off area, a pressure-sensitive tape is used to form a sharp line and prevent the leakage of plating solution under the plastic
tape.

Plastic tape is expensive to use. When many similar parts are to be selectively plated, rubber sheet, held in place by
pressure-sensitive tape, may be used for stopping off areas not to be plated. Rubber stoppers, plastic plugs, or corks,
sealed with wax, are used for stopping off internal areas of cylindrical parts. Rubber or plastic tubing can be used to stop
off areas of small cylindrical parts.

Rinsing and Drying

Although one of the simplest operations in plating, rinsing is often the most difficult to accomplish. The primary
requirements are that the rinsing be effective in removing the solutions used in the preceding tank and that no
contaminants be introduced into the subsequent tank. Rinse baths, whether hot or cold, usually are provided with some
means for constant changing of the water, good agitation, and skimming of the surface. Agitation of both the water and
part is usually necessary. The surface skimmer may consist of jets of water shooting across the surface to rinse surface
filmsinto an overflow trough at the far side of the rinse tank. Water should enter at the bottom of one side of arinse tank
and escape over a weir outlet along the top at the opposite side of the tank. Constant monitoring of the water quality
versus product quality is essential with the increased demand to lower water usage. The amount of contamination in rinse
tanks can be regulated by controlling the flow of fresh water into the rinse through a valve actuated by a conductivity cell.

The temperature of the postplating rinse bath depends to some extent on the mass of the work being rinsed, because the
workpiece must supply all the heat of evaporation for drying. Thin-gage materials require rinse temperatures of 93 to 100
°C (200 to 212 °F); otherwise, the workpiece cools before evaporation is complete. Parts made from thicker materials
may berinsed in water at 82 to 88 °C (180 to 190 °F).

Rapid and thorough drying of the plated work is important, to prevent water marks and stains and to eliminate the
moisture from residual salt that may not have been entirely removed from crevices or recesses by rinsing. Residual salt
and moisture can be a source of corrosion.

Drying practice is also influenced by the shape and orientation of the workpiece as it leaves the final rinse. In many
applications, hot-water rinsing is followed with oven drying, wherein hot air is blown directly against the work. In
automatic installations, oven temperatures are maintained at 105 °C (220 °F) or higher and the work passes through in 3
to 5 min. Centrifuges with ahot air blast are used for barrel-plated work.

Hydrogen Embrittlement

If an electrodeposited coating is to be applied to a highly stressed part or a high-strength (over 1100 MPa, or 160 ksi)
heat-treated steel part, it is important that the processing not decrease the static or fatigue strength of the part. Hydrogen
embrittlement does not affect fatigue life. Coatings having high residual stresses, such as chromium, affect fatigue life;
however, thisis not the case with cadmium.

Cadmium deposited from a cyanide solution is more likely to produce hydrogen embrittlement than any other commonly
plated metal. Heat-treated steels, particularly those plated and used at 35 HRC and above, are susceptible to hydrogen
embrittlement. Most susceptible is spring steel that has not been adequately stress relieved after forming. The
requirements of Federal Specification QQ-P-416F may be used as a guide for stress relief before plating and hydrogen
embrittlement post-treatment (Table 13). Other guidelines vary from these, but the latest revision (F) seems to be the most
stringent.

Table 13 Heat treat specifications required to stress relieve cadmium-plated components

Hardness, HRC | Stressrelief before plating Hydrogen embrittlement relief (within 4 h of plating)
Temperature Minimum time, | Temperature Minimum time,
h h

°C °F °C °F




34-54 175-205 | 350-400 | 4

36-45 " " . 175-205 350-400 8
23@

46-54 . . . 175-205 350-400 23

>55 120-150 | 250-300 | 23 120-150 250-300 23

(a) Fastenersand bearings

Although the thickness of the plated deposit appears to have no direct bearing on hydrogen embrittlement, it is always
more difficult to release the hydrogen (by baking) from heavy deposits.

By adhering to the following procedures, hydrogen embrittlement can be minimized or made inconsequential:

Use mechanical cleaning methods, such as brushing, blasting, and tumbling.

Wherever possible, avoid the use of strong acid-pickling solutions and extended exposure to acid
pickling.

If pickling is essentia to the preparation of medium-strength and high-strength steel parts, bake the parts
at 175 to 205 °C (350 to 400 °F) for 3 h after pickling and before plating.

In plating, use the higher current densities to produce a more porous deposit; 755 A/m? (70 A/ft? in a
cyanide bath without brighteners has been satisfactory for steel at 46 HRC.

After plating, bake parts at 175 to 205 °C (350 to 400 °F) for 3 to 24 h. The shorter baking periods are
generally adequate for parts with a tensile strength below about 1520 MPa (220 ksi); longer baking
periods are recommended for steel of tensile strength above about 1520 MPa (220 ksi) or for lower-
strength parts if sharp notches or threads exist. Parts greater than 25 mm (1 in.) thick should aso be
baked for 24 h. The elapsed time between plating and baking must never exceed 8 h and should be
carried out as soon as possible, preferably within 4 h.

Plate parts to a thickness of about 5 um (200 pin.), bake for 3 h at 195 °C (385 °F), activate in cyanide,
and then complete the plating to the required final thickness.

The applications of shot peening and baking, as related to the hardness of the stedl to be plated, are described in Federa
Specification QQ-C-320 (Amendment 1) and are summarized in the article "Industrial (Hard) Chromium Plating" in this
Volume.

Tests for Adhesion of Plated Coatings

The tests used for evaluating adhesion of plated coatings are largely qualitative. A bend test, described in Federa
Specification QQ-P-416, involves observation of the degree of flaking that occurs as a specimen is bent. Additional tests
are scrape/scratch, short blasts from a glass bead machine (reduced pressures), and bake/cold water quench, all of which
tend to show blistering or peeling. In another test, a pressure-sensitive tape, such as surgical adhesive or masking tape, is
attached to the plated surface. The tape is quickly stripped from the specimen by pulling it at right angles to the surface. If
adhesion is poor, loose plate or blisters will appear as flecks on the surface of the adhesive.

Another good test for adhesion, on parts that have been baked after being plated, is a visual inspection for blisters in the
plate. If agood bond has not been established, the plate will most often pull away from the basis metal and form blisters.

Chromate Conversion Coatings



The corrosion of cadmium plate can be retarded by applying a supplemental chemical conversion coating of the chromate
type. The chromate films are produced by immersing the plated article in a solution containing chromic acid or other
chromates and catalytic agents. These films provide protection against initial corrosion through the inhibitive properties
of the water-soluble chromium compounds present. However, the chromate finish must not be applied before stress
relieving or baking, because its beneficial effect will be destroyed by the elevated temperature.

Chromate conversion coatings are used in some instances to improve the bond between paint and cadmium-plated
surfaces and to provide the plate with resistance to corrosion if gaps should occur in the paint film. However, wash
primers will not adhere to chromate finishes, and baking painted chromate finishes will produce poor bonding.

Plate Discoloration. Cadmium tarnishes easily from handling and, at a lesser rate, from normal oxidation. Both types
of tarnish may be prevented by the use of chromate conversion coatings. For maximum prevention of tarnish, an
unmodified chromate film should be applied, if the iridescence or the light yellow coloration it imparts is not
objectionable. Such a surface film also provides resistance against salt spray and humidity, and its application for this
purpose is frequently standard practice. The clear film obtained by bleaching a chromate coating affords much poorer
protection, but it is superior to an as-plated cadmium surface with respect to resistance to tarnishing, humidity, and salt

Spray.

With a plate thickness of 13 to 18 um (520 to 720 pin.) and a chromate conversion coating, cadmium will provide
adequate service in marine and humid tropical atmospheres. When long-term exposure is anticipated, a paint coating is
desirable.

If a chromate treatment is used, only two cold-water rinse tanks are necessary after plating. The first may be for
reclaiming the cadmium solution or for the treatment of water. The second rinse should be provided with sufficient flow
and agitation to prevent carryover of cyanide into the chromate solution. After chromate dipping, three rinse tanks are
required. Again, the first tank may be for reclaiming or waste treatment.

Yellow chromate finish is obtained by dipping in acidified sodium or potassium dichromate. Excellent corrosion
protection and a superior base for organic finishing are obtained.

Clear chromate finish consists of 117 g (0.258 Ib) of chromic acid and 1.2 g (2.6 x 10° Ib) of sulfuric acid per liter
(gallon) of water and provides good passivation and attractive appearance. Although the protective film is very thin, it
prevents the formation of a white, powdery corrosion product on cadmium-plated parts in indoor or internal-component
use.

Olive green coating is obtained in an acidified dichromate solution and is easily colored by any of the acid dyes.

Other Postplating Processes

Bright Dipping. The solution for bright dipping consists of %to 1% of commercia-grade nitric acid (1.41 sp gr) and is

used at room temperature. The acid neutralizes any alkaline salts on the surface and provides some passivation. It is used
extensively because it does not interfere with solderability. Immersion times vary from 2to 30 s.

A solution of acidified hydrogen peroxide is also used for bright dipping. It consists of 6 to 7% commercial-grade (35%)
hydrogen peroxide acidified with about 0.25% H,SO,. It produces a bright luster and uniform finish but adversely affects
resistance to atmospheric corrosion, ultimately resulting in the formation of a white powder. The solution is rather
expensive and has a short life.

Phosphate treatment produces a supplementary conversion coating. The solution consists of 3 to 4% equivalent
phosphoric acid at a pH of 3.5 to 4.2. The solution is maintained at a temperature of 71 to 88 °C (160 to 190 °F);
immersion time ranges from 3 to 5 min. Following the acid dip, parts are water rinsed and then passivated for 2 to 3 min
in a solution of sodium dichromate (0.8 to 1.5 g/L, or 0.1 to 0.2 oz/gal) or chromic acid (pH, 3.5 to 4.0) at a temperature
of 66 to 77 °C (150 to 170 °F). The coating provides a good basis for organic finishes.

Molybdenum coating is performed in a proprietary bath containing molybdenum salts dissolved in a highly
concentrated solution of ammonium chloride at 54 to 66 °C (130 to 150 °F). An attractive, adherent black finish is
obtained.



Zinc Plating

Revised by A. Sato, Lea Ronal Inc.

Introduction

ZINC isanodic to iron and steel and therefore offers more protection when applied in thin films of 7 to 15 um (0.3to 0.5
mil) than similar thicknesses of nickel and other cathodic coatings, except in marine environments where it is surpassed
by cadmium (which is somewhat less anodic than zinc to iron and steel). When compared to other metals it is relatively
inexpensive and readily applied in barrel, tank, or continuous plating facilities. Zinc is often preferred for coating iron and
stedl parts when protection from either atmospheric or indoor corrosion is the primary objective. Electroplated zinc
without subsequent treatment becomes dull gray in appearance after exposure to air. Bright zinc that has been
subsequently given a chromate conversion coating or a coating of clear lacquer (or both) is sometimes used as a
decorative finish. Such a finish, although less durable than heavy nickel chromium, in many instances offers better
corrosion protection than thin coatings of nickel chromium, and at much lower cost.

Much recent attention has been focused on the development of techniques for electroplating alloys such as zinc-iron, zinc-
nickel, and zinc-cobalt. The operating parameters and applications of these coatings is very similar to those for unalloyed
zinc. More detailed information about these techniques is provided in the article "Zinc Alloy Plating” in this Volume.

Plating Baths

Commercia zinc plating is accomplished by a number of distinctively different systems. cyanide baths, alkaline
noncyanide baths, and acid chloride baths. In the 1970s, most commercial zinc plating was done in conventional cyanide
baths, but the passage of environmental control laws throughout the world has led to the continuing development and
widespread use of other processes. Today, bright acid zinc plating (acid chloride bath) is possibly the fastest growing
system in the field. Approximately half of the existing baths in developed nations use this technology and most new
installations specify it.

The preplate cleaning and postplate chromate treatments are similar for all zinc processes; however, the baths themselves

are radically different. Each separate system is reviewed in detail in this article, giving its composition and the advantages
and disadvantages.

Cyanide Zinc Baths
Bright cyanide zinc baths may be divided into four broad classifications based on their cyanide content: regular cyanide

zinc baths, midcyanide or half-strength cyanide baths, low-cyanide baths, and microcyanide zinc baths. Table 1 gives the
general composition and operating conditions for these systems.

Table 1 Composition and operating conditions of cyanide zinc baths

Constituent Standard cyanide bath® Mid or half-strength cyanide bath®
Optimum Range Optimum Range
gL | oz/gal | g/L oz/gal gL | oz/gal | g/L oz/gal
Preparation
Zinc cyanide 61 8.1 54-86 | 7.2-11.5 | 30 4.0 27-34 3.6-45




Sodium cyanide 42 5.6 30-41 | 4.055 20 2.7 15-28 2.0-3.7
Sodium hydroxide 79 10.5 68-105 | 9.0-14.0 | 75 10.0 60-90 8.0-12.0
Sodium carbonate 15 2.0 15-60 | 2.0-8.0 15 2.0 15-60 2.0-8.0
Sodium polysulfide 2 0.3 2-3 0.3-04 2 0.3 2-3 0.3-04
Brightener @ |0 1-4 0105 |©@ |© 1-4 0.1-0.5
Analysis
Zinc metal 34 45 30-48 | 4.0-64 17 2.3 15-19 2.0-25
Total sodium cyanide | 93 124 75-113 | 10.0-15.1 | 45 6.0 38-57 5.0-7.6
Sodium hydroxide 79 10.5 68-105 [ 9.0-14.0 | 75 10.0 60-90 8.0-12.0
Ratio: NaCN to Zn 2751 0.37 2.0-30 | 0.3-04 26 |03 2.0-30 ([ 0.2-04
Constituent L ow-cyanide bath® Microcyanide bath®

Optimum Range Optimum Range

gL | oz/gal | g/L oz/gal g/L | oz/gal | g/L oz/gal
Preparation
Zinc cyanide 94® [ 139 | 7514 | 1029 |® | O ® ®
Sodium cyanide 7.5 1.0 6.0-150| 0.8-20 |10 | 0.1 0.75-1.0 | 0.4-0.13
Sodium hydroxide 65 8.7 52-75 6.9-10.0 | 75 | 10.0 60-75 8-10
Sodium carbonate 15 20 15-60 2.0-8.0
Sodium polysulfide
Brightener © © 1-4 0105 |[@ | @ 1-5 0.1-0.7

Analysis




Zinc metal 7.5 1.0 o 0815 | 75|10 6.0-11.3 | 0.8-15

Total sodium cyanide | 7.5 1.0 6.0-150| 0.8-20 |10 (0.1 0.75-1.0 | 0.1-0.13

Sodium hydroxide 75 10 60-75 8.0-10.0 | 75 | 10.0 60-75 8-10

Ratio: NaCN to Zn 1.0 01 1.0 01

Note: Cathode current density: limiting 0.002 to 25 A/dm? (0.02 to 250 A/ft?); average barrel 0.6 A/dm? (6 A/ft?); average rack 2.0 to
5 A/dm? (20 to 50 ft?). Bath voltage: 3to 6 V, rack; 12 to 25V, barrel.

(a) Operating temperature: 29 °C (84 °F) optimum; range of 21 to 40 °C (69 to 105 °F).

(b) Operating temperature: 29 °C (84 °F) optimum; range of 21 to 40 °C (69 to 105 °F).

(c) Operating temperature: 27 °C (79 °F) optimum; range of 21 to 35 °C (69 to 94 °F).

(d) Operating temperature: 27 °C (79 °F) optimum; range of 21 to 35 °C (69 to 94 °F).

(e) Zincoxide.

(f) Dissolve zinc anodes in solution until desired concentration of zinc metal is obtained.

(g) Asspecified

Cyanide baths are prepared from zinc cyanide (or zinc oxide sodium cyanide), and sodium hydroxide, or from proprietary
concentrates. Sodium polysulfide or tetrasulfide, commonly marketed as zinc purifier, is normally required in standard,
midcyanide, and occasionally low-cyanide baths, to precipitate heavy metals such as lead and cadmium that may enter the
baths as an anode impurity or through drag-in.

Standard cyanide zinc baths have a number of advantages. They have been the mainstay of the bright zinc plating
industry since the early 1940s. A vast amount of information regarding standard cyanide bath technology is available,
including information on the technology of operation, bath treatments, and troubleshooting.

The standard cyanide bath provides excellent throwing and covering power. The ability of the bath to cover at very low
current densities is greater than that of any other zinc plating system. This capability depends on the bath composition,
temperature, base metal, and proprietary additives used, but it is generaly superior to that of the acid chloride systems.
This advantage may be critical in plating complex shapes. This bath also tolerates marginal preplate cleaning better than
the other systems.

Cyanide zinc formulas are highly flexible, and a wide variety of bath compositions can be prepared to meet diverse
plating requirements. Zinc cyanide systems are highly alkaline and pose no corrosive problems to equipment. Steel tanks
and anode baskets can be used for the bath, substantially reducing initial plant investment.

The cyanide system also has a number of disadvantages, including toxicity. With the possible exception of silver or
cadmium cyanide baths, the standard cyanide zinc bath containing 90 g/L (12 oz/gal) of total sodium cyanide is



potentially the most toxic bath used in the plating industry. The health hazard posed by the high cyanide content and the
cost for treating cyanide wastes have been the primary reasons for the development of the lower-cyanide baths and the
switch to alkaline noncyanide and acid baths. Although the technology for waste treatment of cyanide baths is well
developed, the cost for the initial treatment plant may be as much as or more than for the basic plating installation.

Another disadvantage is the relatively poor bath conductivity. The conductivity of the cyanide bath is substantially
inferior to that of the acid bath, so substantial power savings may be had by using the latter.

The plating efficiency of the cyanide system varies greatly, depending on such factors as bath temperature, cyanide
content, and current density. In barrel installations at current densities up to 2.5 A/dm? (25 A/ft?), the efficiency can range
within 75 to 90%. In rack installations, the efficiency rapidly drops below 50% at current densities above 6 A/dm? (60
Alftd).

Although the depth of brilliance obtained from the cyanide zinc bath has increased steadily since 1950, none of the
additives shows any degree of the intrinsic leveling found in the acid chloride baths. The ultimate in depth of color and
level deposits reached in the newer acid baths cannot be duplicated in the cyanide bath.

Midcyanide Zinc Baths. In an effort to reduce cyanide waste as well as treatment and operating costs, most cyanide
zinc baths are currently at the so-called midcyanide, half-strength, or dilute cyanide bath concentration indicated in Table
1. Plating characteristics of midcyanide baths and regular cyanide baths are practically identical. The only drawback of
the midcyanide bath, compared with the standard bath, is a somewhat lower tolerance to impurities and poor preplate
cleaning. This drawback is seldom encountered in practice in the well-run plant. Greater ease of rinsing, substantially less
dragout, and savings in bath preparation, maintenance, and effluent disposal costs are responsible for the prominence of
this type of bath.

Low-cyanide zinc baths are generaly defined as those baths operating at approximately 6 to 12 g/L (0.68 to 1.36
0z/gal) sodium cyanide and zinc metal. They are substantially different in plating characteristics from the midcyanide and
standard cyanide baths. The plating additives normally used in regular and midstrength cyanide baths do not function well
with low metal and cyanide contents. Special low-cyanide brighteners have been developed for these baths.

Low-cyanide zinc baths are more sensitive to extremes of operating temperatures than either the regular or midcyanide
bath. The efficiency of the bath may be similar to that of a regular cyanide bath initially, but it tends to drop off more
rapidly (especially at higher current densities) as the bath ages. Bright throwing power and covering power are slightly
inferior to those of a standard midcyanide bath. However, most work that can be plated in the higher cyanide electrolytes
can be plated in the low-cyanide bath. Despite the fact that |ow-cyanide baths have significantly lower metal and cyanide
contents, they are less sensitive to impurity content than the standard or midcyanide bath. Heavy metal impurities are
much less soluble at lower cyanide contents. The deposit from a low-cyanide bath is usualy brighter than that from a
regular or midcyanide system, especialy at higher current densities. These baths are used extensively for rack plating of
wire goods. Unlike the other cyanide systems, low-cyanide baths are quite sensitive to sulfide treatments to reduce
impurities. Regular sulfide additions may reduce the plating brightness and precipitate zinc.

