
13.6 Copper and Copper Alloy

Coatings

Copper coatings are usually applied by electrodeposition (Section 12.1),
although for more limited purposes 'electroless' or immersion deposits are
used. Less frequently, copper may also be applied by flame spraying1.

Applications

Copper deposits are applied predominantly for the following purposes:
1. As an undercoat for other metal coatings. The main use of copper

plating is as an undercoating prior to nickel-chromium plating steel and
zinc-base die castings. On steel, the primary purpose is to reduce polishing
costs. Other advantages are that with a copper-plated undercoating, cleaning
is less critical for achieving a well-adherent nickel deposit and metal distribu-
tion is frequently improved. Nickel-chromium plating standards of most
countries permit some part of the nickel thickness to be replaced by
copper2'3. On zinc-base die castings a copper undercoat is almost universally
used, as an adherent nickel deposit cannot be deposited directly from conven-
tional baths. For a similar reason copper is deposited on aluminium which
has been given an immersion zinc deposit4 before nickel plating is applied.

Under micro-discontinuous chromium coatings, copper undercoats
improve corrosion resistance. On non-conductors, especially on plastic sub-
strates, copper is often applied before nickel-chromium plating over the
initial 'electroless' copper or nickel deposit in order to improve ductility and
adhesion, e.g. as tested by the standard thermal-cycling test methods5.

2. As a decorative finish on steel and zinc-base alloys for a variety of
domestic and ornamental articles. The finish may be protected by clear lac-
quers or may be coloured by metal colouring techniques for use on, for
example, door handles, luggage trim, etc.

3. As a 'stop-off' for nitriding or carburising of steel. The 10-40 /mi
deposits, which are electroplated on selected areas, are removed after the
heat treatment.

4. For protection of engineering parts against fretting corrosion, on
electrical cables and on printing cylinders. Temporary protection allied with
lubrication is provided by immersion deposits of copper on steel wire.

5. Chemical deposits of copper are applied to provide conducting surfaces
on non-metallic materials.

6. Copper is plated on printed circuit boards to provide electrical conduc-
tors and for a variety of other electrical and electronic applications6.



Plating Solutions

Copper is electrodeposited commercially mainly from cyanide, sulphate and
pyrophosphate baths. For rapid deposition in electro-forming, a fluoborate
bath may also be used.

The sulphate bath The sulphate bath, the earliest of electroplating solu-
tions and the simplest in composition, contains typically 150-250 g/1 of
copper sulphate and 40-120 g/1 of sulphuric acid. The composition is not
critical and the higher concentrations are used for plating at higher current
densities, normally up to 6 A/dm2.

Addition agents used to produce smooth and fine-grained (though dull)
deposits include gelatin, glue, phenol sulphonic acid, hydroxylamine and
triethanolamine. These are believed to inhibit crystal growth by forming col-
loids in the cathode layer, and, in some cases, to change the crystallographic
orientation.

Modern bright acid copper plating baths contain both organic and
inorganic addition agents which act as brighteners and levellers. The two
functions are largely distinct, the latter being the more important when cop-
per is plated as an undercoat for decorative nickel-chromium coatings.
Additives of this type include organic sulphur compounds, e.g. thiourea
derivatives. Such solutions are sensitive to the chloride ion concentration
which must be maintained at a low level.

On ferrous metals immersion deposition in the copper sulphate bath pro-
duces non-adherent deposits, and a cyanide copper undercoat is therefore
normally used. Where the use of a cyanide strike cannot be tolerated, an
electroplated or immersion nickel deposit has been used7'8. Additions of
surface-active agents, often preceded by a sulphuric acid pickle containing
the same compound, form the basis of recent methods for plating from a
copper sulphate bath directly on to steel9"11.

While the sulphate bath has a high plating speed, its throwing power is
poor, and this limits its application to articles of simple shapes.

Cyanide baths Most general copper plating, other than that applied, for
example, to wire and strip or for electroforming, is carried out in a cyanide
bath. Its main advantages are (a) that it can be used to plate directly onto
steel and zinc-base alloys, and (b) that it has good throwing power, which
renders it suitable for plating a large variety of shapes.

Modern solutions fall mainly into three types: (a) the plain cyanide bath
which contains typically 20-25 g/1 of copper cyanide, 25-30 g/1 total sodium
cyanide (6.2 g/1 'free' sodium cyanide), and is operated at 21-380C and
110-160 A/m2; (b) the 'Rochelle' copper bath to which is added 35-50 g/1
of Rochelle salt and which is used at 660C at up to 645 A/m2; and (c) the
high-efficiency cyanide baths which may contain up to 125 g/1 of copper
cyanide, 6-11 g/1 of 'free' sodium or potassium cyanide, 15-30 g/1 of sodium
or potassium hydroxide, and are operated at up to 6-9 A/dm2 and
65-9O0C. Most bright cyanide copper baths12 are of the high-efficiency type
and, in addition, contain one or more of the many patented brightening and
levelling agents available. Periodic reverse (p.r.) current is also sometimes
used to produce smoother deposits.

Plating speeds for the high-efficiency baths are high, partly because higher
current densities can be used without 'burning', but mainly because the



cathode efficiency of the more concentrated solution is higher at higher
current densities (e.g. 90-989/0 compared to 30-60% for the 'plain' and
'Rochelle' type solutions). However, a more dilute solution must generally
be used as a 'strike' bath on steel and zinc-base alloys to avoid immersion
deposition.

Pyrophosphate bath The pyrophosphate bath is intermediate in throwing
power between the sulphate and cyanide baths. A typical bath contains
80-105 g/1 of copper pyrophosphate, 310-375 g/1 of potassium pyrophos-
phate and 25 g/1 of potassium citrate, pH 8-7-9-4. Similar baths containing
nitrate, ammonia and oxalate are also employed. The solutions are used
at 50-6O0C with vigorous air agitation when current densities of up to
10 A/dm2 are permissible. A proprietary bath is available with excellent
brightening and good levelling characteristics.

A more dilute strike bath is employed for obtaining the initial deposit on
steel, while for strongly recessed parts, e.g. tubular work, an immersion
nickel deposit has been used8. A short cyanide copper strike is used before
plating on zinc-base die castings.

Other electroplating solutions Other solutions12, which are more rarely
used for plating copper, include the fluoborate bath, the amine bath, the
sulphamate bath and the alkane sulphonate bath.

Chemical deposition Simple immersion deposits of copper may be
obtained on iron and steel in a solution containing, for example, 15 g/1 of
copper sulphate and 8 g/1 sulphuric acid, and on zinc-base alloy in a solution
containing copper sulphate 300 g/1, tartaric acid 50 g/1 and ammonium
hydroxide 30 ml/113. Such deposits are thin and porous and are mainly
plated for their colour, e.g. for identification, or for their lubricating proper-
ties, e.g. in wire drawing.

Solutions containing tetrasodium E.D.T.A. have also been used for this
purpose and give slightly superior coatings.

On non-conductors, copper may be deposited by chemical reduction from
a modified Fehling's solution. Such solutions have gained wide application
in the plating of ABS and other plastics which are 'electrolessly' copper
plated before nickel-chromium plating. Pretreatment of the plastic is impor-
tant in order to gain adequate adhesion and includes steps for etching the
surface as well as for providing a conducting substrate by treatment in
stannous chloride and palladium chloride solutions.

