recommended for the cathodes of membrane electrolysis cells66.

Characteristics of established platinum plating baths have recently been
reviewed67. Advantages have been claimed for new baths based on the com-
plex tetrammineplatinum(ll) cation68.

Ruthenium, iridium and osmium Baths based on the complex anion
(NRu2Cl8(H2O)2)

3" are best for ruthenium electrodeposition68. Being
strongly acid, however, they attack the Ni-Fe or Co-Fe-V alloys used in reed
switches. Reacting the complex with oxalic acid gives a solution from which
ruthenium can be deposited at neutral pH. To maintain stability, it is
necessary to operate the bath with an ion-selective membrane between the
electrodes69.

Iridium and osmium are rarely deposited. A new osmium bath is based
on the hexachloroosmate ion70. Procedures were outlined for depositing
osmium on targets for nuclear reactions71.

Other Coating Techniques

The largest uses of platinum group metals in electronics are: ruthenium for
resistors and palladium for multilayer capacitors, both applied by thick film
techniques72. Most anodes for brine electrolysis are coated with mixed
ruthenium and titanium oxide by thermal decomposition73. Chemical
vapour deposition of ruthenium was patented for use on cutting tools74.

Protection at High Temperatures

The life of gas turbine blades is improved by platinum and/or rhodium,
applied below or above, or co-deposited with, aluminised, thermal-barrier
or MCrAlY-type layers75. The performance of modified aluminides was
demonstrated in long-term engine trials76.

J. EDWARDS
F. H. REID
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