Microcyanide zinc baths are essentially a retrogression from the alkaline noncyanide zinc process discussed in the
following section. In the early history of alkaline baths it was often difficult to operate within its somewhat limited
parameters; many platers used a minimal amount of cyanide in these baths, 1.0 g/L (0.13 oz/gal), for example. This acted
essentially as an additive, increasing the overall bright range of the baths. However, it negated the purpose of the alkaline
noncyanide bath, which isto totally eliminate cyanide.

Preparation of Cyanide Zinc Baths

Bath may be prepared with cyanide zinc liquid concentrates that are diluted with water, and to which sodium hydroxide is
normally added, or they may be prepared as follows:

Fill the makeup and/or plating tank approximately two-thirds full of tap water.

Slowly stir in the required amount of sodium hydroxide.

Add the required amount of sodium cyanide and mix until dissolved.

Prepare a durry of the required amount of zinc oxide or zinc cyanide and slowly add to the bath. Mix
until completely dissolved. Instead of zinc salts, the bath may be charged with steel baskets of zinc

el SN



anode balls that are allowed to dissolve into the solution until the desired metal content is reached.

5. Addaninitia 15 g/L (2.0 oz/gal) sodium carbonate for rack plating baths.

6. Add approximately 0.25 to 0.50 g/L (0.03 to 0.06 oz/gal) of sodium polysulfide or zinc purifier for
regular and midcyanide baths.

7. Run plating test panels and add the necessary amount of brightener to the bath. If a satisfactory deposit
is obtained, place anodes for production.

Zinc baths prepared from impure zinc salts may require trestment with zinc dust and/or low-current-density dummying
(the process of plating out bath impurities). Zinc dust should be added at the rate of 2 g/L (0.26 oz/gal) and the bath
should be agitated for about 1 h. After settling, the bath should be filtered into the plating tank. Dummying is preferably
done on steel cathode sheets at low current densities of 0.2 to 0.3 A/dm? (2 to 3 A/ft?) for 12 to 24 h.

Cyanide Zinc Plating Brighteners

Zinc plating bath brighteners are aimost exclusively proprietary mixtures of organic additives, usually combinations of
polyepoxyamine reaction products, polyvinyl alcohols, aromatic aldehydes, and quaternary nicotinates. These materials
are formulated for producing brightness at both low- and high-density areas and for stability at elevated temperatures.
Metallic brighteners based on nickel and molybdenum are no longer commercialy used in zinc systems, because their
concentration in the deposit is highly critical. Proprietary additives should be used following the manufacturer's
recommendations for bath operation. Some incompatibility between various proprietary additives may be encountered,
and Hull Cell plating tests should always be used to test a given bath and evaluate new brighteners.

Alkaline Noncyanide Baths

Alkaline noncyanide baths are a logical development in the effort to produce a relatively nontoxic, cyanide-free zinc
electrolyte. Approximately 15 to 20% of zinc plated at present is deposited from these baths. Bath composition and
operating parameters of these electrolytes are given in Table 2. The operating characteristics of an alkaline noncyanide
system depend to a great extent on the proprietary additives and brightening agents used in the bath, because the zinc
deposit may actually contain 0.3 to 0.5 wt % C, which originates from these additives. Thisisten times as much carbon as
isfound in deposits from the cyanide system.

Table 2 Composition and operating characteristics of alkaline noncyanide zinc baths

Congtituent Optimum® | Range®

gL | ozigal | gL oz/gal
Preparation
Zinc oxide 94 |13 7.5-21 1-2.8

Sodium hydroxide | 65 | 8.6 65-90 8.6-12

Proprietary additive | © | © 35 0.4-0.7

Analysis

Zinc metal 75 |10 6.0-17.0 | 0.8-2.3




Sodium hydroxide | 75.0 | 10.0 75-112 | 10.0-14.9

(a) Operating conditions: temperature, 27 °C (81 °F) optimum; cathode current density, 0.6 Aldm? (6 A/ft?); bath voltages, 3 to 6 rack.

(b) Operating conditions: temperature, 21 to 35 °C (69 to 94 °F) range; cathode current density, 2.0 to 4.0 A/dm? (20 to 40 A/ft?); bath voltages,
12 to 18 barrel.

(c) Asspecified

Alkaline noncyanide baths are inexpensive to prepare and maintain, and they produce bright deposits and cyanide-free
effluents. An alkaline noncyanide zinc bath with a zinc metal content of 7.5 to 12 g/L (1.0 to 1.6 0z/gal) used at 3 A/dm?
(30 A/ft?) produces an acceptably bright deposit at efficiencies of approximately 80%, as shown in Fig. 1. However, if the
metal content is allowed to drop 2 g/L (0.26 oz/gal), efficiency drops to below 60% at this current density. Raising the
metal content much above 17 g/L (2.3 oz/gal) produces dull gray deposits, lower-current-density plating areas, and poor
distribution; however, additives have been developed to address this problem. Increasing sodium hydroxide concentration
increases efficiency, as shown in Fig. 2. However, excessively high concentrations will cause metal buildup on sharp-
cornered edges. Alkaline noncyanide zinc is a practical plating bath having hundreds of thousands of gallons in use in
large captive plating installations.
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Fig. 1 Cathode current efficiency of alkaline noncyanide zinc baths as related to zinc metal contents. NaOH, 80
g/L (11 oz/gal); Na,COs3, 15 g/L (2 oz/gal)
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Fig. 2 Effect of zinc and sodium hydroxide concentration on the cathode efficiency of noncyanide zinc solutions.
Temperature: 26 °C (77 °F). d : 7.5 g/L (1 oz/gal) Zn, 75 g/L (10 oz/gal) NaOH; =: 7.5 g/L (1.0 oz/gal) Zn,
150 g/L (20 oz/gal) NaOH; Vv : 11 g/L (1.5 oz/gal) Zn, 110 g/L (15 oz/gal) NaOH; &: 15 g/L (2.0 oz/gal) Zn,
150 g/L (20 oz/gal) NaOH; W: 11 g/L (1.5 oz/gal) Zn, 150 g/L (20 oz/gal) NaOH.

Operating Parameters of Standard Cyanide and Midcyanide Zinc Solutions

Anodes. Almost every physical form of zinc anode material has been used in cyanide zinc plating, the type and
prevalence varying from country to country. In the United States, cast zinc balls approximately 50 mm (2 in.) in diameter,
contained in spiral steel wire cages, are by far the most common anode material. A practical variation of this is the so-
called flat top anode, with a flat surface to distinguish it from cadmium ball anodes. The use of ball anodes provides
maximum anode area, ease of maintenance, and practically complete dissolution of the zinc anodes with no anode scrap
formation.

One of the most economical forms of anode material is the large cast zinc slabs that form the prime material for
subsequent ball or elliptical anode casting. Although these have the disadvantage of bulky handling and the need for
specially fabricated anode baskets, their lower initial cost makes their use an important economic factor in the larger zinc
plating shop.

Three grades of zinc for anodes are conventionally used for cyanide zinc plating: prime western, intermediate, and specia
high-grade zinc. The zinc contents of these are approximately 98.5%, 99.5%, and 99.99%, respectively. The usual
impurities in zinc anodes are al heavy metals, which cause deposition problems unless continuously treated. Nearly
troublefree results can consistently be obtained through the use of special high-grade zinc. A typical composition of
specia high-grade zinc is:

Constituent | Amount, %

Zinc 99.9930

Lead 0.0031




Cadmium 0.0017

Iron 0.0010

Copper Trace

Control of Zinc Metal Content. Zinc anodes dissolve chemicaly as well as electrochemically in cyanide baths, so
effective anode efficiency will be above 100%. This causes a buildup in zinc metal content, because cathode efficiencies
are usually substantially less than 100%. A number of procedures have been devel oped to control this tendency.

In a conventional new zinc cyanide installation, approximately ten spiral anode ball containers should be used for every
meter of anode rod. These should be filled initially, and after 1 or 2 weeks of operation they should be adjusted to
compensate for anode corrosion and dragout losses so that the metal content remains as constant as possible. During
shutdown periods in excess of 48 h, most cyanide zinc platers remove anodes from the bath. In large automatic
installations, this may be done by using a submerged steel anode bar sitting in yokes that can be easily lifted by hoist
mechanisms.

One of the prime causes of zinc metal buildup is the very active galvanic cell between the zinc anodes and the steel anode
containers. This is evidenced by intense gassing in the area of anodes in a tank not in operation. Zinc buildup from this
source can be eliminated by plating the anode containers with zinc before shutdown, which eliminates the galvanic
couple.

Temperature. Probably no operating variable is as important and as often overlooked in the operation of cyanide zinc
baths as operating temperature. Cyanide zinc solutions have been reported operating between the rather wide limits of 12
to 55 °C (54 to 130 °F), with the vast magjority of baths operating between 23 to 32 °C (73 to 90 °F). The exact operating
temperature for a given installation depends on the type of work processed, the finish desired, and the engineering
characteristics of the plating system. Bath temperature has an effect on a great many variables in the cyanide zinc
systems, so the optimum temperature is generally a compromise. Increasing the bath temperature:

Increases cathode efficiency

Increases bath conductivity

Increases anode corrosion

Produces duller deposits over a broad range of current densities
Reduces covering power

Reduces throwing power

Increases breakdown of cyanide and addition agents

Lowering the bath temperature has the opposite effects. Thus, if a plater is primarily concerned with plating of pipe or
conduit where deposit brilliance is not of great importance and covering and throwing power are not critical, operating the
bath at the highest practical temperature to give optimum conductivity and plating efficiency would be preferred. For
general bright plating of fabricated stampings, alower bath temperature should be used, permitting the required excellent
covering and throwing power and bright deposits.

The effects of higher bath temperature can be compensated to a substantial extent by increasing the total-cyanide-to-zinc
ratio of the solution. The exact optimum ratio varies slightly for a given proprietary system, as shown in Table 3.

Table 3 Effect of bath temperature on total-cyanide-to-zinc ratio

Temperature | Total-NaCN- Total-NaCN-
to-Zn ratio | to-Zn ratio




(standard cyanide bath) | (midcyanide bath)

e °F

22 72 2.6 2.2
26 79 2.7 23
30 86 2.8 24
34 93 29 25
38 100 3.0 2.6
42 108 3.2 2.7
46 115 33 30

Cathode Current Densities. Bright cyanide zinc solutions operate at wide-ranging cathode current densities varying
from extremely low, less than 0.002 A/dm? (0.02 A/ft?), to above 25 A/dm? (250 A/ft?) without burning (i.e., the
formation of dark, coarse electrodeposits). Current density limits depend on bath composition, temperature, cathode film
movement, and addition agents used.

Average current densities vary but are approximately 0.6 A/dm? (6 A/ft?) in barrel plating and 2 to 5 A/dm? (20 to 50
A/ft?) in till or rack plating. Barrel zinc plating is a complex phenomenon in which a large mass of parts is constantly
tumbled in the plating cylinder at varying distances from the cathode contact surfaces. At any given time, a part may have
an infinitesimally low current density or it may even be deplating, and in another instant, near the outer surface of the
tumbling mass, current density may approach 20.0 A/dm? (200 A/ft?). In general, the bulk of deposition takes place in the
lower current density range of 0.2 to 1 A/dm? (2 to 10 A/ft?).

Average cathode current densities are generally easier to maintain in rack and still line operations and range from
approximately 2 to 5 A/dm? (20 to 50 A/ft?). However, the actual current density of any particular area of a given part will
vary grestly, depending on part configuration, anode-to-cathode distance, bath shape, and other factors affecting the
primary and secondary current distribution characteristics. In most cases, with proper attention to racking and work shape,
current density variations can be kept within practical limits on fabricated parts so that if a minimum average thickness of
4 um (0.15 mil) isrequired on a specific part, variations from approximately 2.5 to 8 um (0.09 to 0.3 mil) occur at various
areas on the part.

Cathode current efficiencies in barrel cyanide zinc plating vary between 75 and 93%, depending on temperature,
formulation, and barrel current densities. In rack or still plating, however, there is quite a wide variation in current
efficiencies when higher current densities are used, especially above 3 A/dm? (30 A/ft?). The effects of zinc metal content,
sodium hydroxide content, and the cyanide-to-zinc ratio on cathode current efficiency are shown in Fig. 3. As can be seen
from the graphs, the current efficiency in the most commonly used baths drops dramatically from approximately 90% at
2.5 A/dm? (25 A/ft?) to 50% at 5 A/dm? (50 A/ft?). An improvement in current efficiency can be obtained by using a high-
strength bath; however, this is offset by the relatively poor throwing power of the solution, higher brightener
consumption, higher operating costs, and maintenance difficulties. The lower standard bath concentration, which gives
practically identical results, is used for practicaly all plating installations except a selected few rack tanks that plate
conduit or large flat surfaces with no critical recessed areas.
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Fig. 3 Effects of bath composition variables and cathode current density on cathode efficiency in cyanide zinc
plating. (a) Effect of NaCN/Zn ratio. 60 g/L (8 oz/gal) Zn (CN); 17.5 to 43.7 g/L (2.33 to 5.82 oz/gal) NaCN;
75.2 g/L (10 oz/gal) NaOH; 2.0-to-1 to 2.75-to-1 ratios of NaCN to zinc. Temperature: 30 °C (86 °F). (b) Effect
of zinc metal content. 60.1, 75.2, and 90.2 g/L (8, 10, and 12 oz/gal) Zn (CN); 43.7, 54.6, and 65.5 g/L (5.82,
7.27, and 8.72 oz/gal) NaCN; 75.2 g/L (10 oz/gal) NaOH; 2.75-to-1 ratio of NaCN to zinc. Temperature: 30 °C
(86 °F). (c) Effect of NaOH content. 60.1 g/L (8 oz/gal) Zn(CN); 43.6 g/L (5.8 oz/gal) NaCN; 150.4 and 75.2
g/L (20 and 10 oz/gal) NaOH; 2.75-to-1 ratio of NaCN to zinc. Temperature: 30 °C (86 °F)

Sodium carbonate is present in every cyanide and alkaline zinc solution. It enters the bath as an impurity from the
makeup salts (sodium hydroxide and sodium cyanide may contain anywhere from 0.5 to 2% sodium carbonate) or as a
deliberate addition to the initial bath (15 to 30 g/L, or 2.0 to 4 oz/gal).

The harmful effects of sodium carbonate in cyanide zinc plating are not as critical asin cyanide cadmium plating. Sodium
carbonate does not begin to affect normal bath operation until it builds to above 75 to 105 g/L (10 to 14 oz/gal).
Depending on overall bath composition and the type of work being done, a carbonate content in this range results in a
slight decrease in current efficiency, especialy at higher current densities, decreased bath conductivity, grainier deposits,
and roughness, which becomes visible when the carbonate crystallizes out of cold solutions.

The carbonate content of zinc baths builds up by decomposition of sodium cyanide and absorption of carbon dioxide from
the air reacting with the sodium hydroxide in the bath. Carbonates are best removed by one of the common cooling or
refrigeration methods rather than by chemical methods, which are simple in theory but extremely cumbersome in practice.
When an operating cyanide zinc bath has reached the point that excessive carbonates present a problem, it undoubtedly is
contaminated with a great many other dragged-in impurities, and dilution is often a much quicker, although expensive,
method of treatment. Alkaline noncyanide baths do not suffer from the effects of carbonate buildup.

Operating Parameters of Low-Cyanide Zinc Systems

Temperature control is as critical, if not more critical, in the low-cyanide bath as in the regular or midcyanide bath.
The optimum operating temperature for most proprietary baths is 29 °C (84 °F), and the permissible range is more
restricted than for the standard cyanide bath. Adequate cooling facilities are therefore mandatory and are more critical for
low-cyanide than for the standard system.

Cathode Current Density. The average cathode current densities used in most low-cyanide processes are the same as
in the standard cyanide bath. However, some proprietary baths do not have the extreme high-current-density capabilities
of the standard cyanide bath, and burning on extremely high-current-density areas may be more of a problem with the
low-cyanide bath than with the conventional baths.

Agitation. Unlike the standard cyanide bath, where agitation is usually nonexistent, air or mechanical agitation of the
low-cyanide bath is common and is often quite useful in obtaining the optimum high-current-density plating range of the
bath.



Filtration. Most low-cyanide baths appear to operate much more cleanly than the standard or midcyanide bath. The bath
is a poor cleaner, and soils that may be removed and crystallized out of high-cyanide baths are not as readily affected by
the low-cyanide bath.

Efficiency. The efficiency of the low-cyanide bath on aging is much more dependent on the particular addition agent
used than the standard cyanide bath, because there is a substantia difference in various proprietary systems. In anew low-
cyanide bath, current efficiency is dightly higher than that of a standard or midcyanide system. However, as the bath
ages, current efficiency tends to drop, possibly because of the formation of additive breakdown products, and the
efficiency of a bath after 2 or 3 months of operation may be as much as 30% below that of a higher cyanide system,
especially at higher current densities. As in the standard cyanide bath, increasing the sodium hydroxide content, zinc
metal content, and operating temperature increases the efficiency of the low-cyanide bath. However, increasing these
variables has markedly harmful effects on the bright operating range of a low-cyanide bath that usually override the
benefit of increased efficiency. The effects of bath constituents and temperature on the plating characteristics of the bright
low-cyanide zinc systems are given in Table 4. Figure 4 shows the effect of sodium cyanide concentration on cathode

efficiency.

Table 4 Effect of bath constituents and temperature on plating characteristics of bright, low-cyanide zinc
plating

Variable Cathode | Bright plating | Bright low-
efficiency | range current-density
throwing power

Increasing sodium hydroxide | Increases | Slightly decreases | Negligible

Increasing zinc metal Increases | Decreases Decreases
Increasing sodium cyanide Decreases | Increases Increases
Increasing brightener Increases | Increases Increases
Increasing temperature Increases | Decreases Decreases
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Fig. 4 Effect of sodium cyanide concentration on the cathode efficiency of low-cyanide zinc solutions. d :20 g/L
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Bright Throwing Power and Covering Power. The bright covering power of a low-cyanide bath operated at low
current density is intrinsically not as good as that of a standard or midcyanide bath. In most operations, however, the
differenceis negligible except on extremely deep recessed parts. The vast majority of parts that can be adequately covered
in a standard cyanide bath can be similarly plated in a low-cyanide bath without any production problems, such as
excessively dull recessed areas or stripping by subsequent bright dipping.

Increasing the brightener and cyanide contents, within limits, improves the bright low-current-density deposition to a
visible degree. Problems with bright throwing power at extremely low current densities are often solved by raising the
cyanide content to approximately 15 g/L (2 oz/gal), which in effect returns the system to the lower range of the
midcyanide bath.

Operating Parameters of Alkaline Noncyanide Zinc Baths

Temperature control is more critical in noncyanide zinc baths than in cyanide baths. The optimum temperature for
most baths is approximately 29 °C (84 °F). Low operating temperatures result in no plating or, at most, very thin, milky
white deposits. High operating temperatures rapidly narrow the bright plating current range, cause dullness at low current
densities, and result in very high brightener consumption. However, because these temperature limitations for noncyanide
zinc are within those commonly used in regular cyanide zinc, no additional refrigeration or cooling equipment is required
for conversion to the process.

Operating Voltages. Norma voltages used in standard cyanide zinc plating are adequate for the noncyanide zinc bath,
in both rack and barrel range. Normal voltage will be approximately 3 V with a range of 2 to 20 V, depending on part
shape, anode-to-cathode relationship, temperature, barrelhole size, and variables that are unique to each operation.