Properties of Copper Deposits

Deposit uniformity The uniformity of a deposit is an important factor in
its overall corrosion resistance and is a function of geometrical factors and
the 'throwing power' of the plating solution. A distinction is made here
between macro-throwing power, which refers to distribution over relatively
large-scale profiles, and micro-throwing power, which relates to smaller
irregularities14.

The copper cyanide bath has excellent macro-throwing power and is
chosen whenever irregular-shaped parts are to be plated. The sulphate bath
is not inferior when parts with very narrow recesses, i.e. with width of open-
ing less than 6mm, are to be plated, although its macro-throwing power is



poor. Pyrophosphate baths are intermediate between the two in macro-
throwing power.

Porosity As is the case with all cathodic deposits, the corrosion resistance
of a copper deposit is reduced in the presence of continuous porosity. Experi-
ence has shown that porosity is least when attention is paid to adequate
cleaning, and the solution is kept free from solid or dissolved impurities (see
Section 12.1). Porosity of copper deposits is also related to polarisation15.

Corrosion resistance The corrosion resistance of a copper deposit varies
with the conditions under which it is deposited and may be influenced by
co-deposited addition agents (see, for example, Raub16). Copper is, how-
ever, plated as a protective coating only in specialised applications, and the
chief interest lies in its behaviour as an undercoating for nickel-chromium
on steel and on zinc-base alloy. Its value for this purpose has long been a con-
troversial issue.

A thin copper deposit, e.g. 2.5 ̂ m9 plated between steel and nickel,
improves corrosion resistance during outdoor exposure17, and many platers
also believe that a copper undercoating improves the covering power of
nickel, particularly on rough steel.

Where heavier copper coatings are plated as a partial replacement for
nickel, as is permitted under most nickel plating specifications, the effects are
not clearly established. According to Blum and Hogaboom18 the protective
value of nickel on steel is reduced by the presence of a copper undercoating,
but this does not apply when the nickel is chromium plated. This is largely
corroborated by subsequent corrosion tests17> 19 and the detrimental effect
in the absence of chromium is probably due to attack on the nickel by the
copper corrosion products. In the presence of conventional chromium plate,
on the other hand, the fact that statistical evidence on many thousands of
chromium-plated motor components has not established any difference in
the behaviour of parts in which nickel formed respectively 95-100% and
50% of the copper-nickel coating20, bears out the view that after chromium
plating the differences in protective value tend to disappear. Moreover,
when, as frequently happens in practice, the copper coating is polished, the
protective value of the copper-nickel coating is higher than that of nickel
alone, owing to the pore-sealing effect of the polishing operation.

The case is different again under micro-discontinuous (i.e. micro-cracked
or micro-porous) chromium, on which a definite improvement in corro-
sion resistance can be achieved when copper is present under the nickel
coating21'22.

As an undercoating for chromium, i.e. in place of nickel, copper is not
to be recommended. On the other hand, both accelerated and outdoor
corrosion tests have shown that a tin-bronze deposit, containing 80-90%
copper, is considerably better for this purpose and it has been claimed to be
approximately equal to nickel in this respect.

Mechanical properties The hardness and strength of copper deposits may
vary widely according to the type of bath used (see Table 13.14). In the
presence of addition agents which decompose in use, the hardness may,
moreover, vary appreciably with the age of the bath23.

In copper sulphate solutions, hardness and tensile strength are increased



by raising the current density and reducing the temperature. As will be seen
from Table 13.14, particularly high hardness values can be obtained in the
cyanide bath by using p.r. current.

Annealing of electrodeposited copper reduces the mechanical properties.
As an example, the tensile strength has been reported to decrease from
275-330 MN/m2 to 180-255 MN/m2 on heating at above 30O0C24 while the
hardness of deposits obtained in the presence of addition agents may drop
from as high a value as 300 HV to 8OHV after annealing at 20O0C.

Internal stress of copper deposits may vary between —3.4 MN/m2 (com-
pressive) and + 100 MN/m2 (tensile). In general, tensile stress is con-
siderably lower in deposits from the sulphate bath than in those from
cyanide solutions25"27, while pyrophosphate copper deposits give inter-
mediate values. In cyanide solutions, tensile stress increases with metal con-
centration and temperature decreases if the free cyanide concentration is
raised. P.r. current significantly lowers tensile stress28. With some excep-
tions, inorganic impurities tend to increase tensile stress29. Thiocyanate
may produce compressive stress in cyanide baths25.

In the sulphate bath the tensile stress increases if the temperature is
reduced or the current density is increased, and gradually diminishes with
increase in deposit thickness25. Addition of thiourea (1 g/1) or gelatin to the
acid bath results in compressively stressed deposits, though at higher concen-
trations of addition agent this effect may be reversed30. Dextrose and gum
arabic increase tensile stress31. The effect of other organic compounds may
similarly depend on the operating conditions32'33. The relationship between
ductility and stress is complex, e.g. thiourea additions increase ductility over
a wide range34.

Despite the large differences in respect of other mechanical properties, it
has been established35 that the wear resistance of copper deposits, which is
markedly inferior to, for example, that of electrodeposited nickel, is not
significantly affected by either type of bath or addition agents.

Embrittlement by hydrogen absorbed by the substrate during pretreat-
ment, e.g. in acid pickling baths or during plating, is generally important
only on copper-plated wire or where copper is plated for lubrication before
drawing operations on high-strength steels. For these purposes the acid cop-
per bath is slightly preferable to the cyanide bath. Hydrogen may be removed
and ductility restored by heat treatment in air (140-20O0C for 0.5-1 h), in
water (80-10O0C for 0.5-2 h), or in oil (175-23O0C for 1.5-2h)12. Other
properties have been comprehensively summarised in the literature12'36.

Plating bath

Sulphate bath
Sulphate bath with addition agent
Fluoborate bath
Cyanide bath
Cyanide bath with p.r. current
Pyrophosphate bath

Hardness
(Hv)

40-65
80-180
40-75

100-160
150-220
125-165

Elongation
[°7o on

50.8mm (2 in)]

20-40
1-20
7-20
9-15
6-9

Tensile
strength

(MN/m2)

230-310
480-620
240-275
415-550
690-760

Table 13.14 Mechanical properties of electrodeposited copper12



Copper Alloy Deposits

Copper-zinc Copper-zinc alloys are deposited for two main purposes:
(a) as a decorative finish, e.g. on steel and (b) as a means of obtaining an
adhesive bond of rubber to other metals.

Cyanide solutions are used almost exclusively. One typical solution con-
tains copper cyanide 26 g/1, zinc cyanide 11 g/1, sodium cyanide (total) 45 g/1
and sodium cyanide ('free') 7 g/112. This bath is operated at pH 10.3-11.0,
110 A/m2 and 27-350C, with 75 Cu-25 Zn alloy anodes. Many other solu-
tions are used12, including a special rubber-bonding bath37 and a high-speed
bath which is capable of being used at up to 16 A/dm2(2>38).

Brass deposits normally contain 70-80% copper and 30-20% zinc; the col-
our does not normally match solid brass of the same composition and may,
moreover, vary with the operating conditions and solution composition.

White brass deposits containing 85% zinc and 15% copper have also
been plated to a limited extent39, mainly as an undercoating for chromium
during the nickel shortage, but they did not prove fully satisfactory.