Cathode Current Densities. The maximum allowable cathode current densities of the noncomplexing noncyanide
bath closely approximate those of a standard cyanide bath. Current density ranges from 0.1 to more than 20 A/dm? (1 to
200 A/ft?) can be obtained. This extremely wide plating range permits operation at an average current density of 2 to 4
A/dm? (20 to 40 A/ft%) in rack plating, which makes a noncyanide system practical for high-production work.

Anodes. Standard zinc ball or slab anodes in stedl containers are used in the noncyanide electrolyte. During the first 2 or
3 weeks of installation of noncyanide zinc baths, the anode area should be watched carefully to determine the appropriate
anode area to maintain a stable analysis of zinc in the system. Whenever possible, zinc anodes should be removed during
weekend shutdown periods to avoid excessive metal buildup.

Filtration of noncyanide baths is not an absolute necessity. However, the occurrence of roughness in these baths
presents a greater potential problem than in regular cyanide baths. This is due to the nature of the deposit, which may
become amorphous at very high current densities if the brightener is not maintained at an optimum level, and to anode
polarization problems, which result in sloughing off of anode slimes, a more common occurrence in these baths. Carbon
filtration may be required to remove organic contamination caused by marginal preplate cleaning practices. Filtration is
also the preferred method for removing zinc dust used to treat metallic impurities in the system.

The bright plating range of the akaline, noncyanide zinc bath is totally dependent on the particular additive used.
Without any additive, the deposit from an alkaline, noncyanide bath is totally useless for commercial finishing, with a
powdery, black amorphous deposit over the entire normal plating range.

Proper maintenance of the addition agent at the recommended level is extremely important in noncyanide alkaline zinc
baths. A plater does not have the liberty of maintaining low levels of brightener in the bath and still obtaining passably
bright deposits, as is the case in cyanide systems. Low brightener content rapidly leads to high- and medium-current-
density burning, because in the noncyanide bath, as in the low-cyanide bath, burning and brightness are interdependent.

Cathode current efficiency of a noncyanide bath is a very critical function of the metal content (Fig. 1). At lower
metal concentrations of approximately 4 g/L (0.5 oz/gal), efficiency is less than that of a standard cyanide bath, whereas
at ametal content of approximately 9 g/L (1.2 oz/gal), efficiency is somewhat higher than in either regular or low-cyanide
baths. Thus, if a plater can maintain metal content close to the 9 g/L (1.2 oz/gal) value, there will be no problem in
obtaining deposition rates similar to those obtained with cyanide baths.



Acid Baths

The continuing development of acid zinc plating baths based on zinc chloride has radically altered the technology of zinc
plating since the early 1970s. Acid zinc plating baths now constitute 40 to 50% of all zinc baths in most developed
nations and are the fastest growing baths throughout the world. Acid zinc formulas and operating limits are given in Table
5. Bright acid zinc baths have a number of intrinsic advantages over the other zinc baths:

They are the only zinc baths possessing any leveling ability, which, combined with their superb out-of-
bath brightness, produces the most brilliant zinc deposits available.

They can readily plate cast iron, malleable iron, and carbonitrided parts, which are difficult or
impossible to plate from alkaline baths.

They have much higher conductivity than alkaline baths, which produces substantial energy savings.
Current efficiencies are 95 to 98%, normally much higher than in cyanide or akaline processes,
especially at higher current densities, as shown in Fig. 5.

Minimal hydrogen embrittlement is produced than in other zinc baths because of the high current
efficiency.

Waste disposal procedures are minimal, consisting only of neutralization, aa pH 85 to 9, and
precipitation of zinc metal, when required.

The negative aspects of the acid chloride bath are that:

The acid chloride electrolyte is corrosive. All equipment in contact with the bath, such as tanks and
superstructures, must be coated with corrosion-resistant materials.

Bleedout of entrapped plating solution occurs to some extent with every plating process. It can become
a serious and limiting factor, prohibiting the use of acid chloride baths on some fabricated, stamped, or
spot welded parts that entrap solution. Bleedout may occur months after plating, and the corrosive
electrolyte can ruin the part. This potential problem should be carefully considered when complex

assemblies are plated in acid chloride electrolytes.

Table 5 Composition and operating characteristics of acid chloride zinc plating baths

Constituent Ammoniated bath | Ammoniated bath
Barrel Rack
Optimum Range Optimum Range

Preparation

Zinc chloride 18 g/L (2.4 0z/gd) 15-25 g/L (2.0-3.8 0z/gal) 30 g/L (4.0 oz/gdl) 19-56 g/L (2.5-7.5 0z/gdl)

Ammonium chloride

120 gL
oz/gdl)

(16.0

100-150 g/L
0z/gd)

(13.4-20.0

180 gL
0z/gd)

(24.0

120-200 g/L
oz/gal)

(16.0-26.7

Potassium chloride

Sodium chloride

Boric acid




Carrier brightener® 4vol% 3-5% 3.5% 3-4%

Primary brightener® 0.25% 0.1-0.3% 0.25% 0.1-0.3%

pH 5.6 5.5-5.8 58 5.2-6.2

Analysis

Zinc metal 9¢g/L (1.2 0z/gd) 7.5-25 g/L (1.0-3.8 0z/gal) 145¢g/L (1.9 0z/gal) | 9-27 g/L (1.2-3.6 0z/gal)

Chlorideion gL (1.20z/gd) | 75-112g/L (10.0-1490z/ga) | 135 gL  (18.0 | 90-161 g/L (12.0-21.5 0z/gal)
0z/gdl)

Boric acid

Operating conditions

Temperature 24°C (75 °F) 21-27 °C (69-79 °F) 24°C (75 °F) 21-27 °C (69-79 °F)

Cathode current 0.3-1.0 A/dm? (3-10 A/ft?) 2.0-5 A/dm? (20-50 A/ft?)

density

Voltage 4-12V 1-5V

Constituent Potassium bath Mixed sodium ammonium
Barrel bath

Optimum Range Optimum Range
Preparation
Zinc chloride 71g/L (950z/ga) | 62-85g/L (8.3-11.4 0z/gal) 34 g/l (450z/ga) | 31-40 g/L (4.1-5.3 0z/gal)

Ammonium chloride

30 g/L (4.0 0z/gdl)

25-35 g/L (3.3-4.7 oz/gal)

Potassium chloride

207
oz/gdl)

gL (276

186-255
0z/gdl)

gL (248340

Sodium chloride

120
0z/gd)

g/L (16.0

100-140
oz/gal)

gL (133187

Boric acid

34 g/L (4.5 oz/gal)

30-38 g/L (4.0-5.1 0z/gal)




Carrier brightener® 4% 4-5% 4% 3-5%

Primary brightener® 0.25% 0.1-0.3% 0.2% 0.1-0.3%

pH 5.2 4858 5.0 4.8-5.3

Analysis

Zinc metal 34 g/L (4.5 oz/gal) 30-41 g/L (4.0-5.5 0z/gal) 16.5¢9/L (2.2 0z/gdl) | 15-19 ¢/L (2.0-2.5 0z/gal)

Chlorideion 135 gL (180 120-165 gL  (16.0-22.0 | 110 gL  (14.7 | 93-130 g/L (12.4-17.4 oz/gal)
oz/gal) oz/gal) oz/gal)

Boric acid 34 g/L (4.5 oz/gal) 30-38 g/L (4.0-5.1 0z/gdl)

Operating conditions

Temperature 27 °C (79 °F) 21-35 °C (69-94 °F) 27°C (79 °F) 25-35 °C (76-94 °F)

Cathode current 2.0-4 A/dm? (20-40 A/ft) 0.3-1 A/dm? (3-10 A/ft?)

density

Voltage 1-5V 4-12V

(a) Carrier and primary brighteners for acid chloride are proprietary, and exact recommendations of manufacturer should be followed. Values
given are representative.
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Fig. 5 Comparison of cathode current efficiencies of bright zinc plating electrolytes

Acid chloride zinc baths currently in use are principally of two types: those based on ammonium chloride and those based
on potassium chloride. The ammonium-based baths, the first to be developed, can be operated at higher current densities
than potassium baths. Both systems depend on arather high concentration of wetting agents, 4 to 6 vol%, to solubilize the
primary brighteners. This is more readily accomplished in the ammonia systems, which makes bath control somewhat
easier. Ammonium ions, however, act as a complexing agent in waste streams containing nickel and copper effluents, and
in many localities they must be disposed of by expensive chlorination. This was the essentia reason for the devel opment
of the potassium chloride bath.

All bright acid chloride processes are proprietary, and some degree of incompatibility may be encountered between them.
Conversion from an existing process should be done only after a Hull Cell plating test evaluation. Preplate cleaning,
filtration, and rack designs for acid chloride baths should be equivalent to those required for nickel plating.

The latest acid chloride zinc baths to become available to the industry are those based on salt (sodium chloride) rather
than the more expensive potassium chloride. In many of these baths, salt is substituted for a portion of either ammonium
or potassium chloride, producing a mixed bath. Sodium acid chloride baths at present are generally restricted to barrel
operation, because burning occurs much more readily in these baths at higher current densities. However, with the
continuing development of additive technology, sodium acid chloride baths may challenge the widely used
nonammoniated potassium bath in the near future.

Acid chloride zinc baths are now being explored as the basis of zinc aloy plating incorporating metals such as nickel and
cobalt, to improve corrosion for specific applications and possibly eliminate standard chromate treating.

A number of zinc baths based on zinc sulfate and zinc fluoborate have been developed, but these have very limited
applications. They are used principally for high-speed, continuous plating of wire and strip and are not commercially used
for plating fabricated parts. Table 6 shows the compositions and operating conditions for some typical fluoborate and
sulfate baths.



Table 6 Fluoborate and sulfate electroplating bath compositions

Constituent Fluoborate®® Sulfate®

g/L oz/gal | g/lL oz/gal
Zinc 65-105 | 9-14 135 18
Zinc fluoborate 225-375 | 30-50
Zinc sulfate s c 375 50

Ammonium fluoborate | 30-45 4-6

Ammonium chloride . . 75225 | 1-3

Addition agent

(a) Atroom temperature; 3.5 to 4 pH; at 20 to 60 A/dm? (200 to 600 A/ft?).

(b) At30t052°C (85to 125 °F); 3to 4 pH; at 10 to 60 A/dm? (100 to 600 A/ft?).

(c) Asneeded

Operating Parameters of Acid Chloride Zinc Baths

Anodes for acid chloride zinc should be special high grade, 99.99% Zn. Most installations use zinc ball or flat top
anodes in titanium anode baskets. Baskets should not be used if the applied voltage on an installation exceeds 8 V,
because there may be some attack on the baskets. Baskets should be kept filled to the solution level with zinc balls. Slab
zinc anodes, drilled and tapped for titanium hooks, may also be used. Any areas of hooks or splines exposed to solution
should be protective coated. Anode bags are optional but recommended for most processes, especialy for rack plating
where they are useful to minimize roughness. Bags may be made of polypropylene, Dynel, or nylon. Before being used
they should be leached for 24 h in a 5% hydrochloric acid solution containing 0.1% of the carrier or wetting agent used in
the particular plating bath.

Chemical Composition. Zinc, total chloride, pH, and boric acid, when used, should be controlled and maintained in
the recommended ranges (see Table 5) by periodic replenishment using chemically pure materials. Excess zinc causes
poor low-current-density deposits, and insufficient zinc causes high-current-density burning. Excess chloride may cause
separation of brighteners, and insufficient chloride reduces the conductivity of solutions. Excessively high pH values
cause the formation of precipitates and anode polarization, and excessively low pH values cause poor plating. Insufficient
boric acid reduces the plating range.

Brighteners aso have to be replenished by periodic additions. Because the chemical compositions of brighteners are
proprietary, the suppliers specify concentrations and control procedures.



Agitation is recommended in acid chloride baths to achieve practical operating current densities. Solution circulation is
recommended in barrel baths to supplement barrel rotation. In rack baths, solution circulation is usualy accomplished by
locating the intake and discharge of the filter at opposite ends of the plating tank. Cathode rod agitation is suitable for
many hand-operated rack lines.

Air agitation is the preferred method for most installations. A low-pressure air blower should be used as a supply source.

Temperature control is more critical in acid zinc baths than in cyanide zinc baths, and auxiliary refrigeration should
be provided to maintain the bath at its maximum recommended operating temperature, usually 35 °C (95 °F). Cooling
coilsin the bath itself should be Teflon or Teflon-coated tubing. Titanium coils may be used if they are isolated from the
direct current source.

Operating an acid chloride bath above its maximum recommended temperature causes low overall brightness, usually
beginning at low current densities and rapidly progressing over the entire part. High temperatures may also bring the bath
above the cloud point of the brightener system. As the acid bath gets hot, additives start coming out of solution, giving the
bath a milky or cloudy appearance and causing bath imbalance. Conversely, low temperatures, usually below 21 °C (70
°F), cause many baths to crystallize and cause organic additives to separate out of solution. This produces roughness and,
in extreme cases, a sticky globular deposit on the bath and work, which clogs filters and completely curtails operations.

Cathode Current Efficiency. The high cathode current efficiency exhibited by acid chloride zinc baths is one of the
most important properties of these baths. As shown in Fig. 5, the average cathode current efficiency for these baths is
approximately 95 to 98% over the entire range of operable current densities. No other zinc plating system approaches this
extremely high efficiency at higher current densities, which can lead to productivity increases of 15 to 50% over those
obtainable with cyanide baths. In barrel plating, barrel loads can often be doubled in comparison with those for cyanide
baths, and equivalent plating thickness can often be achieved in half the time.

pH control of acid zinc baths is usually monitored on a daily basis. Electrometric methods are preferred over test papers.
The pH of a bath is lowered with a hydrochloric acid addition; when required, the pH may be raised with a potassium or
ammonium hydroxide addition.

Iron contamination is a common problem in al acid chloride zinc baths. Iron is introduced into the bath from parts
faling into the tank during operation, from attack by the solution on parts at current densities below the normal range,
such as the inside of steel tubular parts, and from contaminated rinse waters used before plating. Iron contamination
usually appears as dark deposits at high current densities; in barrel plating it appears as stained dark spots reproducing the
perforations of the plating barrel. A high iron content turns the plating solution brown and murky.

Iron can be readily removed from acid chloride baths by oxidizing soluble ferrous iron to insoluble ferric hydroxide. This
is accomplished by adding concentrated hydrogen peroxide to the bath, usually on a daily basis. Approximately 10 mL
(0.34 fl 0z) of 30% hydrogen peroxide should be used for every 100 L (26.4 gal.) of bath. The peroxide should be diluted
with 4 to 5 parts water and dispersed over the bath surface. Dissolved potassium permanganate can be used instead of
peroxide. The precipitated iron hydroxide should then be filtered from the bath using a 15 pm (0.6 mil) or smaller filter
coated with diatomaceous earth or asimilar filter aid.

Control of Plate Thickness

This section discusses the thicknesses of zinc specified for service in various indoor and outdoor atmospheres. Many
combinations of variables must be considered in attempting to plate to a given thickness. To hold each variable at a steady
value is virtually impossible under production conditions, so as one variable changes spontaneously, others must be
adjusted to maintain uniformity of plate thickness. In automatic plating thisisimpractical, so the processis set up to give
a certain minimum thickness under a great variety of conditions. This accounts for much of the thickness variation
normally encountered in automatic plating of arun of identical pieces.

The shape and size of parts that may be plated all over, with or without the use of conforming anodes to attain uniformity
of plate thickness, are essentially the same in zinc plating as in cadmium plating (see the article "Cadmium Plating" in this
Volume).



Normal Variations. Preferred thicknesses in automatic zinc plating are usually minimum specified thicknesses, and
there is little concern regarding the maximum thicknesses obtained. Thickness variations encountered should therefore be

over the established minimum thickness.

For example, as shown in Fig. 6, tests were made on 75 samples, over a one-week period, of parts 100 mm (4 in.) long
and 39 g (1.375 0z) that were automatically plated to a minimum specified thickness of 3.8 um (0.15 mil). Although
actual plate thicknesses ranged from 2.5 to 7.5 um (0.1 to 0.3 mil), over 80% of the parts examined exceeded the target

minimum.
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Fig. 6 Variation in thickness of zinc plate obtained in automatic plating in cyanide zinc bath, 75 tests

Thickness variations obtained in barrel plating are markedly affected by the tumbling characteristics of the part and by the
density of the load in the plating barrel. Parts that can be tumbled readily are more likely to develop a uniform coating. As
shown in Fig. 7, a minimum plate thickness of 12.5 um (0.5 mil) was the target in barrel plating a 0.12 kg (0.26 1b) S-
shape part made of 3 mm (0.125 in.) flat stock. Of 75 parts examined, al were found to be plated to thicknesses that
exceeded the target minimum, and afew had thicknesses in excess of 34 um (0.9 mil).
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Fig. 7 Variation in thickness of zinc plate obtained in barrel plating a 3.2 mm (% in.) thick part in a cyanide
zinc
Similarities Between Cadmium and Zinc Plating

Except for differences in plating baths and in such operational details as current density and rates of deposition, alkaline
cadmium and zinc plating are essentially similar processes. See the article "Cadmium Plating” in this Volume for a



detailed discussion of plating methods, equipment, and processing. Exceptions with respect to equipment and processing
are described below.

Plating Equipment. The equipment requirements for zinc plating are the same as those noted for cadmium plating,
except for the following:

In barrel plating, zinc solutions require higher voltage and current density and therefore must be
provided with greater cooling capacity to prevent overheating. Also, because the cyanide zinc bath
generates much larger amounts of hydrogen, barrel design should incorporate safety features to prevent
explosions.

Fume hoods should be used on cyanide, low-cyanide, and, especialy, alkaline noncyanide baths to
exhaust caustic spray and toxic fumes.

Barrels, tanks, and all superstructures coming into contact with acid chloride zinc plating baths should
be coated with material able to resist acid corrosion. Polypropylene, polyethylene, polyvinyl chloride,
and fiberglass are commonly used materials. Lead-lined tanks should never be used in these systems.
Heating and cooling coils should be built of titanium that is electrically isolated from the tank, or of
high-temperature Teflon.

Hydrogen embrittlement of steels isamajor problem in all types of cyanide zinc plating. These formulas should
not be used for spring tempered parts or other parts susceptible to this type of embrittlement. Spring-tempered parts and
other susceptible parts should be plated in acid chloride electrolyte. When no embrittlement whatsoever can be tolerated,
mechanically deposited zinc is the preferable aternative.

Processing Steps. Time requirements for various operations involved in still tank, barrel, and automatic methods of
plating zinc to athickness of lessthan 12.5 um (0.5 mil) are given in Table 7.

Table 7 Process steps and time requirements for zinc plating operations
Timeslisted are for plating zinc to athickness of less than 12.5 um (0.5 mil).

Processing cycle Time
for each
operation

Hand- or hoist-operated still tank

Electrolytic cleaning 1-3min
Cold water rinse 10-20 s
Acid pickle 30s-2min
Cold water rinse 10-20 s
Cold water rinse 10-20 s
Zinc plate 6-8 min
Cold water rinse 10-20 s




Cold water rinse 10-20 s
Chromate conversion coat | 15-30 s
Cold water rinse 10-20 s
Hot water rinse 20-30s
Air dry 1min

Hand- or hoist-operated barrel line

Soak clean 4 min
Electroclean 4min
Cold water rinse 1-2min
Acid pickle 2-3min
Zinc plate 20-30 min
Cold water rinse 1-2min
Cold water rinse 1-2min
Chromate conversion coat | 30 s-1 min
Cold water rinse 1-2min
Hot water rinse 2-3min
Centrifugal dry 3-5min
Automatic barrel line

Soak clean 6 min
Electroclean 3min
Cold water rinse 2min




Cold water rinse 2min
Acid pickle 1min
Neutralize dip 3 min
Cold water rinse 2min
Zinc plate 30-40 min
Dragout rinse 2min
Neutralizerinse 2min
Cold water rinse 2min
Nitric acid dip 30s
Cold water rinse 2min
Chromate dip 30s
Cold water rinse 2min
Hot water rinse 2min
Centrifugal dry 3min

Applications

In the presence of moisture, zinc becomes a sacrificial protecting agent when in contact with iron and other metals that are
below zinc in the galvanic series. Attack is most severe when the electrolyte has high electrical conductivity (asin marine
atmospheres) and when the arearatio of zinc to the other metalsis small.

Plate Thickness. The life of azinc coating in the atmosphere is nearly proportional to the coating thickness. Its rate of
corrosion is highest in industrial areas, intermediate in marine environments, and lowest in rural locations. Corrosion is
greatly increased by frequent dew and fog, particularly if the exposure is such that evaporation is slow.

Table 8 gives the estimated life of different thicknesses of unprotected zinc coatings on steel in different outdoor

atmospheres. The majority of zinc-plated parts are coated with a thickness of 7.5 to 12.5 um (0.3 to 0.5 mil). Typical
applications employing thicknesses |ess than or greater than usual are given in Table 9.

Table 8 Estimated average service life of unprotected zinc coatings on steel in outdoor service

Condition Coating thickness | Service, yr




pm mil
Rural 5 0.2 3
13 0.5 7
25 1.0 14
38 15 20
50 2.0 30
Temperate marine | 5 0.2 1
13 0.5 3
25 1.0 7
38 15 10
50 2.0 13
Industrial marine | 5 0.2 1
13 0.5 2
25 1.0 4
38 15 7
50 20 9
Severeindustrial | 5 0.2 0.5
13 0.5 1
25 1.0 3
38 15 4
50 20 6




Table 9 Applications of zinc plating at thicknesses below or above 7 to 13 ym (0.3 to 0.5 mil)

Application Plate thickness

pm | mil

Lessthan 7 pm (0.3 mil) of zinc

Automobile ashtrays® 57 |0.2-03

Birdcages® 5 0.2

Electrical outlet boxes® 4-13 | 0.15-05

Tacks 5 0.2

Tubular rivets? 5 0.2

Morethan 13 pm (0.5 mil) of zinc

Conduit tubing® 30 |12

(a) Chromated after plating.

(b) Chromated after plating; some parts dyed and lacquered.

(c) Bright chromated after plating.

(d) Chromated, clear or colored, after plating.

(e) Dippedin0.5% HNO; or chromated after plating

Supplementary Coatings. Because corrosion is rapid in industrial and marine locations, zinc-plated parts that must
endure for many years are usually protected by supplementary coatings. Steel with 5 um (0.2 mil) of electroplated zinc is
often painted to obtain a coating system for general outdoor service; a phosphate or chromate post-plating treatment
ensures suitable adherence of paint to zinc.

In uncontaminated indoor atmospheres, zinc corrodes very little. A 5 um (0.2 mil) coating has been known to protect steel
framework on indoor cabinets for more than 20 years. Atmospheric contaminants accelerate corrosion of zinc if
condensation occurs on cooler parts of structural members inside buildings. In 10 years or less, 12.5 um (0.5 mil) of zinc
may be dissipated. Zinc-plated steel in such locations is usually given a protective coating of paint.



A satisfactory coating for parts such as those on the inside of an office machine must afford protection in storage,
assembly, and service. The cost is also important. Gears, cams, and other parts of the working mechanism can be plated
with 3.8 t0 6.3 um (0.15 to 0.25 mil) of zinc to meet these requirements.

Chromate conversion coatings, colored or clear, are aimost universally applied to zinc-plated parts for both indoor and
outdoor use to retard corrosion from intermittent condensation, such as may occur in unheated warehouses. Chromate
films minimize staining from fingerprints and provide a more permanent surface appearance than bare zinc.

Limitations. Zinc-plated steel is not used for equipment that is continually immersed in aqueous solutions. It must not
be used in contact with foods and beverages because of dangerous health effects. Although zinc may be used in contact
with gases such as carbon dioxide and sulfur dioxide at normal temperaturesif moisture is absent, it has poor resistance to
most common liquid chemicals and to chemicals of the petroleum and pharmaceutical industries.

Fasteners. Sted fasteners, such as screws, nuts, bolts, and washers, are often electroplated for corrosion resistance and
appearance. If protection against atmospheric corrosion is the sole objective, zinc is the most economical coating metal.
Coatings of 5to 7.5 um (0.2 to 0.3 mil) give protection for 20 years or more for indoor applications in the absence of
frequent condensation of moisture. Chromate coatings are used to retard corrosion from condensates, provide a more
permanent surface appearance, and prevent staining from fingerprints. For indoor use in industrial areas and in locations
where condensation is prevalent, as in unheated buildings, corrosion may be rapid, and the zinc surface should be
phosphated and then painted to extend its service beyond the few years that would be obtained by the unpainted coating.
Unprotected zinc-plated screws should not be used to fasten bare partsif the service is to include marine exposure.

The dimensional tolerance of most threaded articles, such as nuts, bolts, screws, and similar fasteners with
complementary threads, does not permit the application of coatings much thicker than 7.5 um (0.3 mil). The limitation of
coating thickness on threaded fasteners imposed by dimensional tolerance, including class or fit, should be considered
whenever practicable, to prevent the application of thicker coatings than are generally permissible. If heavier coatings are
required for satisfactory corrosion resistance, allowance must be made in the manufacture of the threaded fasteners for the
tolerance necessary for plate buildup. If thisis not practicable, phosphating before assembly and painting after assembly
will increase service life. The approximate durability of 5 um (0.2 mil) untreated coatingsis givenin Table 8.

Appearance. The appearance of electrodeposited zinc can be varied over a wide range, depending on bath composition,
current density, the use of brighteners, and postplating treatments. The appearance of electroplated zinc is bright and
silvery, and the deposit from the acid chloride baths is often initially indistinguishable from bright nickel chrome when
plated.

Currently, nearly all zinc plating is followed by some type of chromate dip. These preserve the appearance of the part and
vastly increase the bright shelf life of the surface. The cost of chromating is so minimal that its use has become practically
universal. Presently, bright zinc deposits are used for a wide variety of low-cost consumer goods such as children's toys,
bird cages, bicycles, and tools. Refrigerator shelves are commonly bright zinc plated, chromated, and lacquered. Without
lacquer protection, even chromated bright zinc will tarnish and discolor quite rapidly when handled, and unlacquered
bright zinc plate is not a good substitute for nickel chrome when a longlasting bright finish is desired. However, the vast
majority of zinc plate is deposited primarily to impart corrosion resistance; brightness is not the primary factor for these
applications.

Additional information about applications of electroplated zinc is provided in the article "Surface Engineering of Carbon
and Alloy Steels' in this Volume.

Indium Plating

Allen W. Grobin, Jr., Grobin Associates, Inc.

Introduction

INDIUM is a soft, low-melting-point, silvery white metal with a brilliant metallic luster and a color resembling that of
platinum. It alloys with most other metals to form a series of unique alloys, many of which are used as solders. It is soft
enough to be readily marked by light fingernail pressure. Indium can be easily extruded at very low pressures. solders
containing 50% In can be extruded as 1 mm (0.04 in.) wire at a pressure of 83 MPa (12 ksi). The hardness of indium is



0.9 to 1.0 on the modified Brinell scale, and it has a melting point of 156.7 °C (314.1 °F), a boiling point of 2000 °C
(3632 °F), and alow vapor pressure.

Indium is ductile, malleable, crystalline, and diamagnetic. The pure metal gives a high pitched "cry" when bent. It wets
glass and finds application in low-melting alloys and solders. It is used in making akaline batteries, automotive trim,
bearing aloys, eectronic assemblies, germanium transistors, photoconductors, rectifiers, thermistors, vacuum seals, and
group I11-V compound semiconductors such as indium phosphide and indium arsenide. When rubbed together, two
indium-plated parts will "cold weld" (autogenously join). This can be easily accomplished with freshly plated parts, but as
surface oxides build up with time, more vigorous rubbing is required. This cold welding phenomenon is being explored
for use in the surface mount technology of the electronics industry. Indium is electropositive to iron and steel and
electronegative to tin. In an agueous 3% sodium chloride solution of pH 6.7 to 7.2, indium has a half-cell static potential
of -0.56 V referenced to that of a silver electrode given the value of zero. This places indium between cadmium and tin in
the electromotive series of metals, which is used by materials and design engineers to identify and avoid potentia
galvanic corrosion problems.

Indium is particularly useful in making reliable electrical contact to aluminum. When indium-plated steel wire terminals
are secured to aluminum, the high-resistance surface aluminum oxide cracks under the pressure and the indium extrudes
into the oxide cracks, making direct metal-to-metal contact with the underlying aluminum. This application, which was
widely used in the telephone industry, has diminished in use with that industry's switch to fiber optics. However, it is used
for duminum wire terminals in the electronics industry, particularly where the use of terminal fluids is undesirable. One
relatively new use is for the plating of steel internal dished-tooth star-washer-ring-lug terminals for attachment to
aluminum capacitors.
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Indium Electrodeposits

Indium electrodeposits provide excellent solderability, low electrical contact resistance, friction resistance, and
atmospheric corrosion resistance when plated on aluminum, copper-base aloys, and stedl, which are typically selected for
their engineering properties. Indium can be readily electrodeposited from either acid or alkaline solutions. It is
particularly useful for coating aluminum and other amphoteric metals; its alkaline corrosion resistance provides a wider
measure of corrosion protection for these metals than that provided by cadmium, tin, or zinc.

Indium can be plated without special apparatus. Any shop or laboratory that has plating equipment can set up an indium
plating tank without costly equipment. Any technician familiar with the plating of silver, copper, and so on finds indium
plating quite easy to handle. However, barrel plating of small, lightweight items (e.g., ring lugs, wire terminations, and
threaded fasteners and washers) may present a problem on occasion. This type of part may cold weld during the tumbling
action of the barrel and end up as a solid indium-plated mass. The problem is easily overcome by adding gelatin or glueto
the bath to increase its viscosity.

Plating Baths. The four most commonly used indium plating baths are indium cyanide, indium fluoborate, indium

sulfamate, and indium sulfate. Table 1 compares these processes. The details of the processes are shown in Tables 2, 3, 4,
and 5.

Table 1 Comparison of indium plating baths

Parameter Bath salt

Cyanide Fluobor ate Sulfamate Sulfate

Throwing power Excellent Good Excellent Poor




Quiality of plate Excellent Good Excellent Passable
Ease of solution analysis | Difficult Easy Easy Easy

Critical temperature No 21-32°C(70-90 °F) | No Controlled
Color of solution Clear Clear Clear Clear
Wettability Easy Difficult Easy Difficult
Anode Insoluble Indium Indium Indium
Cathode efficiency 40-50% 40-50% 90% 30-70%
Tendency to pit No No No Yes

Control of solution Cyanide and metal | Metal and pH Metal and pH | Metal and pH

Table 2 Indium cyanide plating bath

Constituent or parameter

Valueor condition

Indium as metal

33g/L (4.4 0z/gal)

Dextrose

33 g/L (4.4 0z/gd)

Total cyanide (KCN)

96 g/L (12.7 oz/gal)

Potassium hydroxide (KOH)

64 g/L (8.5 0z/gal)

Temperature (static) Room temperature
Cathode efficiency 50-75%

Anodes Plain steel
Throwing power Excellent

Quiality of plate Excellent

Ease of solution analysis Difficult




Critical temperature (working) | None, with or without agitation
Color of solution Clear, paeyellow to dark amber
Wettability Easy

Tendency to pit None

Control of solution Cyanide and metal by additions
Use General

Current 162-216 A/m? (15-20 A/ft?)

pH High

Notes: (1) Because insoluble anodes are used, it is necessary to replace the indium metal content of this alkaline bath. Under normal
conditions, addition of cyanide will not be required; however, it is best to keep the cyanide concentration at about 100 g/L (13.4
oz/gal) for efficient operation. (2) Plating efficiency of the bath will be maintained within a range suitable for normal plating until the
indium content is reduced. The plating rate should be checked at regular intervals, because as the bath is depleted a decrease in rate of
deposition isto be expected.

Table 3 Indium fluoborate plating bath

Constituent parameter

Valueor condition

Indium fluoborate

236 g/L (31.5 0z/gal)

Boric acid

22-30 g/L (2.9-4.0 0z/gal)

Ammonium fluoborate

40-50 g/L (5.3-6.7 0z/gal)

pH (colorimetric) 1.0

Temperature (static) 21-32 °C (70-90 °F)
Cathode efficiency 40-75%

Anode efficiency Indium, 100%
Throwing power Good

Quiality of plate Good




Ease of solution analysis Easy

Critical temperature (working) | 21-32 °C (70-90 °F), with or without agitation
Color of solution Clear

Wettability Difficult

Tendency to pit None

Control of solution Metal and pH

Use Experimental

Current density 540-1080 A/m? (50-100 A/ft?)

Notes: (1) The pH of this bath is controlled by the addition of 42% fluoboric acid. (2) Some insoluble anodes (platinum or graphite)
should be used because the anode and cathode efficiency are not in good relation.

Table 4 Indium sulfamate plating bath

Constituent or parameter

Valueor condition

Indium sulfamate

105.36 g/L (14 oz/gal)

Sodium sulfamate

150 g/L (20 oz/gal)

Sulfamic acid

26.4 g/L (3.5 0z/gal)

Sodium chloride

45.84 g/L (6 oz/gal)

Dextrose

8.0 g/L (1 oz/gal)

Triethanolamine

2.29 ¢g/L (0.3 oz/gal)

pH 1-3.59
Temperature (static) Room temperature
Cathode efficiency 90%

Anode efficiency Indium, 100%




Throwing power Excellent

Quiality of plate Excellent

Ease of solution analysis Easy

Critical temperature (working) | None, with or without agitation

Color of solution ®

Wettability Fairly easy

Tendency to pit None

Control of solution Metal and pH®

Use of solution Experimental

Current density 108-216 A/m? (10-20 A/ft?)®

(a) 1.5-2preferred. The pH of this bath is controlled by the addition of sulfamic acid.

(b) Clear when new; after use will darken due to organic material breakdown. This has no effect on deposit. Filtering of bath can be done through
activated charcoal to maintain clarity of bath.

(c) Optimum. If metal isincreased, current density can be increased up to 1080 A/m? (100 A/ftd).

Table 5 Indium sulfate plating bath

Constituent or parameter Value or condition
Indium (as sulfate) 20 ¢g/L (2.67 oz/gal min)
Sodium sulfate 10 g/L (1.3 oz/gal)

pH 2.0-25

Temperature (static) Room temperature
Cathode efficiency 30-70%




Anode efficiency Indium, 100%

Throwing power Poor
Quiality of plate Passable
Ease of solution analysis Easy

Critical temperature (working) | Controlled, with or without agitation

Color of solution Clear

Wettability Difficult

Tendency to pit Yes

Control of solution Meta and pH

Use Experimental

Current density 216-432 A/m? (20-40 A/ft?)

Notes: (1) The pH of this bath is controlled by the addition of sulfuric acid or sodium hydroxide as needed. (2) Some insoluble anodes
(platinum or graphite) should be used because the anode and cathode efficiency are not in good relation.

Diffusion Treatment. The plating of indium on a clean, nonferrous surface does not necessarily end the operation. For
some applications, such as bearing plating, the indium deposit is diffused into the base metal, forming a surface alloy.
Thisis accomplished by placing the plated part in an oven or hot oil bath and heat treating it for about 2 h at atemperature
slightly above the melting point of indium. Indium melts at 156.7 °C (314.1 °F), and the diffusion treatment is carried out
at about 175 °C (350 °F). The processing time may be shortened by increasing the temperature, but only after the
diffusion has actually begun. Failure to observe the proper temperature at the beginning of the diffusion process may lead
to the formation of surface bubbles or droplets of indium, which are undesirable, particularly on a decorative finish. A
number of factors govern the depth of diffusion:

The amount of indium plated on the surface
Temperature of heat treatment

Time of diffusion treatment

The diffusion coefficient for indium in the base metal

Indium Alloy Electrodeposits

A variety of indium alloy deposits have been reported in the literature. Included are aloys with antimony, arsenic,
bismuth, cadmium, copper, gallium, lead, tin, and zinc. Of these, only indium-lead has had any degree of commercial
importance.

Indium-lead electroplated alloy was devel oped as an improvement over the diffusion alloy that is formed by plating athin
layer of indium over lead on lead-containing bearings and diffusing the indium into the lead in a hot, 150 °C (300 °F) ail
bath. The alloy reduces the corrosion of the lead-containing bearings by lubricating oils. An aloy containing an average



of about 4% In had high resistance to corrosion and was harder and had better antifriction properties than lead. However,
the composition of the thermally diffused aloy was nonuniform. The electrodeposited indium-lead alloy provided greater
uniformity of composition and showed only one-fourth the corrosion compared to the thermally diffused alloy.

Plating Baths. The two most successful indium-lead plating baths are indium-lead fluoborate and indium-lead
sulfamate. Table 6 compares these processes. The details of the processes are shown in Tables 7 and 8.

Table 6 Comparison of indium-lead plating baths

Parameter Bath salt

Fluoborate | Sulfamate

Indium content of deposit 11% 5%

Microhardness of deposit 2.5 kg/mm? | @

(@) Not reported

Table 7 Indium-lead fluoborate plating bath

Constituent or parameter | Valueor condition
Indium fluoborate 25 g/L (3.4 oz/gdl)

Lead fluoborate 90 g/L (12.0 oz/gal)

Free fluoboric acid 15g/L (2.0 oz/gdl)

Glue 1.5¢g/L (0.2 0z/gdl)
Current density 100-300 A/m? (9-28 A/ft?)
Temperature 20°C (70 °F)

Table 8 Indium-lead sulfamate plating bath

Constituent or parameter | Valueor condition

Indium sulfamate 20 g/L (2.67 oz/gdl)

Lead sulfamate 1g/L (0.13 0z/gdl)




Soluble coffee® 5 g/L (0.67 oz/gal)

pH 15

Current density 100-300 A/m? (9-28 A/ft?)

(a) Regular instant coffee powder

Nonaqueous Indium Plating Baths

The literature has reported the electrodeposition of indium and aloys such as indium-antimony, indium-gallium, and
indium-bismuth from solutions of the metals dissolved in distilled ethylene glycol or glycerin. High-quality deposits have
been reported with good current efficiencies.

Stripping Indium Plating

Diffused indium plate cannot be stripped from bronze. Undiffused indium on bronze can be removed with hydrochloric
acid. Lead-indium plating, either diffused or undiffused, can be removed by immersion in a mixture of 9 parts glacial
acetic acid and 1 part 30% hydrogen peroxide at room temperature. Indium and silver-indium alloy can be removed from
stedl by reversing the current in 30 g/L (4 oz/gal) solution of sodium cyanide at approximately 50 to 55 °C (122 to 131
°F). The silver-indium alloy can be removed in 1:1 nitric acid, but care must be taken to remove it from the bath before
the stedl is etched.

Specifications and Standards
No ASTM, IS0, or U.S. government specifications exist for indium plating. ASTM initiated a draft standard several years

ago, but work was suspended due to lack of interest. The thickness ranges initially proposed were identical to those for tin
(ASTM B 545). The SAE/AMS series has a specification for indium-lead plating, AM S 2415.

Hazards
The toxicity of indium and its compounds has not been extensively investigated. Animal tests indicate some degree of
hazard, but for normal electroplating applications, usual good housekeeping practices should be sufficient. Indium should

not be used in contact with food products because its solubility in food acids is high.