While brass deposits have a somewhat higher protective value on steel than
the equivalent thickness of copper, the deposits tend to tarnish, and when
used for decorative purposes bright deposits are normally protected by a
clear lacquer.

Copper-tin Although a wide range of copper-zinc alloy deposits can be
plated40, most experience has been gained with two compositions, i.e. the
red copper-rich tin-bronze which contains 90-93% copper and 10-7% tin
and the white speculum which contains 50-60% copper and 50-40% tin.

While tin-bronze has been successfully plated as an undercoating for
chromium during the nickel shortage41'42 its main use now is as a decorative
finish in its own right, because of its pleasing red-gold colour. As in the case
of brass, however, the deposits must be protected against tarnishing by a
clear lacquer.

Speculum deposits are similar in appearance to silver, but are harder and
have good tarnish resistance. Alloys containing only 2% copper and 98% tin
are plated on bearing surfaces.

Copper-tin deposits can be plated from cyanide or pyrophosphate43'44

baths and deposits are of good corrosion resistance (approximately equi-
valent to the same thickness of nickel). Hardness values of up to 314 Hv are
obtainable for the copper-rich alloys45, and up to 530 Hv for the tin-rich
alloys can be obtained. (See also Section 13.5.)

Other alloys Other copper alloys can be plated, including copper-tin-
zinc (Alballoy)46, copper-nickel47, copper-cadmium48'49, copper-gold and
copper-lead50.

R. PINNER
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13.7 Nickel Coatings

Nickel coatings have long been applied to substrates of steel, zinc and other
metals in order to provide a surface that is resistant to corrosion, erosion and
abrasion. Most of the nickel is used as decorative coatings 5-40/xm thick,
usually under a top coat of chromium about O • 5^m thick so as to give a non-
tarnishing finish. Such coatings are applied to metal parts on cars, cycles,
perambulators and a wide range of consumer items; they have also been
applied increasingly to plastic components during recent years in order to
give an attractive metallic appearance1'2. Decorative nickel coatings are
also applied without chromium top coats to products such as spanners,
screw-driver blades, keys and can-openers.

About 3% of all nickel used in the form of coatings is employed in
engineering applications where brightness is rarely needed and the deposits
are relatively thick; these coatings are used for new parts and for reclamation.

Most nickel electroplating is carried out in solutions based on the mixture
of nickel sulphate, nickel chloride and boric acid proposed by O. P.
Watts3. Typical composition and operating conditions are:

Composition
Nickel sulphate (NiSO4-TH2O): 240-300 g/1
Nickel chloride (NiCl2 -6H2O): 40-60 g/1
Boric acid (H3BO3): 25-40g/1

Operating conditions
Temperature: 25-5O0C
Air agitation
pH: 4-0-5-0
Cathodic current density: 3-7 A/dm2

Mean deposition rate: 40-90 /on/h

The Watts solution is a relatively cheap, simple solution which is easy to
control and keep pure. The nickel sulphate acts as the main source of nickel
ions, though nickel chloride is an additional source. Higher deposition rates
can be used when the ratio of nickel chloride to nickel sulphate is raised
and some proprietary bright nickel solutions are available in a 'high-speed'
version which contains an increased concentration of nickel chloride.

Chloride ions are also needed to ensure satisfactory dissolution of some
nickel anodes at usual values of pH and solution temperature. Where sul-
phur is deliberately incorporated in the anode during manufacture however,



anodic dissolution of the nickel is activated and the chloride in the solution
may be reduced or entirely eliminated, depending upon the degree of anodic
activation achieved and the maximum anodic current density required.
Nickel anodes are usually either (a) bars or sheets fabricated by casting, roll-
ing or extrusion, or (b) strips of electrolytic nickel, pieces of electrolytic-
nickel or carbonyl-nickel pellets contained in a basket of titanium mesh. The
anodes are held in bags of cotton twill, polypropylene or Terylene in order
to prevent metallic particles from entering the solution and causing deposit
roughness. Accounts of the anodic dissolution of nickel are given by Raub
and Disam4, and Sellers and Carlin5. (See also Section 12.1.)

At normal current densities, about 96-98% of the cathodic current in a
Watts solution is consumed in depositing nickel; the remainder gives rise to
discharge of hydrogen ions. The boric acid in the solution buffers the loss
of acidity arising in this way, and improves the appearance and quality of
the deposit. Although phosphates, acetates, citrates and tartrates have been
used, boric acid is the usual buffer for nickel solutions.

A detailed discussion of the function of the constituents of the Watts
bath is given by Saubestre6. In addition to inorganic constituents, organic
wetting agents are often added to prevent pitting of the deposit that might
otherwise arise from adhesion to the cathode of small bubbles of air7 or
hydrogen evolved cathodically. Elimination of pitting and other defects is
discussed by Bouckley and Watson8.

Decorative Plating

The majority of decorative nickel plating is carried out in solutions contain-
ing addition agents which modify growth of the nickel deposit so that a fully
bright finish is obtained that is suitable for immediate chromium plating
without mechanical finishing. At one time, wide use was made of deposits
with brightness achieved through additions of cobalt salts plus formates
and formaldehyde9'10, but the use of a mixture of organic addition agents
enables deposits to be obtained which are smoother, more lustrous, give
bright deposits over a wider range of current densities, and have lower inter-
nal stress. In consequence, the bulk of bright nickel plating is carried out in
organic bright nickel solutions.

Organic bright nickel solutions Several organic substances are used at
appropriate concentrations in these solutions in order to give brightness,
levelling and control of deposit stress. Portions of the addition agent mole-
cules are incorporated in the deposit, resulting in a hard, fine-grained coating
which has a finely striated structure when etched in section and which usually
contains incorporated sulphur. The sulphur causes the deposit to be electro-
chemically less noble than pure nickel deposits. Decomposition products of
the additives form in the solution with use, and at one time they accumulated
and impaired the mechanical properties of the plate, eventually necessitating
batch purification. In modern solutions however, continuous carbon filtra-
tion can be used to remove deleterious organic substances without significant
removal of the addition agents themselves.

Brighteners Modern solutions contain a brightener system comprising



several additives which together enable bright deposits to be obtained over
a wide range of current densities such as that occurring over a component
having a complicated shape with deeply recessed areas. Brighteners are
broadly divided into primary brighteners and secondary brighteners, but the
division is not sharp.

Primary brighteners have a powerful effect on the deposit and are nor-
mally used at low concentrations which are carefully controlled. Metals such
as cadmium and zinc act as primary brighteners, as do organic substances
such as amino polyary!methanes, quinoline and pyridine derivatives, and
sulphonated aryl aldehydes. Primary brighteners often, especially at higher
concentrations, affect adversely the mechanical properties of the deposit.

Secondary or carrier brighteners have a milder effect on the deposit when
used alone, and modify the effect of primary brighteners. Judicious com-
bination of primary and secondary brighteners gives fully bright but rela-
tively ductile deposits having low internal stress. Aryl sulphonic acids and
sulphonates, sulphonamides and sulphimides frequently act as secondary
brighteners.

Combinations of brighteners often behave synergistically, so that the
final brightening effect is greater than might have been expected from the
individual effects.