Tin Plating

Revised by Arthur J. Killmeyer, Tin Information Center of North America

Introduction

TIN IS A VERSATILE, low-melting point, nontoxic metal that has valuable physical properties. It alloys readily with
most other metals, and it forms many useful inorganic and organic chemical compounds because it is amphoteric. It has
the largest melting point to boiling point range (from 232 to 2370 °C, or 450 to 4300 °F) of any metal. In conventional
metallurgical applications, evaporation from a pot of liquid tin does not occur. Tin is used in a multitude of products,
although the amount in which it is present is usually relatively small as a percentage of the total. Most manufacturers use
sometin, and it is an essential material in industries such as communications, transportation, agriculture, food processing,
and construction.

Electrodeposits



A thin coating of electrodeposited tin provides beneficial properties, such as excellent solderability, ductility, softness,
and corrosion or tarnish resistance. In this way, the stronger materials that are required for their engineering properties
can be enhanced by the desirable properties of tin on their surfaces. A tin deposit provides sacrificial protection to copper,
nickel, and many other nonferrous metals and alloys. Tin also provides good protection to steel. However, because tin is
normally cathodic to iron, the coating must be continuous and effectively pore-free. (This requirement does not apply to
tinplate used for food packaging because the absence of oxygen inside tin-plated food containers prevents the
electrochemical cell reactions that lead to corrosion.)

Thick, nonporous coatings of tin provide long-term protection in almost any application. The required coating thicknessis
established by the application. Thickness recommendations for tin coatings on metallic materials are given in Table 1. Tin
coatings can be applied at thicknesses of lessthan 1 to 250 um or greater.

Table 1 Recommended thicknesses for typical applications of tin deposits on metal substrates (ASTM B
545-92)

Class | Minimum Typical applications
thickness

pm | pin.

A 25 | 100 Mild service conditions, particularly where the significant surface is shielded from the atmosphere (as in
electronic connector housings). Provides corrosion and tarnish resistance where greater thicknesses may be
detrimental to the mechanical operation of the product (for example, small electrical spring contacts and relays).
Class A often used for tin coatings that are not to be soldered, but must function as low-resistance electrical
contact surfaces.

B 5 200 Mild service conditions with less severe requirements than grade C. Used as a precoating on solderable base
metals to facilitate soldering of electrical components, surface preparation for protective painting, antigalling
agent, and a stopoff in nitriding. Also found on baking pans after reflow.

C 8@ | 320@ | Moderate exposure conditions, usually indoors, but more severe than class B. Used on electrical hardware (such
as cases for relays and coils, transformer cans, screened cages, chassis, frames, and fittings) and for retention of
the solderability of solderable articles during storage.

D 15® | 600® | Severe service conditions, including exposure to dampness and mild corrosion from moderate industrial
environments. Used with fittings for gas meters, automotive accessories (such as air cleaners and oil filters), and
in some electronic applications.

E 30 1200 | Very severe service conditions, including elevated temperatures, where underlying metal diffusion and
intermetallic formation processes are accelerated. Thicknesses of 30 to 125 um (0.0012 to 0.005 in.) may be
required if the coating is subjected to abrasion or is exposed to slowly corrosive liquids or to corrosive
atmospheres or gases. Thicker coatings are used for water containers, threaded steel couplings of oil-drilling

(@) 10 um (400 pin.) for steel substrates.

(b) 20 um (800 pin.) for steel substrates

Applications. The largest use of tin electrodeposits occurs at steel mills that produce tinplate, primarily as food-
preservation containers. A thin tin coating protects the steel inside a tin can, as long as an oxygen-free environment is
maintained. The second largest use of tin electrodeposits occurs in the electronics industry, where coatings are applied to
the surfaces that require good solderability and corrosion or tarnish resistance.



These include radio and television chassis, computer frames, integrated circuit chip leads, tags, connectors, lead frames,
printed wiring boards, and copper wire. Electrodeposited tin is also used on food handling equipment, such as steel baking
pans, sieves, can openers, and fasteners. In general, tin electrodeposits are used to protect surfaces and render them usable
in applications for which they would otherwise be unsuited.

Types of Electrolytes

Tin can be deposited from either alkaline or acid solutions. Electrolyte compositions and process operating details are
provided in Ref 1, 2, and 3, as well asin publications of the International Tin Research Institute. Table 2 gives the basic
details of electrolyte composition and operating conditions for akaline solutions, and Tables 3 and 4 provide this
information for acid solutions. Tin ions in the akaline electrolytes have a valence of +4, whereas those in the acid
electrolytes have a vaence of +2. Consequently, the alkaline systems require the passage of twice as much current to
deposit one gram-molecule of tin at the cathode.

Table 2 Composition and operating conditions for stannate (alkaline) tin plating electrolytes

Values of composition are for electrolyte startup; operating limits for the electrolyte composition are approximately -10 to + 10% of
startup values

Solution | Composition Operating conditions
Potassium Sodium Potassium Sodium Tinmetal® | Temperature | Cathode
stannate stannate hydroxide hydroxide current

density
gL |ozigal |glL oz/lgal | g/L ozgal | gL |ozigal |glL |ozgal | °C | °F Aldm? | A/ft?
A 105 | 14 o . 150 | 2® A 40 |53 66- |150- | 3-10 | 30-
88 190 100
B 210 | 28 e . 22 3 ce . 80 | 10.6 77- 170- 0-16 0-
88 190 160
C 420 | 56 e . 22 3 ce . 160 | 21.2 77- 170- 0-40 0-
88 190 400
D A 1059 | 14 . . 10 [ 13 |42 |56 60- |140- | 053 |6-30
() Asstannate.

(b) Freealkali may need to be higher for barrel plating.

() N&SnO; - 3H,0; solubility inwater is61.3 g/L (8.2 0z/gal) at 16 °C (60 °F) and 50 g/L (6.6 0z/gal) at 100 °C (212 °F)

Table 3 Composition and operating conditions for sulfate (acidic) tin plating electrolyte

Constituent Amount Operating limits




g/L | oz/gal | g/L oz/gal

Stannous sulfate 80 | 10.6 60-100 | 8-13

Tinmetal, assulfate | 40 | 5.3 30-50 | 4-6.5

Free sulfuric acid 50 | 6.7 40-70 5.3-9.3

Phenolsulfonic acid® | 40 | 5.3 30-60 | 4-8

B-naphthol 1 |013 |1 0.13

Gelatin 2 0.27 2 0.27

Note: Temperature range for sulfate electrolytes is 21 to 38 °C (70 to 100 °F), and they do not require heating. Cooling can be
considered if temperature rises to reduce adverse effects of heat on the electrolyte constituents. Cathode current density is 1 to 10

(a) Phenolsulfonic acid is most often used. Cresolsulfonic acid performs equally well and is a constituent of some proprietary solutions.

Table 4 Composition and operating conditions for fluoborate tin (acidic) plating electrolyte

Constituent or condition Standard High-speed High throwing power
Electrolyte, g/L (0z/gd)
Stannous fluoborate 200 (26.7) 300 (39.7) 75(9.9)
Tin metal® 80 (10.8) 120 (16.1) 30 (4.0)
Free fluoboric acid 100 (13.4) 200 (26.8) 300 (40.2)
Free boric acid 25 (3.35) 25 (3.35) 25 (3.35)
Peptone® 5(0.67) 5 (0.67) 5(0.67)
B-naphthol 1(0.13) 1(0.13) 1(0.13)
Hydroquinone 1(0.13) 1(0.13) 1(0.13)
Temperature, °C (°F) 16-38 (60-100) | 16-38 (60-100) | 16-38 (60-100)




Cathode current density, A/dm? (A/ft%) | 2-20 (20-200) 2-20 (20-200) | 2-20 (20-200)

Note: The standard electrolyte composition is generally used for rack or till plating, the high-speed composition for applications like
wire plating, and the high-throwing-power composition for barrel plating or applications where a great variance exists in cathode
current density as aresult of cathode configuration.

(&) Asfluoborate.
(b) Dry basis.

(c) Electrolytes do not require heating. Cooling may be considered if temperature rises to reduce adverse effects of heat on the electrolyte
constituents.

Alkaline electrolytes usualy contain only a metal stannate and the applicable hydroxide to obtain satisfactory
coatings. Unlined mild steel tanks are satisfactory. These can be heated by electrical immersion heaters, steam cails, or
external gas burners. If steam coils are used, they should be supported 5 to 10 cm (2 to 4 in.) above the bottom of the tank
to allow sediment to remain undisturbed. It is not necessary to filter still baths of this type, except at infrequent intervals.
The electrical equipment is the same as that used in other plating operations. A rectifier for converting alternating current
to direct current or a pulse-plating rectifier, which allows more precise control of electrical parameters, can be used.
Factors such as operating temperature, solution constituent concentration, and operating current density all affect the
efficiency and plating rate of the system and must be properly balanced and controlled.

Unusual operating conditions of the alkaline electrolytes involve:

Tin anode control and electrochemical solution mode (discussed below)
Cathodic deposition occurring from Sn**
Solubility of the akaline stannate in water

Ninety percent of the problems encountered in akaline tin plating result from improper anode control. Conversely,
operating the alkaline electrolytes is simple if one understands anode behavior, because there are no electrolyte
constituents except the applicable stannate and hydroxide.

Tin anodes must be properly filmed, or polarized, in alkaline solutions to dissolve with the tin in the Sn™ state. Once
established, the anode film continues to provide the tin as Sn*™. The anodes can be filmed either by subjecting them for
about 1 min to a current density considerably above that normally used, or by lowering them slowly into the bath with the
current already flowing.

Three reactions are possible at tin anodes in alkaline solutions:

J_
Sn+60H ® Sn(OH)6 + 4e (Eq 1)
-
Sn+40H ® Sn(OH)4 +2¢ (Ea 2
A0H" ® O, + 2H,0 + 4¢ (Eq 3)

Equation 1 represents the overall process occurring at the anodes when the film is intact and the tin is dissolving as
stannate ion, with tin in the Sn™ state. Film formation is confirmed by a sudden increase in the electrolyte cell voltage, a
drop in the amperage passing through the cell, and the observation of a yellow-green film for pure tin anodes. High-speed
anodes (containing 1% Al), used for tinplate production, turn darker. Because the anodes do not function at 100%
efficiency when filmed, moderate gassing occurs as the result of the generation of oxygen, asin Eq 3.



Equation 2 is the process occurring if there is no film and the tin is dissolving as stannite ion, with tin in the Sn*? state.
The presence of stannite in the electrolyte produces unsatisfactory plating conditions, and the deposit becomes bulky,
rough, porous, and nonadherent. The addition of hydrogen peroxide to the electrolyte oxidizes the Sn*? to Sn™*, returning
it to a usable condition. If this remedy is required frequently, it indicates other problems that must be addressed. The
concentration of caustic may be too high. This can be remedied with the addition of acetic acid.

Equation 3 shows the decomposition of hydroxyl ion with the formation of oxygen. While thisis a normal reaction at the
anode, it should not be permitted to become the dominant reaction, as occurs when the anode current density is too high.
Under this condition, no tin dissolves and the anodes take on a brown or black oxide film. The anode current density
should be reduced until the normal film color returns. If this is allowed to become thick enough, it is removable only by
the action of strong mineral acids. Stannate baths normally appear colorless to straw colored, and clear to milky,
depending on the quantity of colloidal materia present. If an appreciable quantity of stannite builds up in the bath, it will
appear light to dark gray, depending on the quantity of stannite that has formed. The gray color is caused by the
precipitation of colloidal tin as aresult of the disproportionation of stannite:

2— 2—
2Sn(OH)1  ® SN(OH)6  + Sn + 20H"

Thistin will codeposit with tin from the stannate ions, causing the rough spongy deposits mentioned above.

In the alkaline systems, two factors tend to restrict the usable current density range and limit the deposition rate. One
factor is the solubility of the stannates in hydroxide solutions. With the sodium formula, the normal increase is not
possible, because sodium stannate is one of the unusual salts that have a reverse temperature coefficient of solubility. An
example of this process is given in Table 2. Less sodium stannate dissolves as the electrolyte temperature increases,
which reduces the usable current density and the plating rate. Potassium stannate is more soluble with increasing
temperature, but as the stannate increases, the potassium hydroxide must also increase. Stannate solubility decreases as
the hydroxide content increases.

The second factor isthat cathode efficiency decreases as current density increases. Eventually, apoint is reached at which
these factors become offset, and a further increase in current density does not increase the deposition rate. This limits the
rate at which tin can be deposited.

In specialized applications, such as plating the inside of oil-well pipe, it is not possible to have an anode surface sufficient
enough to avoid passivity. A higher current density can be used if insoluble anodes are utilized, but tin deposited on the
cathode must then be replaced by the addition of chemicals. The addition of stannate to provide the tin cations also adds
sodium or potassium hydroxide to the eectrolyte. Although the resulting additional akalinity can be neutralized by
adding a calculated amount of an acetic acid, the sodium or potassium ion concentration continues to increase and the
akaline stannate solubility is reduced. This, in turn, reduces the available Sn** ion to alow enough concentration that the
plating rate decreases rapidly, and the electrolyte must be discarded. A potassium-base composition has been developed,
in which the necessary Sn** ions are added to the electrolyte as a soluble, colloidal, hydrated tin oxide (Ref 2). Because
the potassium ion concentration builds up more slowly in this composition, electrolyte life is nearly indefinite. The
throwing power of akaline stannate solutions is quite high, allowing the coating of intricate shapes and interior parts of
cathodes.

Acid Electrolytes. Several acid electrolytes are available for tin plating. Two of these--stannous sulfate and stannous
fluoborate--are general systems that are adaptable to amost any application. Electrolytes such as halogen (a chloride-
fluoride base system) and Ferrostan (a special sulfate-base system) have been developed for tin coating cold-rolled steel
strip traveling at high speed for the production of tinplate. The acid electrolytes differ from alkaline electrolytes in many
respects. A stannous salt that is dissolved in a water solution of the applicable acid does not produce a smooth, adherent
deposit on a cathode. Therefore, a grain-refining addition agent (such as gelatin or peptone) must be used. Usualy, such
materials are not directly soluble in a water solution, and a wetting-agent type of material (such as p-naphthol) is also
necessary.

Organic brighteners can be added if a bright-as-coated electrodeposit is desired. This produces a coating that |ooks the
same as a reflowed tin coating. Over time, these brighteners will decompose in the bath and must be replenished. The
composition of these organic brighteners has been the subject of considerable research over the years. The earliest
substance studied, in the 1920s, was wood tar dispersed with a wetting agent. Other materials were studied in later years,
especially pure compounds such as cresol sulfonic acid and various aromatic sulfonates. These were seen to have more of



a stabilizing effect, preventing the hydrolysis and precipitation of tin as tin(ll) and tin(IV) salts. Later work has shown
that a "cruder" material is more effective as a brightener. Such a material is obtained by the sulfonation of commercial
cresylic acid. The implication here is that by-products of the sulfonation and not the cresol sulfonic acid itself are
responsible for the brightening of the tin coating. Various proprietary brightening systems have been produced over the
years. Very little of the development work on brightening agents has been published outside the patent literature. A
comprehensive discussion of the topic is beyond the scope of this article. It is usually most convenient to purchase a
packaged system from a plating supply house.

The organic materials will co-deposit with the tin, resulting in a higher than normal carbon content in the el ectrodeposit.
This does not create a problem, unless the tin coating is to be soldered or reflowed. The supplier of the proprietary bath
should be consulted for directions on controlling this problem.

To retard the oxidation of the stannous tin ions to the stannic form, either phenolsulfonic or cresolsulfonic acid is added to
a sulfate-base system, and hydroquinone is added to a fluoboric acid-base system. Although the acid electrolytes can
contain large amounts of stannic ions without affecting the operation of the system, only the stannous ions are deposited
a the cathode. As a result, oxidation depletes the available stannous ions, which must be replaced by adding the
corresponding stannous salt to the bath. To limit the oxidation of stannous ions, a sufficient anode area must be
maintained, and the operating temperature must be kept as low as possible. In addition, one must avoid introducing
oxygen into the solution, either by afilter leak or air agitation. Usually, an antioxidant is added to the solution.

In terms of operating characteristics, the basic differences between acid and akaline electrolytes are related to the type of
tin ion that is present in the electrolyte. In acid systems, the stannous ions must not be oxidized to the stannic form, and
operation must occur at lower temperatures. The acid electrolytes require only half as much current to deposit one gram-
molecule of tin. The tin dissolves directly from the metallic anodes, and the control of an anode film is not involved. Acid
electrolytes are nearly 100% efficient, both anodically and cathodically, which avoids the necessity of regularly adding
chemicalsfor tin. The problems of oxygen gas evolution at the anode surface and hydrogen gas at the cathode surface are
reduced. Some particulate matter is produced as sludge from three sources. anode slime products, the precipitation of
addition agents and their breakdown products, and basic tin compounds formed by oxidation. These materials must be
removed during operation. In a dtill tank, the precipitates gradually settle, but agitated solutions require continuous
filtration.

Acid-resistant equipment must be used. Lead-lined plating tanks were formerly used, but stoneware, rubber- or plastic-
lined stedl, or plastic tanks are now more common. Filtration equipment should be available, because solid particles of
precipitated matter in the solution will cause deposit porosity and roughness. With still baths, suspended matter can be
allowed to settle without filtration, but with agitated baths, continuous filtration is advisable. Cathode bar movement is
often recommended.

The stannous sulfate electrolyte is most popular because of its general ease of operation. The rate of deposition is
somewhat limited by optimum metal concentration in the electrolyte. A still bath is operated at a cathode current density
of 1 to 2 A/dm? (10 to 20 A/ft?). Current densities of up to 10 A/dm? (100 A/ft?) are possible with suitable electrolyte
agitation. Higher current densities will result in burned deposits. The anode surface area must be increased when higher
current densities are used, otherwise the anodes will become passive. Addition agent control is not quantitative in nature,
but deficiencies are easily recognized by the experienced plater. An electrolyte can be prepared from readily available
chemicals, or a proprietary system can be purchased from suppliers. Most commercia bright acid tin processes and the
more recent matte acid tin systems are based on the stannous sulfate solution. Precise information on operation and
control should be obtained directly from the specific supplier.

The stannous fluoborate electrolyte is a good general-purpose electrolyte. It can operate at higher current densities
because of the conductivity provided by the fluoboric acid. Cathode current densities of 20 A/dm? (200 A/ft?) and higher
are possible with suitable solution agitation. The need to increase anode surface area at high current densities and the
control of the addition agents parallel the requirements associated with using stannous sulfate. Table 4 gives standard,
high-speed, and high-throwing-power electrolyte compositions, because each meets a specific need. The solution
conductivity that is lost because of the lower metal content in the high-throwing-power bath is compensated for by the
higher concentration of fluoboric acid. The lower total metal in the solution reduces the variance in deposit thickness that
is usually associated with varying areas of cathode current density. Boric acid is listed as a constituent of the fluoborate
solutions because of its presence in the stannous fluoborate and fluoboric acid used to prepare the solutions. It is not a
necessary ingredient in the electrolyte.
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Lead Plating

Revised by George B. Rynne, Novamax Technology

Introduction

LEAD has been deposited from a variety of electrolytes, including fluoborates, fluosilicates, sulfamates, and methane
sulfonic acid baths. Fluoborate baths are the most widely used because of the availability of lead fluoborate and the
simplicity of bath preparation, operation, and stability. Fluoborate baths provide finer grained, denser lead deposits.
Fluosilicate baths, although less costly to use for large operations, are difficult to prepare for small-scale plating. They are
not suitable for plating directly on steel and are subject to decomposition, which produces silica and lead fluoride. Use of
sulfamate baths is almost nonexistent in the United States, because neither lead silicofluoride nor lead sulfamate is
available commercially. These salts must be prepared by the plater using litharge (PbO) and the corresponding fluosilicic
or sulfamic acids. Sulfamate baths are subject to decomposition, which produces |ead sulfate.
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Applications

The appearance and properties of lead limit its commercial use in electroplating largely to corrosion protection and
bearing applications-two fields in which the physical and chemical properties of lead render it uniqgue among the
commercialy plated metals. Lead has not been extensively electroplated because its low melting point of 325 °C (620 °F)
facilitates application by hot dipping. Electrodeposited lead has been used for the protection of metals from corrosive
ligquids such as dilute sulfuric acid; the lining of brine refrigerating tanks, chemical apparatus, and metal gas shells; and
barrel plating of nuts and bolts, storage battery parts, and egquipment used in the viscose industry.