Stress reducers Many organic substances used as secondary brighteners
also reduce the tendency for the internal stress in the deposit to become
tensile. In the absence of primary brighteners, they are able to give zero or
even compressive stress in nickel deposits, and thereby find wide application
in electroforming where accurate control of deposit stress is vital. Saccharin,
/7-toluene sulphonamide, and mono-, di- and tri-sulphonates of benzene and
naphthalene are common stress-reducing agents. Stress is usually measured
in nickel deposits by observing the bending induced by plating one side only
of a metal strip. Convenient and sensitive developments of this technique are
available11-14.

Levelling agents A nickel plating solution is said to have levelling action
if deposits from it, when applied to an uneven cathode surface, become
increasingly smooth as plating proceeds. Levelling agents are therefore
widely used to eliminate expensive final polishing of the nickel surface and
to reduce the fineness of the surface finish needed on the substrate surface.
Both features reduce the cost of producing a bright and smooth finish on a
plated article.

Levelling agents increase cathode polarisation and are consumed at the
cathode by decomposition or incorporation in the deposit. They are used at
a concentration sufficiently low that a diffusion layer is established at the
cathode surface, and then the levelling agent is able to diffuse at a greater rate
to peaks than to recesses on the surface. In order that the layer of solution
adjacent to the cathode surface shall remain an equipotential surface, the
current density at recesses rises above that at peaks, giving progressive
smoothing of the deposit as deposition proceeds.

The levelling action of an addition agent15 depends upon its concentration
C in the solution, the rate of change of cathode potential with change of con-
centration (d£7dC) and the rate of change of cathode potential with current
density (dE/d/). Levelling power (L.P.) at a given current density, defined



as deposit thickness in recesses minus thickness at peaks divided by average
thickness, may be expressed as

L.P. = KC(dE/dC) (dl/dE)

where K is a constant. Typical levelling agents include coumarin, quinoline
ethiodide, butyne 1,4 diol and its derivatives, and thiourea and its deriva-
tives at certain concentrations. Extensive studies of the mechanism of level-
ling have been carried out in the United States16, Britain15 and the Soviet
Union17.

Semi-bright solutions Maximum levelling action is often found in solutions
which do not give a fully bright deposit, but the deposit is smooth and can
easily be lightly buffed to give a lustrous finish; moreover, many levelling
agents used are sulphur-free, so that the deposits are also free from sulphur
and as noble as a Watts deposit when subjected to corrosive attack. This
feature is exploited in double-layer nickel coatings (see below).

Wetting agents As mentioned earlier, wetting agents are added to nickel
solutions to prevent pitting. These wetting agents can be cationic, non-ionic
or anionic in nature. In general, the best anti-pit agents tend to produce the
most foaming, and a compromise must be struck. Where mechanical agita-
tion of the solution is used, by stirrers or by cathode movement, a greater
tendency to foaming can be tolerated than when air-agitation is employed.

Interaction of addition agents The success of modern proprietary bright
nickel solutions has resulted in large measure from the skill of the research
departments of plating supply houses in balancing the effects of various
additives to give optimum results. The detailed, findings are usually kept
confidential, but the broad principles of addition agent action and interac-
tion are discussed in published work 18~20.

A commercial-scale operation with bright and semi-bright solutions based
not on Watts but on a solution having nickel sulphamate as the main consti-
tuent (430-450 g/1), is described by Siegrist21.

Decorative Coating Systems that give Improved
Resistance to Corrosion

Double-layer nickel coatings These coatings have an undercoat of highly-
levelled sulphur-free nickel covered with sufficient bright nickel to give a
fully bright finish with minimum requirement for expensive mechanical
finishing of the part. They were initially produced simply to reduce costs, but
it was soon noticed that, because the undercoat of sulphur-free semi-bright
nickel is electrochemically more noble than the final bright nickel above it,
corrosive attack when it does occur is preferentially directed towards the
bright nickel, and penetration to the basis metal is markedly delayed.

Figure 13.7 shows how pits in a single-layer nickel deposit start at small
pores or other imperfections in the chromium top coat22. The pits are
initially hemispherical; those shown here were produced by 6 months in an
industrial atmosphere on a copper plus nickel plus chromium plated car
bumper.



Fig. 13.7 Commencement of corrosion at discontinuities in chromium topcoat over nickel;
x 1 000 (after Reference 22)

In double-layer nickel coatings however, a flat-based pit is formed in the
nickel coating, giving marked resistance to penetration to the basis metal.
Figure 13.8 shows a pit in a double-layer nickel plus chromium coating after
58 months service.

Fig. 13.8 Flat-based pit in double-layer nickel plus chromium coating after 58 months service;
x 300 (after Reference 22)



Fig. 13.9 Triple-layer nickel deposit consisting of semi-bright and bright nickel layers with a
thin, highly activated layer of nickel between them (after Reference 23)

Nickel coatings that induce microporosity in chromium topcoats In addi-
tion to the methods invoked in double- and triple-layer nickel coatings to
ensure that the inevitable corrosion currents developed in a corrosive
environment are directed away from the basis metal, another method of pro-
tecting the basis metal is to ensure that the conventional chromium top-coat
(0-3/zm) is made sufficiently porous for the corrosion current to be dis-
sipated over a large number of exposed nickel sites. This is achieved conve-
niently by applying, between the nickel coating and the chromium, a further
thin nickel layer containing incorporated solid particles which are inert and
which induce in the chromium a large number of pores. The rate of attack
at any one pore is then small. Such coatings are increasingly used under
severely corrosive service conditions and are described by Oderkerken24 and
Williams25, among others.

Microcracked chromium topcoats Historically, microcracked chromium
preceded the micro-porous chromium just described, but it is related to it in
that the deposition conditions and thickness of the chromium topcoat are
controlled to give porosity through a network of very fine cracks.

A thickness of at least 0-8/zm is normally needed to ensure that the
required crack pattern is formed all over a shaped part. Such microcracked
chromium coatings have a slightly lower lustre than the thinner conventional
chromium deposits and take longer to deposit. The improved resistance to

Triple-layer nickel coatings In order to minimise the effect of corrosive
attack on the appearance of the deposit while still retaining the resistance to
penetration to the substrate afforded by double-layer nickel, triple-layer
nickel coatings have been developed in which the semi-bright and bright
layers are separated by a thin nickel layer electrochemically less noble than
both of them. This thin layer of nickel, highly activated by incorporated
sulphur, is described by Brown23. Figure 13.9 shows a section through such
a triple-layer coating. In service, corrosive attack is substantially confined to
that part of the coating adjacent to the highly-activated layer.



corrosion that they impart to nickel coatings26"29 has been chiefly of interest
to the automotive industry. In an attempt to avoid the slightly diminished
lustre of thick microcracked coatings, an alternative process has been
developed whereby a thin, highly stressed nickel layer is deposited upon the
normal bright nickel layer. A conventional chromium topcoat is then
applied, causing the thin nickel layer to crack, thereby cracking the
chromium layer itself so as to give a microcrack pattern30.

Supplemental films The Batelle Memorial Institute31 has developed a
post-treatment for nickel plus chromium coatings in which the plated part
is made cathodic in a solution containing dichromate. A film thereby formed
on the surface seals pores in the coating through which corrosion of the
nickel might otherwise occur. Later work32 suggests, however, that micro-
cracked chromium gives superior results.

Control of quality of decorative nickel coatings Increasing international
effort has been spent during the past few years in drawing up agreed recom-
mendations aimed at ensuring that incorrect plating procedures do not
diminish the high performance of nickel, or nickel plus chromium, coatings.
During 1970, the International Standards Organisation issued Recom-
mendation 1456 Electroplated Coatings of Nickel plus Chromium and
Recommendation 1457 Electroplated Coatings of Copper plus Nickel plus
Chromium on Steel (or Iron) which were used as guidelines by the British
Standards Institution in drawing up BS 1224:1970 Electroplated Coatings of
nickel and Chromium and BS 4601:1970 Electroplated Coatings of Nickel
Plus Chromium on Plastic Substrates. These British standards specify the
type and thickness of deposits required for various service conditions,
appropriate accelerated corrosion test procedures, and methods of measur-
ing other important properties. The quality of nickel salts and anodes for
plating is specified in BS 558 and 564:1970 Nickel Anodes, Anode Nickel and
Salts for Electroplating.

Engineering Electroplating

Engineering nickel coatings are used to improve load bearing properties and
provide resistance to corrosion, erosion, scaling and fretting. The coatings
are applied to new parts such as rolls for glass making, laundry plates, wire
and tube. They are also used for reclaiming worn gears, shafts and other
parts of buses and ships, and as undercoats for engineering coatings of
chromium.

Deposits from Watts-type solutions Most coatings of nickel for engineer-
ing applications are electro deposited from a Watts-type bath3. Typical
mechanical properties of deposits from Watts and sulphamate solutions are
compared with those of wrought nickel in Table 13.15.

The uncertain effects of impurities are avoided by periodic or continuous
electrolysis of the solution at low current densities to remove metallic con-
taminants and by filtration through active carbon to remove organic
substances. A concise review of the effects of impurities and their removal
is given by Greenall and Whittington33.



Table 13.15 Typical mechanical properties of nickel deposits and wrought nickel

Hot rolled and
annealed Nickel 200

Watts nickel

Conventional
sulphamate nickel

Appearance
as plated

_

Dull, matt

Dull, matt

Hardness
(Hv)

90-140

130-200

160-200

Ductility
(% elongation)

47

25

18

Tensile
strength

(MN/m2)

460

420

420

Tensile
stesss

(MN/m2)

_

150

14

The mechanical properties of Watts deposits from normal, purified
solutions depend upon the solution formulation, pH, current density and
solution temperature. These parameters are deliberately varied in industrial
practice in order to select at will particular values of deposit hardness,
strength, ductility and internal stress. Solution pH has little effect on deposit
properties over the range pH 1-0-5-0, but with further increase to pH 5-5,
hardness, strength and internal stress increase sharply and ductility falls.
With the pH held at 3-0, the production of soft, ductile deposits with
minimum internal stress is favoured by solution temperatures of 50-6O0C
and a current density of 3-8 A/dm2 in a solution with 25% of the nickel
ions provided by nickel chloride. Such deposits have a coarse-grained struc-
ture, whereas the harder and stronger deposits produced under other condi-
tions have a finer grain size. A comprehensive study of the relationships
between plating variables and deposit properties was made by the American
Electroplaters' Society and the results for Watts and other solutions
reported34.

Hard nickel deposits When the plating variables are adjusted to give
deposits with a hardness much above 200 Hv with a Watts solution, internal
stress is usually too high and ductility too low for the deposits to be fully
satisfactory. Higher hardness coupled with reasonable ductility can be
achieved by addition of ammonium salts and operation at higher solution
pH. A solution used for this purpose35 and some deposit properties are as
follows:

Composition
Nickel sulphate (NiSO4-TH2O): 180g/l
Nickel chloride (NiCl2 -6H2O): 30g/l
Ammonium chloride (NH4Cl): 25 g/1
Boric acid (H3 BO3): 30 g/1

Operating conditions
Temperature: 6O0C
pH: 5-6
Cathodic current density: 5 A/dm2

Deposit properties
Hardness: 400 H v
Tensile strength: 1 • 1 GN/m2

Elongation: 6%



Values of hardness higher than 400 Hv (up to 600 Hv) can be obtained by
addition of organic substances to a conventional Watts solution. Similarly,
internal stress can be made less tensile, zero or compressive, by the use of
organic addition agents of the type used in organic bright nickel solutions.
In practice, such hard nickel deposits are seldom used in engineering applica-
tions unless the required coating is so thin that no machining will be required.

Increased hardness and wear resistance may also be achieved by incor-
porating approximately 25-50% by volume of small non-metallic particles.
These may be carbides, oxides, borides or nitrides, and hardness values up
to 560 HV have been reported36.

Deposits from sulphamate solutions The concentration of nickel ions in a
conventional sulphamate plating solution is similar to that in a Watts solu-
tion, but nickel coatings deposited from the sulphamate bath have lower
internal stress. Consequently higher plating rates than those employed in the
Watts solution may often be used and this compensates for the higher initial
cost of nickel sulphamate compared with nickel sulphate. Typical solution
compositions and suitable operating conditions are given in Table 13.16 for
the conventional solution and for a concentrated solution used for deposi-
tion at high rates:

Table 13.16 Typical solution compositions and suitable operating conditions for the conven-
tional and the concentrated sulphamate baths

Compositions :
Nickel sulphamate [Ni(NH2 SO3 )2 4H2 O]
Nickel chloride (NiCl2 -6H2O)
Boric acid (H3BO3)
Operating conditions:
Temperature (0C)
Agitation
pH
Cathodic current density (A/dmz)
Mean deposition rate (jmi/h)

Conventional
solution

(g/D

300
30
30

25-50
air

3-5-4-5
2-15

25-180

Concentrated
solution

(g/1)

600
10
30

60-70
air

3-5-4-5
2-80

25-1000

Replacement of nickel chloride by nickel bromide has been claimed37

in the USA to reduce deposit stress, but subsequent German work38 was
unable to substantiate this finding.

Deposition of nickel at rates up to 1 mm/h in the concentrated solution
is described by Kendrick39. If pure nickel anodes are operated at a current
density between 0-5 and 1-0 A/dm2 in sulphamate solutions, a substance
which behaves as a stress reducer is produced continuously in sufficient quan-
tity that the stress in deposits can be varied at will from compressive to tensile
by adjusting cathode current density and solution temperature. This finding
is exploited with the concentrated sulphamate solution in the Ni-Speed
process40, and in a further development41 cobalt is added to give deposits of



hardness up to 500 Hv. The nature of the stress reducer conveniently
produced at the nickel anode is unknown but it differs42 from the azo-
disulphonate produced43 at an insoluble anode such as platinum.

A comprehensive and authoritative study of the sulphamate bath has been
made by Hammond44.

Deposits from all-chloride solution Nickel deposits from a solution of
nickel chloride and boric acid are harder, stronger and have a finer grain size
than deposits from Watts solution. Lower tank voltage is required for a
given current density and the deposit is more uniformly distributed over
a cathode of complex shape than in Watts solution, but the deposits are
dark coloured and have such high, tensile, internal stress that spontaneous
cracking may occur in thick deposits. There is therefore little industrial use
of all-chloride solutions.

Deposits from other solutions Nickel can be deposited from solutions
based on salts other than the sulphate, chloride and sulphamate. Solutions
based on nickel fluoborate, pyrophosphate, citrate, etc. have been exten-
sively studied but none of them is used to any significant extent in Europe
for engineering deposits.