Electroplated lead has been used for corrosion protection of electrical fuse boxes installed in industrial plants or where
sulfur-bearing atmospheres are present. Lead is also codeposited with tin for wire plating, automotive crankshaft bearings,
and printed circuits.

Nonporous lead deposits with thicknesses of 0.01 to 0.025 mm (0.4 to 1 mil) give good protection against corrosion,
although the coating may be subject to breaking during abrasion due to the soft nature of lead. Better mechanical
properties and improved durability are obtained with coating deposits with thicknesses greater than 0.025 mm (1 mil).
Depositing more than 0.08 mm (3 mils) of lead is relatively easy, in that a deposit of about 0.1 mm (4 mils) can be
produced in about 1 h at 2 A/dm? (19 A/ft?) (Ref 1).
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Process Sequence

Low-Carbon Steel. Lead can be plated directly on steel from the fluoborate bath using the following cycle:



Degrease with solvent (optional)

Alkali clean (anodic)

Water rinse

Dip in 10% fluoboric acid (Caution: Hydrochloric or sulfuric acid should not be used because they can
precipitate insoluble lead sulfate or chloride on the work in the event of poor rinsing)

Water rinse

Lead plate

Rinse

Lead can be plated on steel from fluosilicate and sulfamate baths using the following cycle:

Degrease with solvent (optional)

Alkali clean (anodic)

Rinse

Dipin 5 to 25% hydrochloric acid

Rinse thoroughly

Dipin30to 75 g/L (4 to 10 oz/gal) sodium cyanide
Rinse

Copper cyanide strike

Rinse thoroughly

Dip in 10% fluoboric acid (see caution above)
Rinse

Lead plate

Rinse

Copper. Lead can be plated directly on copper from fluoborate, fluosilicate, or sulfamate baths using the following

Alkali clean (anodic or cathodic/anodic)
Rinse

Dip in 10% fluoboric acid (see caution above)
Rinse

Lead plate

Rinse

Fluoborate Baths

Lead fluoborate baths are prepared by adding the required amount of lead fluoborate concentrate and fluoboric acid to
water followed by peptone as the preferred addition agent.

Until methane sulfonic acid (MSA) baths became widely used in the past few years, fluoroborate baths were the most
important bath for lead plating. Good lead deposits up to 1.5 mm (60 mils) in thickness can be achieved with a

fluoroborate bath of the following composition:

Basic lead carbonate, 2PbCO; - Pb(OH,)

300 g/L (40 oz/gal)




Hydrofluoric acid (50% HF) 480 g/L (64 oz/gdl)

Boric acid, H;BO; 212 g/L (28 0z/gd)

Glue 0.2 g/L (0.03 oz/gal)

A bath of half the above concentration is suitable for thinner deposits at low current densities, but the lead concentration
should be kept high if smooth deposits and good throwing power are required (Ref 1). More detailed information on
fluoroborate formulations and performance for lead plating is covered in Ref 2, 3, 4, and 5.

Many different types of glue and gelatin additives are available, but no one type is manufactured specifically for lead
plating. Depending on the method of manufacture, each can exhibit different levels of solubility and impurities that may
be of concern to the plater.

Glue and gdlatin addition agents must be swelled and dissolved in water by the plater just prior to addition to the bath.
The resultant colloidal solution has a limited shelf-life and is prone to bacterial degradation on standing. Glue and
hydroquinone are relatively expensive. Often, it is a by-product of an industrial process and can contain organic and
inorganic impurities detrimental to the lead plating process. No grade is manufactured and sold specificaly for lead
plating.

Concentrates of lead fluoborate and fluoboric acid contain free boric acid to ensure bath stability. An anode bag filled
with boric acid in each corner of the plating tank is recommended to maintain a stable level of boric acid in the bath
solution. The concentration of boric acid in the bath is not critical and can vary from 1 g/L (0.13 oz/gal) to saturation. The
water used in the bath preparation must be low in sulfate and chloride, as these lead salts are insoluble.

Table 1 provides the compositions and operating conditions of high-speed and high-throwing-power fluoborate plating
baths. The high-speed bath is useful for plating of wire and strip where high current densities are used. The high-
throwing-power formulation is used in applications such as barrel plating of small parts or where thickness distribution on
intricate or irregularly shaped parts is important. The high-throwing-power bath should be operated at a lower current
density because of the lower lead content of the bath.

Table 1 Compositions and operating conditions of lead fluoborate baths
Anode composition, pure lead; anode/cathode ratio, 2:1

Bath Bath composition Temperature | Cathode
current
density®

Lead Fluorobic Peptone | Freeboric acid
acid (min) solution,
vol%
gL | ozigal | g/L | oz/gal gL oz/gal °C °F Aldm? | A/ft?
High-speed 225 | 30 100 | 134 1.7 1 to | 0.13 to | 20-41 | 68- 5 50
saturation saturation 105
High-throwing- 15 | 2 400 | 54 1.7 24-71 | 75- 1 10

(a) Values given are minimums. Current density should be increased as high as possible without burning the deposit; this is influenced by the
degree of agitation.



Fluoborate baths rank among the most highly conductive plating electrolytes and thus require low voltage for the
amperage used.

Maintenance and Control. The very high solubility of lead fluoborate in solution with fluoboric acid and water
accounts for its ailmost universal use for lead plating. In the high-speed bath formulation of Table 1, neither the lead nor
acid content is critical, and the bath can be operated over awide range of lead and acid concentrations.

The high-throwing-power bath formulation of Table 1 must be operated fairly close to the guidelines given. Lowering the
lead concentration improves the throwing power characteristics; however, a reduction in lead concentration must be
followed by a corresponding decrease in the cathode current density. On the other hand, an increase in lead content above
the optimum permits the use of higher current densities, with a corresponding decrease in throwing power.

Sludge may form in the fluoborate bath as a result of the use of impure lead anodes that contain bismuth or antimony or as
a result of the drag-in of sulfates. Fluoborate baths should be constantly filtered through dyndl or polypropylene filter
media to remove any sludge that may form. Anodes must be bagged in dynel or polypropylene cloth. Absence of gas
bubbles at the cathode or anode while plating indicates all electric energy is theoretically being used to transfer lead from
the anode to the workpiece; in other words, the process is operating at 100% anode and cathode efficiency. The plating
bath concentration therefore remains unchanged except for changes due to evaporation and dilution from placing wet
partsin the bath in combination with dragout when the parts are removed from the bath.

Methods are available for analyzing lead and fluoboric acid concentrations. Additive concentration can be adequately
evaluated through the use of the Hull cell. Low concentration of additive resultsin loss of throwing power, coarse-grained
deposits, and treeing. (Treeing is the formation of irregular projections on a cathode during el ectrodeposition, especially
a edges and other high-current-density areas).
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Fluosilicate Baths

Fluosilicic acid is formed by the action of hydrofluoric acid on silicon dioxide. The lead fluosilicate (PbSiFe) electrolyte
is formed when fluosilicic acid is treated with litharge. No great excess of silicic acid can be held in solution; therefore,
the fluosilicate solution is less stable than the fluoborate solution. Table 2 lists compositions and operating conditions for
two lead fluosilicate baths.

Table 2 Compositions and operating conditions of lead fluosilicate baths

Temperature, 35-41 °C (95-105 °F); cathode current density, 0.5-8 A/dm? (5-80 A/ft?); anode current density, 0.5-3 A/dm? (5-30
A/ft?); anode composition, pure lead

Bath | Lead Animal glue | Peptone equivalent | Total fluosilicate

gL [ oz/gal | gL | oz/gal | g/L 0z/gal g/L oz/gal

1 10 | 13 0.19] 0025 | 5 0.67 150 20




2 180 | 24 56 | 0.75 150 20.1 140 18.75

Although at low current densities it is possible to secure smooth deposits of lead from the fluosilicate bath without
additive agents, higher current densities are likely to produce treeing, especially in heavy deposits. Therefore, an additive
agent, such as peptone glue or other colloidal materials or reducing agents, is always used. The use of excess gluein lead
plating baths, however, may result in dark deposits. Maintenance and control procedures for the fluosilicate baths are
similar to those described for the fluoborate baths.

Sulfamate Baths

Sulfamate baths consist essentially of lead sulfamate with sufficient sulfamic acid to obtain a pH of about 1.5. Sulfamic
acid is stable and nonhygroscopic, and is considered a strong acid. Compositions and operating conditions of two typical
sulfamate baths are given in Table 3.

Table 3 Compositions and operating conditions of lead sulfamate baths

pH, 1.5; temperature, 24-49 °C (75-120 °F); cathode current density, 0.5-4 A/dm? (5-40 A/ft?); anode current density, 0.5-4 A/dm? (5-
40 A/ft?); anode/cathode ratio, 1:1; anode composition, pure lead

Bath | Lead Animal glue | Peptone equivalent | Free sulfamic acid

g/L | oz/gal | g/L | oz/gal | g/L oz/gal g/L oz/gal

1 140 | 1875 | 56 | 0.75 150 201

Because the acid and the salt used in the solutions in Table 3 are highly soluble in water, sulfamate baths can be prepared
either by adding constituents singly or as formulated salts to water. Solutions are usually formulated to concentrations that
allow bath operation over a wide range of current densities. Lead concentration can vary from 112 to 165 g/L (15 to 22
oz/gal), while the pH is held at about 1.5. As in other lead plating solutions, additive agents (peptone gelatin or other
colloids, akyl or akyl aryl polyethylene glycols) are required to produce smooth, fine-grained deposits.

Spongy deposits are obtained if the lead concentration is too low, the current density is too high, or the concentration of
additive agent is too low. At low pH or high temperature, sulfamate ions hydrolyze to ammonium bisulfate to form
insoluble lead sulfate. Ordinarily, this hydrolysis presents no problem, provided the bath is correctly operated.

Maintenance and Control. Sulfamate baths do not require much attention other than maintenance of the correct
proportion of additive agents to produce the desired deposit quality. Additive agent content is evaluated by the use of the
Hull cell. The pH is easily adjusted with sulfamic acid or ammonia and can be measured with a glass electrode. Lead
concentration can be determined with sufficient accuracy by hydrometer readings or an occasional gravimetric analysis.

Methane Sulfonic Acid Baths

Methane sulfonic acid (MSA) baths consist essentially of MSA-lead concentrate mixed with MSA to arrive at a total acid
concentration of 300 mL/L. The overall system is stable and is considered to be a strong acid. Compositions and operating
conditions for two MSA baths are given in Table 4.

Table 4 Compositions and operating conditions of lead methane sulfonic acid (MSA) baths
Temperature, 45 °C (110 °F); anode composition, pure lead; anode/cathode ratio, 1:1



Bank Lead MSA, mL/L | Additive, vol% | Cathode
current density

g/L | oz/gal Aldm? | A/ft®
Rack/barrel | 30 | 4 300 4 0.5-5 5-50
High-current | 100 | 13.3 300 4 0.5-20 | 5-200

The materials used to formulate MSA baths are highly soluble liquids. The baths listed in Table 4 are metal
concentrations and, as such, are sensitive to current density. A lead concentration of 30 g/L (4 oz/gal) supports a
maximum current density of 5 A/dm? (50 A/ft%); an increase in the lead concentration to 100 g/L (13.3 oz/gal) allows a
corresponding increase in the maximum current density to 20 A/dm? (200 A/ft?). The use of a proprietary additive (4% of
bath composition) is required to produce the smooth, fine-grained deposits usually provided by colloidal agents in
fluoborate systems.

The principal advantage of MSA baths, in addition to their overall chemical stability, is the absence of the fluoride and
borate ions present in other lead plating baths. These ions are heavily regulated or prohibited in many states because of
their deleterious effects on fruit-bearing trees when released to the environment. An additional advantage of MSA bathsis
that when they are applied to 60Pb-40Sn solder alloys, these eutectic alloys can be plated over an extremely broad range
of current densities. MSA baths are easily operated and controlled, but they are more expensive to make up.

Maintenance and Control. The MSA system is extremely stable and requires little or no maintenance other than
control of the metal, acid, and additive concentrations within relatively broad ranges. Of these, it is of greatest importance
to control the acid concentration in actual production situations. Additive concentration is evaluated using the Hull cell;
metal and acid concentrations can be evaluated through simple titrations. Deionized water must be used for rinsing the
part prior to immersion in the plating bath because MSA is sensitive to chloride ions in the makeup water.

Anodes

Lead of satisfactory purity for anodes may be obtained either as corroding lead or chemical lead. Chemical lead anodes
generally are preferred. Impurities in the anodes such as antimony, bismuth, copper, and silver cause the formation of
anode slime or sludge and can cause rough deposits if they enter the plating solution. These impurities can also cause
anode polarization if present in the anode, especialy at higher anode current densities. Small amount of tin and zinc are
not harmful. Anode efficiency in acid bathsis virtually 100%.

Anodes should be bagged in dynel or polypropylene cloth to prevent sludge from entering the plating bath. These bags
should be leached in hot water to remove any sizing agents used in their manufacture before use in the plating bath. Nylon
and cotton materials deteriorate rapidly and should not be used in any of the baths.

Equipment Requirements

Fluoborate and fluosilicate baths attack equipment made of titanium, neoprene, glass, or other silicated material; thus,
these material's should not be used in these solutions. Anode hooks should be made of Monel metal.

Tanks or tank linings should be made of rubber, polypropylene, or other plastic materials inert to the solution. Pumps and
filters of type 316 stainless steel or Hastelloy C are satisfactory for intermittent use; for continuous use, however,
eguipment should be made from or lined with graphite, rubber, polypropylene, or other inert plastic. Filter aids used for
the fluoborate solution should be made of cellulose rather than asbestos or diatomaceous earth.

Stripping of Lead



Table 5 identifies solutions and operating conditions for stripping lead from steel. Method C, at about 16 °C (60 °F),
strips 25 um (1 mil) of lead in 6 or 7 min with very slight etching of the steel. With Method B, voltage increases suddenly
when the lead coating has been removed; at room temperature and 9.3 A/dm? (92 A/ft?), the voltage may be about 2.7 V
during stripping, but increasesto 4.6 V when stripping is complete.

Table 5 Solutions and operating conditions for stripping lead from steel

Method A

Sodium hydroxide 100 g/L (13.4 oz/gal)
Sodium metasilicate 75 g/L (10 oz/gd)

Rochelle salt 50 g/L (6.7 0z/gdl)
Temperature 82 °C (180 °F)

Anode current density 1.9-3.7 Aldm? (18.5-37 A/ft)
Method B

Sodium nitrite 500 g/L (67 oz/gal)

pH 6-10

Temperature 20-82 °C (68-180 °F)

Anode current density 1.9-18.5 A/dm? (18.5-185 A/ft?)
Method C®

Acetic acid (glacial) 10-85 vol%

Hydrogen peroxide (30%) | 5 vol%

Method D@®)

Fluoboric acid (48-50%) | 4 parts

Hydrogen peroxide (30%) | 1 part

Water 2 parts




Temperature 20-25°C (68-77 °F)

(a) Formulations should be made up fresh daily.

(b) Alternate method for stripping lead or lead-tin deposits. Work must be removed as soon as the lead is stripped; otherwise, the base metal will
be attacked.

With the solutions used in Method A or B, a stain occasionaly remains on the steel after stripping. The stain can be
removed by immersion for 30 sin the solution used in Method C, leaving the steel completely clean and unetched (unless
the nitrate solution of Method B was used at less than about 2 V).

Silver Plating

Alan Blair, AT&T Bell Laboratories

ELECTROPLATED SILVER--which was developed primarily for use on holloware, flatware, and tableware--has proven
its usefulness in both decorative and functional applications in both engineering and electrical/electronic applications.
Decorative applications of silver plating still predominate; however, silver has been successfully substituted for gold in
some functional uses in electronics. Its greatest success has been the virtually complete replacement of gold on metallic
leadframes, the devices that support the majority of silicon chips. Here the development of new silicon-to-silver bonding
techniques and ultimate encapsulation of the silver allow for the replacement of a much more expensive precious metal
without loss of performance. In electrical contact applications, where the long-term integrity of the surface is of
paramount importance, silver has been less successful as a gold substitute due to its tendency to form oxides and sulfides
on its surface and the resultant rise in contact resistance. Silver has been employed as a bearing surface for many decades.
It is particularly useful where the load-bearing surfaces are not well lubricated (e.g, in kerosene fuel pumps on gas turbine
engines.)

Solution Formulations. The first patent concerning electroplating was filed in 1840 and reported a process for plating
silver from a cyanide solution. To this day, silver is plated ailmost exclusively with cyanide-based solutions, despite the
considerable research effort that has been expended on evaluating less toxic alternatives. A formulation for such a
solution is given in Table 1. This type of electrolyte would be used for plating decorative or functional deposits of silver
in a conventional way (i.e., on arack or in abarrel). It is possible to produce fully bright deposits that require no further
buffing or polishing. This is achieved by including a brightening agent in the solution formula, (one of severa sulfur-
bearing organic compounds, or selenium or antimony added as soluble salts). Antimony containing silver deposits are
harder than pure silver. A typical antimony content might be 0.1 to 0.2% by weight. However, it should be noted that
antimony content will vary with the current density employed during deposition; lower current densities will produce a
deposit with higher antimony content.

Table 1 Plating solutions for silver

Component/Par ameter Rack Barrel

Silver as KAg(CN),, g/L (oz/gal) 15-40 (2.0-2.5) | 5-20(0.7-2.5)

Potassium cyanide (free), g/L (oz/gal) 12-120 (1.6-16) | 25-75 (3.3-10)

Potassium carbonate (min), g/L (oz/gal) | 15 (2.0) 15(2.0)




Temperature, °C (°F) 20-30 (70-85) | 15-25 (60-80)

Current density, A/dm? (A/ft) 0.5-4.0 (5-40) | 0.1-0.7 (1-7.5)

Anodes of pure silver are readily soluble in the excess or "free"cyanide of these solutions. Carbonate is a natural
byproduct of atmospheric oxidation of cyanide, but this adds to the solution conductivity, and some carbonate is included
when preparing a new solution. Silver metal concentration is normally maintained by anode dissolution, but occasional
small additions of the metal salt may be needed. This is facilitated by adding either silver cyanide (80% silver) or
potassium silver cyanide (54% silver, sometimes referred to as the double salt). Additions of the former will lower the
free cyanide concentration, whereas additions of the double salt will not.

Silver is usually more noble than the metal over which it is being plated, and because of this it has a tendency to form
"immersion deposits." These are poorly adherent films of silver that form due to a chemical reaction between the base
metal substrate and the silver ions in solution before true electrodeposition can commence. In order to avoid this
phenomenon a silver strike should always be used. (A strike is a low-concentration bath operated at high cathode current
density.) The following gives atypical silver strike solution formulation.

Component/Par ameter Value
Silver, as KAg(CN),, g/L (0z/gd) 1.0-2.0(0.13-0.27)
Potassium cyanide (free), g/L (oz/gal) 80-100 (10-13)

Potassium carbonate (minimum), g/L (oz/gal) | 15 (2.0)

Temperature, °C (°F) 15-25 (60-80)

Current density, A/dm? (A/ft) 0.5-1.0 (5-10)

Stainless stedl anodes should always be used in asilver strike solution to avoid an increase in silver metal concentration.