Resistance to corrosion Oswald45 has surveyed the resistance of engineer-
ing coatings of nickel to corrosion by various chemical environments.
Environments in which nickel has proved satisfactory include: (a) dry gases
including ammonia, the atmosphere, carbon dioxide, coal gas, fluorine,
hydrogen, nitrous oxide; (b) carbon tetrachloride, cider, creosote, hydrogen
peroxide, mercury, oil, petrol, soaps, trichlorethylene, varnish; (c) alkalis
(inch fused), nitrates (incl. fused at 50O0C), cheese, cream of tartar, eggs,
fish, gelatin, fused magnesium fluoride, synthetic resins.

On heating in air, nickel forms a protective oxide and gives good service
up to 70O0C. Nickel is not recommended for exposure to chlorine, sulphur
dioxide, nitric acid, sodium hypochlorite, mercuric or silver salts.

Where nickel is provided as a corrosion-resistant finish, a thickness of
120-130/xm is usually applied, but for well-finished basis metals and in mild
environments, a lower thickness may be adequate. For parts machined after
plating however, up to 0-5 mm may be required.

Effect of nickel coatings on fatigue strength In general, a coating of high
fatigue strength raises the fatigue resistance of a basis metal having low
fatigue strength, and vice versa. Thus nickel coatings applied to steels of
tensile strength greater than about 420MN/mm2 can lead to reduced
fatigue strength. In practice, this reduction in fatigue resistance is often
taken to be negligible for industrial components because the safety factor
used in design is high enough to accommodate the degree of loss45. The loss
can also be minimised either by using high-strength nickel deposits with com-
pressive internal stress obtained by using appropriate addition agents, or by
shot peening the surface of the steel before plating.

Effect on corrosion fatigue The combination of corrosion and fatigue can
cause rapid failure, and a coating of nickel, by preventing corrosion, can
increase the life of the parts. Figure 13.10 shows results obtained by the
National Physical Laboratory on mild steel Wohler specimens sprayed with



Cycles

Fig. 13.10 Corrosion-fatigue tests; specimen sprayed with 3% sodium chloride (after Fescol
Ltd.)

3% sodium chloride solution during testing at 2200 cycle/min; the benefit
given by the 75 pm nickel coating is clearly shown.

Effect on galling and fretting corrosion (Section 8.7) Even when well
lubricated, nickel tends to gall, i.e. stick, when rubbed against some metals,
including other nickel surfaces. Nickel also tends to give galling in contact
with steel and it is necessary to chromium plate the nickel. Nickel does not
form a good combination rubbing against chromium or against phosphor-
bronze, owing to the action on the nickel of the hard particles contained in
the phosphor-bronze. Good performance is given by well-lubricated nickel
against normal white-metal bearings, brasses or bronzes.

When two metals in intimate contact are subjected to vibration, a dark
powder forms at the areas of contact. The effect is referred to as fretting cor-
rosion though it is due to wear rather than true corrosive attack. The galling
effect between nickel and steel ensures good resistance to fretting corrosion
and lubricated nickel against steel is a very satisfactory combination used
widely in industry for components assembled by press-fitting.

Heat treatment after plating Heat treatment may be necessary after plating
to improve the adhesion of coatings on aluminium and its alloys when cer-
tain processes, e.g. the Vogt process, are used, or to minimise hydrogen
embrittlement of steel parts. Care is needed since heating may distort the part
and impair the mechanical properties of the substrate.

Heat treatment to improve adhesion on aluminium and its alloys is
normally carried out at 120-14O0C for 1 h.

Heat treatment to minimise hydrogen embrittlement (Section 8.4) should
be carried out immediately after plating and before any mechanical finishing
operation. Delay is especially undesirable with steels having a tensile strength
exceeding l-4GN/m2 . Steels with tensile strengths below 1 GN/m2 are
usually not heat treated. For the stronger steels, heat treatment is carried out
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at 190-23O0C for not less than 6 h with steels of tensile strengths in the range
1-1-85 GN/m2, and for not less than 18 h in the case of even stronger steels.

Other aspects of engineering electrodeposited coatings A great deal of
information has been published on important, but specialised, aspects of
engineering nickel coatings.

General guidance is provided by BS 4758:1971 Electroplated Coatings of
Nickel for Engineering Purposes**. Cleaning, stopping off, etching, plating
and subsequent machining of the coatings are discussed by Oswald45, and
the special pretreatments for maraging steels are described by Di Bari47.
Detailed recommendations for turning, grinding, milling and boring nickel
coatings are given by Greenwood48. Treatments that promote strong adhe-
sion of subsequent nickel deposits after intermediate machining operations
are discussed by Carlin49. The physical and mechanical properties of nickel
at elevated and sub-zero temperatures, determined with electroformed
test pieces, have been described by Sample and Knapp50. Other details of
the properties of electrodeposited nickel coatings are given in Reference 51.

Electroless Nickel

In contrast to electrodeposited nickel, electroless nickel is deposited without
application of electric current from an external supply. The metal is formed
by the action of chemical reducing agents upon nickel ions in solution and,
although several substances including hydrazine52"54 and its derivatives will
give metallic nickel, commercial processes use either sodium hypophosphite
which gives a nickel-phosphorus alloy, or, sodium borohydride or various
alkyl aminoboranes which give a nickel-boron alloy. These reducing agents
can be used in either batch or continuous deposition processes. The amount
of boron (typically 3-7%) or phosphorus (usually 5-12%) incorporated in
the deposits depends upon solution composition and deposition conditions,
and it determines to a large extent the properties of the deposit.

A major advantage of the electroless nickel process is that deposition
takes place at an almost uniform rate over surfaces of complex shape.
Thus, electroless nickel can readily be applied to internal plating of tubes,
valves, containers and other parts having deeply undercut surfaces where
nickel coating by electrodeposition would be very difficult and costly. The
resistance to corrosion of the coatings and their special mechanical proper-
ties also offer advantages in many instances where electrodeposited nickel
could be applied without difficulty.

Commercial processes Commercial electroless nickel plating stems from an
accidental discovery by Brenner and Riddell made in 1944 during the electro-
plating of a tube, with sodium hypophosphite added to the solution to reduce
anodic oxidation of other bath constituents. This led to a process available
under licence from the National Bureau of Standards in the USA. Their solu-
tions contain a nickel salt, sodium hypophosphite, a buffer and sometimes
accelerators, inhibitors to limit random deposition and brighteners. The
solutions are used as acid baths (pH 4-6) or, less commonly, as alkaline
baths (pH 8-10). Some compositions and operating conditions are given in
Table 13.1755.



Table 13.17 Brenner and Riddell electroless nickel solutions55

Composition (g/1)
Nickel chloride, NiCl2 -6H2O
Nickel sulphate, NiSO4-VH2O
Sodium hypophosphite, NaH2 PO2 • H2 O
Sodium acetate, NaC2H3O2-SH2O
Sodium hydroxyacetate, NaC2H3O3
Sodium citrate, Na3C6H5O7-SyH2O
Ammonium chloride, NH4Cl

Operating conditions
PH
Temperature (0C)
Plating rate (/xm/h)
Appearance

Alkaline
solution

30

10

50

8-10
90

7-5
Bright

Acid solutions

1

30
10
10

4-6
90
25

Rough, dull

2

30

10

10

4-6
90

12-5
Semi-bright

3

30

10

10

4-6
90
5

Further development was made by the General American Transportation
Corporation, and their Kanigen process56'57 has been available since 1952.
Other commercial processes based on the use of hypophosphite have since
been developed. Work with reducing agents containing boron has given rise
to the Nibodur process58'59 which has been available since 1965.

Plating on plastics Electroless nickel is used in thin deposits in order to
provide an initial electrically-conducting surface layer in the preparation of
plastics parts for electroplating. A typical procedure has as its first step an
etching treatment of the plastic moulding in a solution of chromic and
sulphuric acids in order to give a surface into which subsequent metallic
deposits can key. The surface is then made catalytically active for electroless
nickel deposition, usually by successive treatments in solutions containing
tin compounds and compounds of a platinum group metal. Electroless nickel
deposition is then followed by electrodeposition of the required coating
which is usually copper plus nickel plus chromium.

Thorough rinsing between the pretreatment steps is essential to prevent
carry-over of solutions. The commonest plastic plated is ABS (acrylonitrile
butadiene styrene copolymer) but procedures are also available for poly-
propylene2 and other plastics. In some proprietary processes, electroless
copper solutions are used to give the initial thin conducting layer.

Engineering coatings In the field of engineering coatings of electroless
nickel, use of boron compounds as reducing agents has up until now been
confined largely to Germany. A comprehensive account of electroless nickel-
phosphorus and nickel-boron plating in Germany was published by Interna-
tional Nickel60. Electroless nickel-boron deposits have broadly similar
mechanical, physical and chemical properties to those of electroless nickel-
phosphorus deposits, and in the following discussion of deposit properties,
data refer to nickel-phosphorus coatings unless otherwise stated.

Preparation of basis metals for plating Preliminary cleaning of various
basis metals follows the broad principles used for elect rodeposited nickel.



Electroless nickel deposition may then be carried out directly onto steel,
aluminium, nickel or cobalt surfaces. Surfaces of copper, brass, bronze,
chromium or titanium are not catalytic for deposition of nickel-phosphorus
and the reaction must be initiated by one of the following operations:

1. Apply an external current briefly so as to electrodeposit nickel.
2. Touch the surface with a metal such as steel or aluminium while

immersed.
3. Dip in palladium chloride solution (this gives only modest adhesion

and carries the danger of contamination of the bath by solution carry-
over).

Antimony, arsenic, bismuth, cadmium, lead, tin and zinc cannot be directly
plated by these techniques and should be copper plated.

Resistance to corrosion Most authors who compare resistance to corrosion
of electroless nickel with that of electrodeposited nickel conclude that the
electroless deposit is the superior material when assessed by salt spray
testing, seaside exposure or subjection to nitric acid. Also, resistance to cor-
rosion of electroless nickel is said to increase with increasing phosphorus
level. However, unpublished results from International Nickel's Birm-
ingham research laboratory showed that electroless nickel-phosphorus and
electrolytic nickel deposits were not significantly different on roof exposure
or when compared by polarisation data.

Resistance to corrosion of electroless nickel, both as-deposited and, in
most cases, after heating to 75O0C, is listed by Metzger61 for about 80
chemicals and other products. Resistance was generally satisfactory, with
attack at a rate below 13 /un/year. The only substances causing faster attack
were acetic acid, ammonium hydroxide or phosphate, aerated ammonium
sulphate, benzyl chloride, boric acid, fluorophosphoric acid, hydrochloric
acid, aerated lactic acid, aerated lemon juice, sodium cyanide and sulphuric
acid.

Electroless nickel-phosphorus should not be used with either fused or hot,
strong, aqueous caustic solutions because the coating offers lower resistance
to attack than does electrodeposited nickel. As-deposited electroless nickel-
boron, however, offers good resistance to hot aqueous caustic solutions60.
It is also resistant to solutions of oxidising salts such as potassium dichro-
mate, permanganate, chlorate and nitrate.

Heat treatment, e.g. 2 h at 60O0C, improves the resistance to corrosion of
nickel-boron and nickel-phosphorus electroless nickel deposits, especially
to acid media. This presumably results from formation of a nickel-iron alloy
layer61.

Mechanical properties

Ductility The ductility of electroless nickel deposits is low, but the brittle-
ness of deposits containing less than 2% phosphorus can be reduced by
heating to approx. 75O0C for some hours followed by slow cooling.

Hardness The hardness of electroless deposits is higher after heating to
intermediate temperatures, the final value depending upon temperature and
time of heating. Values of maximum hardness of nickel-phosphorus after
heating to various temperatures61 are plotted in Fig. 13.11; the variation of



Time (min)

Fig. 13.12 Relationship between hardness and heat-treatment time for electroless nickel (after
Reference 62)

hardness with heating time62 is shown in Fig. 13.12 for various heat-
treatment temperatures. These curves show that hardness can be made to
exceed 1 000 Hv by appropriate heat treatment. Nickel-boron deposits can
similarly be heat treated to values up to 1 200 Hv.

Resistance to abrasion The resistance to abrasion of electroless nickel-
phosphorus hardened to 600 Hv, assessed by Taber abrasion tests, has been
found to be double that of electroplated nickel63. However, electroless
nickel coatings are not suitable for applications where two electroless nickel
surfaces rub together without lubrication unless the values of hardness are
made to differ by over 200 Hv units. Galling of aluminium, titanium or
stainless steel may be overcome by applying electroless nickel to one of the
two mating surfaces.
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Fig. 13.11 Heat-treatment curve for electroless nickel (after Reference 61)



Applications

In 1970, according to best estimates, 6000Ot of nickel coatings were
deposited in the western world. This figure corresponds to 13% of the nickel
consumed for all purposes.

Decorative coatings It is impossible to give a comprehensive list of the uses
of nickel coatings but applications of decorative nickel coatings, usually with
a chromium top-coat, are given below:

1. Automotive: bumpers, grills, handles, over-riders, hubcaps, exhaust
trim, locks, aerials, ash-trays, knobs.

2. Bicycles: rims, handlebars, spokes, cranks, hubs, bells, brake levers.
3. Perambulators: wheels, handles, springs, wing-nuts, body trim.
4. Door furniture: numbers, letter boxes, handles, bells, locks, keys.
5. Bathrooms: shower attachments, taps, chains, handles, locks, holders

for soap and toothbrushes, mirror surrounds.
6. Kitchens: window fasteners, toasters, can-openers, trim for cooker,

washing machine and dishwasher, clips.
7. General household: irons, needles, pins, press-studs, birdcages.
8. Tools: spanners, nuts, bolts, screws, screw-drivers, hacksaw bodies.

Toys, office equipment, sports equipment and shop furniture also provide
large markets for decorative coatings of nickel or nickel plus chromium.

Engineering electrodeposits Engineering electrodeposits are used to give
improved properties on new components, or to replace metal lost by wear,
corrosion or mis-machining, or as an undercoat for thick chromium deposits.

For new components, the nickel coating is usually 25-250 /mi thick.
Normally, the deposits are not machined. Applications include pump
bodies, laundry plates, heat exchanger plates, evaporator tubes, alkaline bat-
tery cases and food-handling equipment of various sorts.

Machined deposits on new equipment, including undercoats for chro-
mium, are usually 125-500 ̂ m thick. Applications include cylinder liners (on
the water side), cylinders used in the rubber, pulp and paper handling
industries, compressor rods and armatures for electric motors.