High-speed, selective plating of leadframes or similar electronic components requires the use of extremely high current
densities and short plating times. Typical thicknesses range from 1.5 to 5.0 um deposited in less than 2 s. Under these
conditions, solutions containing free cyanide decompose very rapidly, the cyanide polymerizes and codeposits through
electrophoresis, and the deposits cease to provide the desired properties. Solutions that use phosphate or nitrate salts as
conducting media and use insoluble platinum or platinized titanium or niobium anodes have been developed to meet this
requirement. Silver is present as potassium silver cyanide, and its concentration must be maintained by making periodic
additions of this double salt. Careful attention must be paid to buffering because of the tendency to produce low pH
values at the insoluble anodes. If this occurs, an insoluble silver salt will rapidly coat the anode and plating will cease. A
typical formulais shown below.



Component/Parameter Value

Silver, as KAg(CN)2,g/L (oz/gal) 40-75 (5-10)

Conducting/buffering salts,g/L (0z/gal) | 60-120 (8-16)

pH 8.0-9.5
Temperature, °C (°F) 60-70 (140-160)
Current density, A/dm?(A/ft?) 30-380 (275-3500)

Noncyanide formulas that have been reported include those based on simple salts such as nitrate, fluoborate, and
fluosilicate; inorganic complexes such as iodide, thiocyanate, thiosulfate, pyrophosphate, and trimetaphosphate; and
organic complexes such as succinimide, lactate, and thiourea. A succinimide solution and a thiosulfate/metabisulfite
solution have been commercialized, but the volumes used are very small compared with the cyanide solutions.

Specifications. Federa specification QQ-S-365D gives general requirements for silver plating. Using this specification
it is possible to define the type of finish needed: matte (type 1), semibright (type Il), or bright (type IIl), and with
chromate film for added tarnish resistance (grade A), or with no film (grade B). A minimum thickness of 13 um (0.0005
in.) isrequired for functional coatings.

ASTM B 700 specifies electrodeposited coatings of silver for engineering uses and defines purity (types 1, 2, and 3: 99.9,
99.0, and 98.0%, respectively); degree of brightness or mechanical polish (grades A, B, and C: matte, plated bright, and
mechanically polished, respectively); and absence or presence of a chromate film (class N or S). Thickness must be
specified by the purchaser.

The aerospace industry refers to four aerospace material specifications: AMS 2410G, AMS 2411D, and AMS 2412F,

each of which applies to specific undercoats and bake temperatures;, and AMS 2413C, which defines requirements for
silver and rhodium plating on microwave devices.

International standard 1SO 4521 defines silver coatings on metallic and nonmetallic substrates. Thicknesses are not
specified but preferred thicknesses are quoted.

Users of silver plating for decorative purposes will find guidance in "Guides for the Jewelry Industry," originaly issued
by the Federal Trade Commission.

Gold Plating

Alfred M. Weisberg, Technic Inc.

Introduction

GOLD PLATING is similar to other metal plating in most chemical and electrochemical ways. Gold differs from other
metals primarily in that it is much more expensive. Within recent memory, the price of gold metal has gone from $35 per
ounce to $850 per ounce and at the time of this writing is characteristically unstable at about $375 per ounce. Thus the
cost of agallon of gold plating solution is quite high.

This price level and the daily variability of its price have required chemists and engineers to severely limit the
concentration of gold in the plating solution. Nickel, alkaline copper, and silver are typically plated from solutions that
contain 37 g of metal per liter of plating bath. Acid copper is plated from a solution that contains 60 g of metal per liter,



and a chromium solution can contain over 240 g of metal per liter. Gold, because of its price and the cost of the dragout
losses, is rarely plated from a solution that contains more than 1 troy ounce per gallon (8.2 g/L). Some gold baths used for
striking, decorative use, and barrel plating use aslittle as 0.8 or 0.4 g/L of gold.

These very low metal concentrations, or "starved" solutions, present problems to the gold plater that are quite different
from those of other metal plating solutions. With a starved solution, every control parameter in the plating process
becomes more critical. Gold concentration, electrolyte concentration, pH, impurity level, and additive level must all be
monitored and controlled. Temperature, current density, agitation, and the current efficiency must be accurately known
and controlled beyond the degree necessary for copper, nickel, or even silver plating. If any factor changes, even 2 to 3%,
the cathode gold deposition efficiency changes. If the efficiency decreases, items being plated under standard conditions
will be underplated and the specified thickness will not be attained. Similarly, if the cathode efficiency increases, the plate
will betoo thick and result in increased cost because of using excess gold.

The engineer and plater of gold must tread the narrow line between not depositing enough gold and giving away too much
gold. In addition, those concerned with gold plating must not only keep the chemistry of the process and the peculiarities
of electrodeposition in mind, as do other platers, but also be aware of the market price of gold. The plater must be an
economist in order to realize when the operating conditions of the solution should be altered or the entire process changed
to reflect the changes in the price of gold. Economics also determines the total consumption of gold. In the recent past,
when the price of gold vaulted above $500 per troy ounce, many electronics companies replaced some of the total
thickness of gold with undercoats of palladium or palladium-nickel aloys. Others abandoned gold completely. Economics
isamore important factor in the plating and metallurgy of gold than in the plating of nonprecious metals.

General Description

Gold electroplating was invented in 1840. During the first 100 years electrodeposited gold was used primarily for its
aesthetic appeal as a decorative finish. Because decorative appeal is a matter of fashion and personal whim, hundreds of
different formulations are recorded in the literature. Each was the favorite color and finish of a master plater. In their time
and place, each was good. Today, however, many factors have changed, especially the price, and the old formulas should
be used for historical reference only.

With the development of electronics and radar during World War 11, gold had to become a functional utilitarian coating.
Low voltages, milliamp currents, dry circuits, and microwave frequencies required the very best low resistance surfaces
for contacts, connectors, and waveguides. The stability of the contact resistance was of paramount importance.
Nontarnishing and low-resistance 24K gold surfaces were the logical choice for connectors. Later, as the demands on the
gold surface increased, it was found necessary to change the metallurgy of the gold deposit. Initially, wear resistance was
increased by hardening the deposit to 150 to 250 HK. Later, wear resistance was increased by atering the crystal
orientation of the gold deposit from the (100) plane to the dlip plane, (111). Both of these results were achieved by the
addition of controlled amounts of metallic and nonmetallic additives.

At virtually the same time, transistors required high-purity gold that could be doped with antimony or indium to give n- or
p-type junctions. The printed circuit industry required gold electroplates that could be produced from solutions of lower
pH (actually on the acid side) and from solutions that contained no free cyanide. The alkalinity of free cyanide lifted the
resist and sometimes even lifted the laminate itself. It was rediscovered that potassium gold cyanide was stable at acidic
pH. Under these conditions of mild acidity, hard, bright, and even solderable coatings could be achieved. This led to the
development of perhaps another 100 formulations that could meet all of the requirements mentioned above as well as the
different purities and hardnesses of the military gold plating standard MIL-G-45204 with its various modifications. The
multiplicity of gold electroplating formulations was further augmented by the addition of baths for high-speed deposition
that were used for continuous strip, stripe, or spot plating. Some of these plated at up to 215 A/dm? (2000 A/ft). Recently,
numerous formulations have been developed to allow immersion and/or electroless gold plating. As additional
regquirements devel op, there will be a continuing introduction of new gold plating formulations to meet these needs. All of
the many formulations work, and each one has its own special advantages, but care must be taken to pick the best one for
aparticular application.

Decorative Plating

Thetraditional gold electroplating solution (Table 1) for decorative use required:

A source of gold



A complexing agent for the gold

A conducting salt to help carry the current and broaden the conditions of operation
An aloying metal or metals for color and/or hardness

The source of gold was historically gold cyanide. The complexing agent was sodium or potassium cyanide (Table 1). The
conducting salts were cyanides, phosphates, carbonates, hydroxides, and occasionally but rarely citrates, tartrates, and so

forth.

Table 1 Typical flash formulations for decorative gold plating

Component or parameter

Type of jewelry plating

English Hard (18K) | Hamilton® | White | Rose Green Barrel
(24K) flash
Gold as potassium gold cyanide, | 2 (0.3) 1.6 (0.2 1.25(0.15) 0.4 4.1(0.5) 2(0.3) 0.8(0.1)
g/L (oz/gd) (0.05)
Free potassum cyanide, g/L | 7.5(2) 751 75(2) 15(2) 375(0.5) |[75(1) 75(2)
(0z/gal)
Dipotassium phosphate, g/L | 15-30(2-4) | 15-30(2-4) 15-30 (2-4) 15-30 15-30(2-4) | 60-90 (8-
(oz/gal) (2-4) 12)
Sodium hydroxide, g/L (oz/gal) 15(2)
Sodium carbonate, g/L (0z/ga) 30 (4)
Nickel as potassium nickel 0.15-1.5 0.3(0.04) 11 0.3(0.04)
cyanide,g/L (oz/gal) (0.02-0.2) (0.15)
Copper as potassum copper 15(0.2)
cyanide, g/L (oz/gal)
Silver as potassium silver 200
cyanide, ppm
Temperature, °C (°F) 60-70 (140- | 60-70 (140- | 65-70 (150- 65-82 54-65 (130- | 49-60 (120-
158) 158) 158) (150-180) | 150) 140)
Current density, A/dm? (A/ft?) 1-4 (10-40) | 1-4 (10-40) | 1-3(10-30) 2-55 (20- | 1-2(10-20) | 0.5-10 (5-
55) 10)

(a) Hamiltonisaterm that has been applied to white, pink, green, and brown golds. It is practically meaningless today, but is still widely used.

If any four numbers are randomly assigned to the concentrations of the four constituents of the gold electroplating
solution, plating conditions can be found that will yield a satisfactory deposit. The four numbers chosen would determine




the necessary temperature of operation, the degree of agitation, the current density for producing a good deposit, and the
time of plating needed for different thicknesses. The fact that any four numbers could be used explains why hundreds of
formulations appear in the literature. Given the proper operation conditions, any of the formulas will work, and at one
time or another each cited formula was optimum and economic for a given plant and a given plater. Variations in the price
of gold, the size of the item to be plated, the necessary rate of production, the desired deposit thickness, and the desired
color resulted in almost every plater designing the "best bath."

Today, most jewelry is flash plated or strike plated from a hot-cyanide aloy (color) bath. The deposit is usually applied
over a bright nickel deposit. Occasionally, the gold is flash plated over a palladium deposit over a bright acid-copper
deposit, where nickel-free deposits are desired. (The European Common Market is concerned about nickel dermatitis
from costume jewelry, snap fasteners, and other items that contact the skin.) Occasionadly, the flash gold deposit is
applied over a karat gold or rolled-gold plated item. This is done to give an even color to jewelry items made of several
different findings. (Some jewelry is flashed from an acid bath directly over stainless steel for hypoallergenic jewelry.)

Typical flash formulations are given in Table 1. Although broad ranges are given for the decorative flash baths, it is
absolutely essential that each parameter be closely and tightly controlled within its range if consistency of color is desired.
The time of plating is quite short, usually 5 to 30 s. For minimum porosity and subtle color matches, even a 30 s plate
may be duplex plated from two different solutions. For flash barrel plating the gold concentration can be as low as 0.8
g/L, the free cyanide is 7.5 g/L, the dipotassium phosphate should be 75 g/L or above, and nickel, as a brightener, should
be added at 2 g/L or higher as potassium nickel cyanide.

The deposit is generally 0.05to 0.1 um (2 to 4 pin.) and cannotbe marketed as gold electroplate. If the jewelry is to be
marketed as gold electroplate the deposit must be 0.175 um (7 uin.). If the jewelry is to be marketed as heavy gold
electroplate the deposit must be 2.5 um (100 pin.). Most deposits in this range are plated from an acid gold formulation
(Table 2) or from asulfite gold bath (Table 3).

Table 2 Acid gold color plating baths for heavy deposits

Component or parameter AN Color® 2N Color® Yellow 24K Yellow 22K
Gold, g/L (0z/gal) 0.4-0.8 (0.05-0.1) | 0.4-0.8 (0.05-0.1) | 0.4-0.8 (0.05-0.1) | 0.4-0.8 (0.05-0.1)
Conducting salt®, g/L (oz/gal) | 120 (16) 120 (16) 120 (16) 120 (16)

Nickel as chelate, g/L (oz/gal) | 11 (1.5) 3.7-6 (0.5-0.8) e 200 ppm

Cobalt as chelate, ppm e c 250 1000

pH 445 4-45 4.4-48 45

Temperature, °C (°F) 50-60 (120-140) | 38-50 (100-120) | 26-32 (80-90) 32-38 (90-100)
Current density, A/dm? (A/ft?) | 1-2 (9-19) 1-2 (9-19) 1-2 (9-19) 1-2 (9-19)
Agitation Yes Yes Yes Yes

(a) European color standards.



(b) The conducting salt can be a phosphate or an organic acid such as citric or
malic.

Table 3 Sulfite gold decorative plating baths

Component or parameter 24K Flash green Pink Heavy plating
Gold as sulfite, g/L (0z/gal) 1.25-2 (0.17-0.27) | 1.25-2 (0.17-0.27) | 1.25-2 (0.17-0.27) | 8-12 (1.0-1.6)
Conducting sulfite salt, g/L (oz/gal) | 90 (12) 90 (12) 90 (12) 45-75 (6-10)
Nickel as chelate, g/L (0z/gal) e 1.1(0.15) 0.5 (0.07)

Copper as chelate, g/L (0z/gdl) e c 0.5 (0.07)

Cadmium as chelate, ppm . 760

Brightener, often arsenic, ppm 20 20 20 20

Current density, A/dm? (A/ft?) 3-5 (28-46) 3-5 (28-46) 3-5 (28-46) 0.1-0.4 (1-4)
Temperature, °C (°F) 50-65 (120-150) | 50-65 (120-150) | 50-65 (120-150) | 50-60 (120-140)
Time, s 10-20 15-30 10-20 @

(@ 12.5minat 0.3 A/dm? (3 A/ft?) gives 100 pin.

As with cyanide gold plating, to achieve consistent good color control it is necessary to regulate each chemical and
physical variable within its range given in Table 2. It is al'so necessary to analyze for metallic impurities and control their
concentrations. Drag-in of metallic impurities can have a disastrous effect on color control.

Sulfite gold plating solutions (Table 3) have several unique and advantageous characteristics. First, they contain no
cyanide, so the normal safety precautions used when working with or handling cyanide are not necessary when using
sulfite gold. In addition, of course, there is no cyanide to destroy in the dragout, rinse stream or old solutions shipped for
recovery. The second unigque property is exceptional microthrowing power; the bath will actually build brightness during
plating. The deposit is essentially featureless with exceptionally fine crystal structure.

Industrial Gold Plating

The printed circuit industry of the late 1950s led to the rediscovery of the stability of potassium gold cyanide on the acid
side (below a pH of 7). This was first hinted at in a Ruolz French patent of addition of 1840-45. The stability was
described in the English edition of Cyanogen Compounds by H.E. Williams in the 1890s. Finally, the Lukens patent of
1938 made use of low-pH gold cyanide plating to ensure good adhesion on stainless steel. Lukens referred to this bath,
made up with sodium gold cyanide, sodium cyanide, and hydrochloric acid as acid gold plating.

The alkaline gold plating solutions in use in the early 1950s caused lifting of printed circuit resists, especially the wax-
based resists introduced in an attempt to speed board preparation. The pH of the gold solutions was progressively lowered



to minimize this effect. In one case, an accident resulted in too low adrop in the pH. It was not noticed at first because the
bath continued to plate and there was no lifting of the resist. However, adrop in cathode current efficiency and a decrease
in the thickness of the gold deposit alerted the operator. On investigation it was found that the pH had fallen to 4.0.

Separately, it was discovered by Duvathat at apH of 3.5t0 5, it was possible to add small amounts of cobalt, nickel, iron,
and other metals to harden the gold deposit and cause it to plate bright. The purity of the deposit was still over 98% gold,
but the hardness could be as high as 230 HK. Later, it was also noticed that the crystal structure of the surface could be
plated to yield a (111) crystal plane, which greatly increased the wear resistance of the contact surface. Depending on the
added metal or metals, the chemical form of the addition, and the pH of the electrolyte, deposits of various hardnesses and

other characteristics could be made (Table 4).

Table 4 Acid gold industrial plating baths

Component or | Bright, Weak acid
parameter hard acid

Regular baths

Gold as potassium gold cyanide g/L (oz/gal) 4-16 (0.5-2) 4-8 (0.5-1)
Potassium citrate, citric acid, g/L (0z/gal) 180 (24)

Mono- and dipotassium phosphate, g/L (0z/gal) 180 (24)
Brightener @

pH 35-5.0 55-7.0

Temperature, °C (°F)

20-50 (68-122)

65-74 (150-165)

Current density, A/dm? (A/ft?) 1-10 (9-90) 0.1-0.5 (1-5)
Current efficiency, % 30-40 85-100
High-speed baths

Gold as potassium gold cyanide, g/L (0z/gal) 4-24 (0.5-3) 8-32 (1-4)
Citrates, g/L (oz/gal) 90 (12)

Phosphates/citrates, g/L (0z/gal) 90 (12)

Brighteners

@

Temperature, °C (°F)

49-60 (120-140)

71-82 (160-180)




Current density®, A/dm? (A/ft?) 10-200 (93-1860) | 5-50 (46-460)

Current efficiency, % 40-50 50-60

(@) Asrequired.

(b) Values given are typical; they depend on agitation and the
individual machine.

At the same time that the above developments took place, the semiconductor industry developed a need for high-purity
golds at increased thicknesses. This led to a series of formulations by Ehrheart that plated gold from mild acid solutions.
Raising the pH resulted in better covering power and higher current efficiency. At first the hardness and brightness of the
acid golds was lost, but it was found that by modifying the neutral electrolytes, these properties could be partially restored
(Table 4). So many different solutions were developed that a standard was needed. The most recent MIL-G-45204C
(1984) and ASTM B 488-86, the military specification defines the purity, hardness, and thickness of the deposit. Purity is
described as:

Typel: 99.7% gold min
Type I1: 99.0% gold min
Type lll: 99.9% gold min

Hardnessis specified as:

A, 90 HK max

B, 91-129 HK max
C, 130-200 HK max
D, 201 + HK

Thicknessis specified as:

Class 00, 0.5 um (20 pin.)
Class 0, 0.75 um (30 puin.)
Class 1, 1.25 um (50 pin.)
Class 2, 2.5 um (100 pin.)
Class 3, 5.0 um (200 pin.)
Class 4, 7.5 um (300 pin.)
Class 5, 12.5 um (500 pin.)
Class 6, 37.5 um (1500 pin.)

Type | purity cannot have hardness D, and Type |l purity cannot have hardness A. Type I purity can only be hardness A.

Strike Plating. Gold is a noble metal and deposits at a very low applied potential. These characteristics can cause
nonadherence of the gold deposit if the substrate is either passive or not perfectly clean. Poor adhesion can be prevented
by using a gold strike bath. A strike is generally a solution with very low metal concentration that is operated at high
voltage and high current density for avery short period of time. For rack plating, the strike plating time is less than 1 min
at a current density of 1 to 3 A/dm? (9 to 28 A/ft?). A gold strike generally is not needed when plating from an acid gold
solution unless the gold concentration is greater than 8 g/L or the substrate is passive.