Machined deposits for salvaging worn parts, with or without a chromium
topcoat, are limited in thickness only by the economic limitation when it
becomes cheaper to manufacture a new part; thicknesses up to 5-6 mm are
used. Applications include axles, swivel pins, hydraulic rams, shafts, bear-
ings and gears. Among larger installations, the repair shop of the London
Transport Executive at Chiswick houses many nickel plating tanks devoted
to reclaiming worn engine parts from 8 000 buses, and repairs are carried out
on about 15 buses each week.

Electroless nickel engineering deposits Electroless nickel is not usually
deposited to thicknesses greater than about 125/im. Where a greater total
thickness is required, an electrolytic nickel undercoat should be used.

The number of applications has been growing at a considerable rate in
recent years60 and amongst the most common are hydraulic cylinders, tools
for handling plastics, machine parts, printing cylinders, internal plating
of valves and tubes, cooling coils, compressor housings, parts for pumps,
storage vessels for chemicals, braking equipment, industrial needles, reaction



vessels, filters, moulds for glass, and precision gears. Electroless nickel is also
used as a pretreatment stage in the preparation of some printed circuits64.

Electroforms Electroforming is electrodeposition onto a suitable mandrel
which is subsequently removed so that the detached coating becomes the
desired product. The process has the advantages that an object of intricate
form can be produced in a single stage, a variety of desired surface textures
can be reproduced simultaneously, a high order of accuracy is obtained in
reproducing mandrel shape, and tools can be replicated exactly for mass-
production work. Nickel has the particular advantages that its internal stress,
hardness and ductility can be varied at will between wide limits and the final
electroforms are strong, tough and highly resistant to abrasion, erosion and
corrosive attack. The many applications of electroforming with nickel in
Europe have recently been reviewed by Bailey, Watson and Winkler42.

Recent Developments

Decorative Plating

There has been continuing progress in recent years in the formulation
of proprietary nickel electroplating solutions. Bright nickel processes are
available with improved brightness and levelling on unpolished substrates,
improved ductility, and with brightness obtained over a wider range of
current densities. Wearmouth and Bishop61 have developed a process for
applying a pattern to decorative nickel plus chromium coatings after plating,
by laying a stencil over the surface and exposing the bare areas to the peening
action of a slurry of glass beads in water to form a satin texture. Microcrack-
ing of the chromium occurs over the satin regions and resistance to corrosion
is thereby improved.

New pretreatments for aluminium to enable it to be nickel plated more
easily have led to novel decorative applications including large mirrors.
Wyszynski66 has described a proprietary process applicable to a wide range
of aluminium alloys.

Concern over the health hazards of the hexavalent chromium solutions
used to form the top coat of conventional nickel plus chromium coatings
have encouraged research into trivalent chromium plating solutions. A
process with better throwing power and improved covering power than those
of hexavalent chromium has been described by Smart etal.61. A process
for depositing a chromium-iron, or chromium-nickel-iron alloy, has been
outlined by Law68.

Engineering Electroplating

Wearmouth69 has described the production of nickel-cobalt, nickel-
manganese, and nickel-chromium alloy coatings for non-decorative uses.
The nickel-cobalt and nickel-manganese are electrodeposited direct from
sulphamate-based solutions, the nickel-cobalt alloys offering higher hard-
ness than the nickel-manganese alloys, which are restricted to a relatively



low manganese content. However, the manganese prevents embrittlement on
heating that would otherwise arise from sulphur incorporated in the plating
from conventional sulphur-bearing organic additives in the plating solution.
The nickel-chromium alloys are formed by incorporating chromium carbide
in nickel electrodeposit, followed by heat treatment in hydrogen at 1 00O0C
to decompose the carbide.

Composite Coatings

A wide range of applications for hard, wear-resistant coatings of electro-
less nickel containing silicon carbide particles have been discussed by
Weissenberger70. The solution is basically for nickel-phosphorus coat-
ings, but contains an addition of 5-15 g/1 silicon carbide. Hiibner and
Ostermann71 have published a comparison between electroless nickel-
silicon carbide, electrodeposited nickel-silicon carbide, and hard chromium
engineering coatings.

Electroless nickel coatings containing PTFE particles have been discussed
by Tulsi72, and non-stick coatings of electrodeposited nickel containing
30% by volume PTFE particles are described by Naito and Otaka73. They
found that the addition of organic additives to increase the hardness of the
nickel matrix to 500-600 Hv reduced the incorporation of the PTFE to
10-15% by volume.

Electroforming

Nickel Foil Jones and McGrath74 have described the continuous electro-
deposition of nickel on to a rotating titanium drum, and detachment of
the nickel coating to give a process for manufacturing foil up to 500 mm
wide. The foil is used directly as an intermediate layer in fire-resistant
blankets on North Sea oil rigs and as the substrate for graphite gaskets
employed in high-temperature applications, where the nickel replaces
asbestos. The main use, however, is as a foil 0.013 mm thick carrying a solar
energy absorbing surface. For this purpose, the foil is coated with a thin
black mixed nickel oxide layer which out-performs conventional nickel-
black (an electrodeposited zinc-nickel sulphide complex) and chrome-black
coatings. A significant advantage of the foil approach is that the foil can be
fixed adherently on to a variety of collector surfaces and shapes that could
not be electroplated and blackened directly. This solar foil is already used
in 25 countries in Europe, North and South America, and Asia. Other uses
for nickel foil include printed circuits where welded, instead of soldered,
connections are specified, in heating elements for panel heaters, and in the
manufacture of bursting discs and explosion release devices75.

Abrasive Sheets Abrasive sheets, polishing and lapping foils are electro-
formed in nickel using a photoresist technique75. The sheets bear tiny cut-
ting edges all at the same level and have almost a planing effect when rubbed
against the surface to be wprked. The nickel is hardened to 600 Hv and the
spaces between the cutting edges have a mirror-like finish to minimise reten-
tion of abraded material which could otherwise clog the surface.



Tubes and Perforated Tubes Electrodepositing nickel non-adherently all
over the curved surface of a cylinder, and then sliding off the coating,
produces a tubular nickel product. Some tubes manufactured in this way are
plain, but most are perforated. They are used industrially for screen printing
textiles, carpets and wall paper75.

Bands and perforated bands Detached nickel coatings in the form of
bands are made by a similar technique to that used for tubes except that their
diameter is usually greater and their width much less. The outside layer of
nickel can itself be an integral coating comprising the nickel matrix and
incorporated diamonds. Such bands are used as cutting tools75. Some prac-
tical aspects of the incorporation of the diamonds in nickel have been
published76"77. Electroformed nickel perforated bands are used in cigarette
making machines to transport the shredded tobacco at a constant rate.
Since the bands contain no joins, they resist fatigue and have long service
life75.

Bellows Nickel bellows can be made by electrodeposition onto a grooved
cylinder. In this case, the nickel coating cannot be slid off, and so the
substrate must be removed destructively. The grooved cylinders or mandrels
are frequently of aluminium alloy which is dissolved away in caustic alkali
when the nickel deposition is completed. Uses include pressure switches,
flexible couplings, and pressure transducers75.

Discs Discs of nickel electroformed on to mandrels bearing grooves
modulated with recorded sound have been used for many years for stamp-
ing sound recording discs. This process has been adapted and refined
for the manufacture of digital records, including video discs78'79. Video
disc stampers must be hard, stress-free, and flat to within 0.1 /on; results
of a short investigation directed towards these requirements have been
reported80.

Other applications of nickel electroforms are reviewed in Reference 75.
S. A. WATSON
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