Noncyanide Gold Plating Solutions. Sulfite gold industrial baths are used for their unique physical properties in
addition to the desirable property of being noncyanide. As discussed above, sulfite golds have exceptional microthrowing
power, which makes them the only gold formulations that build brightness. Furthermore, they have the best infrared
reflectivity of any gold plating solution. The following table shows the composition and operating parameters of sulfite
gold industrial baths:

Component or parameter Value

Gold as sodium gold sulfite, g/L (oz/gal) | 4-16 (0.5-2)

Sodium sulfite and sulfate, g/l (oz/gal) | 90 (12)

pH 8.5-10.0
Temperature, °C (°F) 50-60 (122-140)
Brightener Asrequired
Current density, A/dm? (A/ft) 0.1-0.4 (1-4)
Current efficiency, % 100

Electroplating Calculations. Factorsto use with gold electroplating calculations are:

The price of gold, as given in newspapers and on the radio, is expressed in dollars per troy ounce (1 troy
ounce = 31.1 g).

A deposit of gold that is 1 um thick = 19.58 g/m? (1.82 g/ft?).

At 100% cathode current efficiency, 7.35 g of gold can be electrodeposited in 1 ampere-hour, or 0.123 g
in 1 ampere-minute.

At 100% cathode current efficiency, 160.5 ampere-minutes are required for a gold deposit that is1 um
thick and covers 1 m?.

Time, temperature, and amperage can be accurately measured and controlled in gold electroplating. The largest errors that
can affect gold calculations are the inaccuracies in the current density and the current efficiency. Current density is
determined by calculating the area measurement, which is not always an easy task. Outside surface areas may be correctly
calculated, but inside surfaces and holes, such as solder cups, must be calculated and then their effective plating area must
be estimated.

Current efficiency is determined by current density, metal concentration, electrolyte concentration, and impurity content.
The impurities that change the current efficiency are the metallic impurities, the organic impurities from masking
materials and resists, and airborne dust. Current efficiency can be measured with a weighed coupon plated in the
laboratory using a sample of the solution.

In practice, a good way to measure the efficiency of a solution is to estimate the required amperage and time based on
theory, increase the amount by, say, 10%, and then plate a load under these conditions. The thickness of the gold on the



plated work can be measured by microsection, x-ray diffraction, betaray backscatter, or other means. The thickness
actually measured should be used to correct the estimated efficiency and to modify the plating conditions. It is best to
measure the thickness periodically, because the cathode current efficiency of a gold bath will change not only with the
variability of all the chemical constituents but also with the age of the bath. Periodic monitoring of the thickness ensures
consistent quality control.

Dragout

Minimizing the dragout of gold solutions is of both economic and environmental concern. It is an economic advantage to
decrease the cost of gold loss, and it is an environmental advantage to reduce the amount of processing needed to purify
the waste stream before discharge.

Many factors affect dragouit:

The thickness of the gold plated

The shape of the part to be plated

The number of holes or other solution-trapping structures

The speed of removing the plated part from the plating tank

Provisionsfor air jets or wiper blades to return the drippings to the plating tank

In some cases the dragout is from 30 to 50% of the gold actually deposited. Typically, however, it is 10 to 20%. It isfar
better to limit the dragout than to expend effort in processing the cyanide and recovering the gold from the dragout.

Minimizing the dragout can be done with simple procedures such as training the operator to remove the rack slowly and
to "nudge" or shake the withdrawn rack over the gold tank so droplets return to the tank. Barrels should be allowed to drip
over the gold tank and should be rotated one-half turn or more before being dipped into the dragout recovery tank.
Continuous plating machines should have an air knife or a synthetic sponge to remove excess gold solution.

All gold-plated work should be rinsed in a stagnant gold recovery tank that is treated frequently to recover the dragged-
out gold. The gold can be recovered by passing the dragout solution through an appropriate ion exchange resin, or it may
be recovered by plating out, in which the dragout is circulated and continuously electroplated on a carbon or wire-mesh
cathode. The gold-plated cathode should periodically be sent to arefiner.

Platinum-Group Metals Plating

Ch.J. Raub, Forschungsinstitut fur Edelmetalle und Metallchemie

Introduction

THE SIX PLATINUM-GROUP METALS (PGMs), listed in order of their atomic numbers, are ruthenium, rhodium,
palladium, osmium, iridium, and platinum. The PGMs are among the scarcest of metallic elements, and thus their cost is
high. Their most exceptional trait in the metallic form is their excellent corrosion resistance. The electroplating of PGMs
from aqueous electrolytes for engineering applications is limited principally to palladium and, to a much lesser extent, to
platinum, rhodium, and thin layers of ruthenium. There are practically no electrolytes on the market for the deposition of
osmium or iridium. While solution formulations have been published for these last two metals, they have not proven
themselvesin practical use for any significant applications, and thus will be discussed only briefly in this article.

Detailed information about the general availability, properties, and applications of PGMs is provided in Properties and

Selection: Nonferrous Alloys and Special-Purpose Materials, Volume 2 of ASM Handbook. Good overview coverage of
plating of these metalsisavailablein Ref 1, 2, and 3.
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Ruthenium Plating

Ruthenium in the solid form is hard and brittle; furthermore, it oxidizes rather easily. These factors limit its use, even as
its low price relative to the other PGMs provides impetus for its application. Despite extensive research work on
electroplating of ruthenium, it has obtained a small market share in only two areas. for decorative applications such as
eyeglass frames and for layers on electrical contacts used in sealed atmospheres.

All ruthenium plating electrolytes are based on solutions of simple ruthenium salts or ruthenium nitrosyl derivatives.
Typical examples are ruthenium sulfate, ruthenium phosphate, ruthenium sulfamate, or ruthenium chloride (Ref 4). These
electrolytes are all essentialy based on those described in Ref 5 and 6. They work in a wide range of current densities
from 1 to 10 A/dm? (9 to 93 A/ft?) at temperatures between 50 and 90 °C (120 and 195 °F), and at current efficiencies of
50 to 90%. Compositions and operating conditions for two ruthenium plating solutions are given in Table 1.

Table 1 Ruthenium electroplating solutions

Constituent or | Amount or
condition value

General-pur pose solution

Ruthenium (as sulfamate or nitrosyl sulfamate), g/L (oz/gal) | 5.3 (0.7)

Sulfamic acid, g/L (0z/ga) 8(1.1)

Anodes Platinum

Temperature, °C (°F)

Sulfamate solution 27-60 (80-140)
Nitrosyl sulfamate solution 21-88 (70-190)
Current density, A/dm? (A/ft?) 1-3 (10-30)
Current efficiency, % 20
Time to plate thickness of 0.003 mm (0.0001 in.) 30-40 min at 2 A/dm? (20 A/ft?)

Flash-plating solution for decor ative deposits




Ruthenium (as nitroso salt), g/L (0z/gal) 2.0(0.3)

Sulfuric acid, g/L (oz/gal) 20(2.7)
Current density, A/dm? (A/ft) 2-3(20-30)
Temperature, °C (°F) 50-80 (120-180)

Note: Both solutions require a flash-plated undercoat of gold or palladium. Source: Ref 7

The preparation of the electrolyte constituents is rather critical. Deposits are hard and highly stressed, making it difficult
to obtain crack-free layers at higher thicknesses. For electrical contact applications, a layer of gold flash plated on top of
the ruthenium is recommended to ensure excellent wear and good contact resistant on a long-term basis (Ref 8, and 9).
Smooth and bright deposits can be obtained from cyanide melts (Ref 10, 11). Microhardness of such layers is between
600 and 900 HK.
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Rhodium Plating

© o N g A

Rhodium in its solid form is hard (microhardness about 800 to 1000 HV) and tough. It is nearly as tarnish resistant as
platinum and palladium. However, because of its rare occurrence in PGM ores and market speculation, it is much more
expensive, limiting its engineering use. Like silver, it has one of the highest reflectivities of all metals, making it ideal for
use as a counterpoint to cut diamonds in jewelry and as a nontarnishing reflective coating for mirrors. Its excellent wear
resistance and its superb contact resistance prompt its frequent use for rotating electrical contacts.

The electrolytes for deposition of rhodium from aqueous solutions are similar to those for ruthenium insofar as they are
either based on simple rhodium salts or on special rhodium complexes (Ref 12, and 13). Because, in most cases, only
layer thicknesses of 1 um or less are specified, most commercial electrolytes have been developed to produce layersin
this thickness range. The deposits have a high concentration of honmetallic impurities (e.g., up to 1000 ppm H and/or O)
(Ref 14), which causes high hardnesses and internal stresses, which easily lead to cracks. This thin and highly porous
layer of rhodium, coupled with the high electrochemical nobility of the metal, limits its use as a corrosion protection
layer. Therefore, an electroplated base coating must be used. Silver and silver-tin alloys (with varying concentrations of
tin) have exhibited excellent field service behavior and are now applied for decorative as well as engineering purposes.
Nickel is not recommended for use as a base coating. For decorative use the color (better reflectivity) is most important. It
changes from electrolyte to electrolyte, many of which are commercia solutions. Deposition conditions must be carefully
controlled for best results.

The complex rhodium salts of solutions cited in the literature are based on sulfate, phosphate, sulfate-phosphate, sulfate-
sulfite, sulfamate, chloride, nitrate, fluoroborate, or perchlorate systems. Properties of the layers are strongly influenced
by the chemistry of their salts as well as by impurities present (Ref 15). Three solutions for decorative rhodium plating are
givenin Table 2.



Table 2 Solutions for decorative rhodium plating

Solution Rhodium Phosphoric Sulfuric  acid | Current Voltage, | Temperature | Anodes
type acid (concentrate) density \%
(concentrate) fluid
fluid
gL |ozigal | mL/L | oz/gal | mL/L | oz/gal | A/dm? | A/ft? °C | °F
Phosphate | 2@ | 0.3@ | 40-80 |5-10 2-16 | 20- |48 40- | 105 | Platinumor
160 50 120 platinum-
coated®
Phosphate- | 2@ | 0.3© 40-80 | 510 |2-11 |20- |36 40- | 105 Platinum or
sulfate 110 50 120 platinum-
coated®
Sulfate 13 | 0.17- 40-80 | 5-10 2-11 20- 3-6 40- | 105 Platinum or
20 1 0.3° 110 50 | 120 platinum-

() Rhodium as metal, from phosphate complex syrup.

(b) Platinum-coated products are also known as platinized titanium.

(c) Rhodium, as metal, from sulfate complex syrup

A typical, widely used production bath is based on rhodium sulfate (Ref 15). With use of proper additives, especialy
sulfur-containing compounds, crack-free layers may be obtained in thicknesses of about 10 wm and microhardnesses of
800 to 1000 HV (Ref 15). The deposition temperature of such baths is about 50 °C (120 °F), the current density is
between 1 and 10 A/dm? (9 to 93 A/ft?), and current efficiency is approximately 80%. Insoluble anodes are normally used.

For electronic applications where undercoatings are undesirable, special low-stress compositions have been developed.
One €electrolyte contains selenic acid and another contains magnesium sulfamate (Table 3). Deposit thickness obtained
from these solutions range from 25 to 200 um (1 to 8 mils), respectively. The low-stress sulfamate solution is used for
barrel plating of rhodium on small electronic parts. Operating conditions for various plating thicknesses using this
solution are given in Table 4.

Table 3 Solutions for electroplating low-stress rhodium deposits for engineering applications

Solution Selenic acid process Magnesium sulfamate process

Rhodium (sulfate complex) | 10 g/L (1.3 oz/gal) 2-10¢g/L (0.3-1.3 0z/gdl)

Sulfuric acid (concentrated) | 15-200 mL/L (2-26 fluid oz/ga) | 5-50 mL/L (0.7-7 fluid oz/gal)

Selenic acid 0.1-1.0 g/L (0.01-0.1 oz/gal)




Magnesium sulfamate e 10-100 g/L (1.3-13 0z/gdl)

Magnesium sulfate . 0-50 g/L (0-7 oz/gal)
Current density 1-2 A/dm? (10-20 A/ft?) 0.4-2 Aldm? (4-22 A/ft%)
Temperature 50-75 °C (120-165 °F) 20-50 °C (68-120 °F)

Table 4 Plating parameters for producing low-stress deposits from a rhodium sulfamate solution

Required thickness | Thicknessof plate Apparent current | Calculated current | Plating
density® density® time
pm mil pm mil Aldm? | A/ft? | Aldm? | AJft?
1 0.04 0.5-1.5 0.02-0.06 | 0.55 55 1.6-2.2 16-22 35 min
25 0.1 1.75-3.25 0.07-0.127 | 0.55 55 16-2.2 16-22 1 E h
4

(a) Calculated current density is an estimate of the amount of current being used by those parts that are making electrical contact and are not being
shielded by other parts in the rotating load in the barrel. Calculated current density is considered to be about three times the apparent current
density, that is, the actual current used for the load divided by the surface of that load.

Rhodium also can be electroplated from fused-salt electrolytes. This deposition process is interesting because the
requirements are that the coatings must be highly ductile for high-temperature use (e.g., coatings on molybdenum for
combustion engine parts or glass-making equipment). For fused-salt electrolysis, a variety of mixtures have been tested,
ranging from cyanide to chloride melts (Ref 16).

Thickness class designations for engineering applications of electroplated rhodium are given in Table 5.

Table 5 Thickness classifications for rhodium plating for engineering use

Specification Class | Minimum thickness
pm mil
ASTM B 634-78 | 0.2 0.2 0.008
0.5 0.5 0.02
1 1 0.04




2 2 0.08
4 4 0.16
5 6.25 0.25
MIL-R-46085A | 1 0.05 0.002
2 0.3 0.01
3 0.5 0.02
4 25 0.10
5 6.4 0.25

Source: Ref 17
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Palladium Plating

Palladium has been electroplated since before the turn of the 20th century. However, it stirred little interest until the 1960s
and 1970s, when the price of gold peaked, prompting a search for alternatives. Palladium plating is currently used for
jewelry and electrical contacts; however, the decorative applications of palladium are limited due to the dark color of the
metal. Three typical palladium plating solutions are listed in Table 6.

Table 6 Palladium electroplating solutions

Constituent or | Amount or
condition value
Solution A

Palladium (as tetraamino-palladous nitrate, g/L (oz/gal) | 10-25 (1-3)@

pH 8-10




Temperature, °C (°F)

40-60 (100-140)

Current density, A/dm? (A/ft)

0.5-2.2 (5-20)®

Cathode efficiency, %

90-95

Anodes Insoluble; palladium, platinum, or platinized titanium
Tank lining Glass or plastic

Solution B

Palladium (as diamino-palladous nitrite), g/L (oz/gal) 10 (1)

Ammonium sulfamate, g/L (oz/gal) 110 (15)

Ammonium hydroxide TopH

pH 7585

Temperature Room

Current density, A/dm? (A/ft)

0.5-2.2 (5-20)®

Cathode efficiency, %

70

Anodes Insoluble; platinum or platinized titanium
Tank lining Glass or plastic

Solution C

Palladium (as palladous chloride), g/L (0z/gal) 50 (7)

Ammonium chloride, g/L (oz/gal) 30 (4)

Hydrochloric acid TopH

pH 0.1-0.5

Temperature, °C (°F)

40-50 (100-120)




Current density, A/dm? (A/ft) 0.5-1.1 (5-10)

Anodes Soluble palladium
Tank lining Rubber, plastic, or glass
Source: Ref 18

(@) Normally 10-15 g/L (1-2 oz/gal).

(b) Normally 0.5 A/dm? (5 A/ft?).

Palladium alloys such as palladium-nickel, palladium-iron, and, to a lesser extent, palladium-cobalt are also electroplated.
The plating solutions for palladium alloys are generally based on the same or similar complexes as the ones for palladium
alone. The main application at present for these alloy electrodeposits is for electrical connectors (Ref 19, 20, 21, 22). A
solution composition for depositing palladium-nickel isgivenin Table 7.

Table 7 Palladium-nickel electroplating solutions

Constituent or | Amount or
condition value
Palladium as Pd(NH3), (NO,),, g/L (0z/gal) 6(0.8)@

Nickel sulfamate concentrate, mL/L (fluid oz/gal) | 20 (2.6)®

Ammonium sulfamate, g/L (oz/gal) 90 (12)
Ammonium hydroxide TopH

pH 8-9
Temperature, °C (°F) 20-40 (70-100)
Current density, A/dm? (A/ft) 0.5-1.0 (5-9)
Anodes Platinized

Note: Formulation is for plating an aloy of about 75 wt% Pd. A strike of gold or silver is recommended for most base metals prior to
plating.

Source: Ref 23



(a) Palladium metal, 3 g/L (0.4 oz/gal).

(b) Nickel metal, 3 g/L (0.4 oz/gal).

The properties of palladium electrodeposits are generally similar to those of gold, but it has higher receptivity and
hardness. Soldering, crimping, and wire wrapping present no serious problems. The sliding and wear behavior of
palladium are similar to those of hard gold. Palladium coatings may be slightly less porous than gold coatings, and they
resist tarnish and corrosion. On the other hand, the chemical properties of palladium are quite different from those of
gold, which may explain why an effective agent for stripping palladium and palladium alloy electrodeposits has not yet
been devel oped.

In service, paladium and palladium alloys tend to exhibit what is called a brown powder effect, in which a "brown
polymer" catalytically forms on the contact surface upon exposure to organic compounds in the environment. This effect
can be minimized by application of flash plating a layer of fine gold on top of the palladium surface. The biggest
challenge when electrodepositing paladium is avoiding hydrogen embrittiement. Palladium in electrodeposition may
dissolve fairly large amounts of hydrogen, and this expands the palladium lattice, especialy if the so-called p-Pd/H phase
is formed. However, this hydrogen diffuses out of the palladium during storage at room temperature, and the lattice
contracts again. This expansion/contraction generates stresses in the deposit that cause cracks and pores. Furthermore,
palladium promotes diffusion of atomic hydrogen, which may cause secondary reactions (e.g., hydrogen embrittlement of
underlying steel bases or blister) if the base material does not take up the diffused hydrogen.

Electrolytes have been developed that effectively solve the problem of hydrogen embrittlement. The most economical are
based on palladium chloride. In these solutions, the palladium ion is complexed by ammonia or amines. Other systems
using other complexes have also been developed (Ref 19, 20, 21, 22, 24). Currently, no electrolyte for the deposition of
palladium-silver or palladium-copper aloys is available. The influence of organic and inorganic impurities on palladium-
nickel deposits has been studied extensively (Ref 19).

Thickness class designations for engineering applications of electroplated palladium are given in Table 8.

Table 8 Thickness classifications for palladium plating for engineering use

Specification Class | Minimum thickness
pm mil

ASTM B 679-80 | 5.0 5.0 0.20

25 25 0.10

12 1.2 0.05

0.6 0.6 0.02

0.3 0.3 0.01

F 0.025 0.0010




MIL-P-45209 . 1.3@ 0.059@

Source: Ref 17

(a) Unless otherwise specified.
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Osmium Plating

Currently, no practical applications exist for electrodeposited osmium, primarily because the metal oxidizes readily at
room temperature, forming poisonous and volatile osmium tetroxide. The meta itself is hard and brittle and has few
industrial uses. For areview of the existing literature on electrodeposition of osmium, see Ref 25, 26, and 27.
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Iridium Electroplating

The electroplating of iridium has up to now not found any widespread application. Essentialy, no electrolytes are
available that can deposit iridium from agueous electrolytes at reasonabl e thicknesses and with satisfactory properties.

Known electrolytes are mostly based on the chloro-iridic acid. The bath is highly acidic and works at a temperature of
about 80 °C (176 °F) and at a current density of 0.15 A/dm? (1.4 A/ft?). The microhardness of deposits is 900 DPN, and
their total reflectivity is about 61% that of silver. At thicknesses of more than 1 um, the layers are cracked. The current
efficiency of these processes approaches 50%. At low current densities, the plating rate is close to 1 um/h (Ref 28, 29, 30,
31).

Iridium has been deposited from fused salts. The solution was prepared by passing alternating current between two
electrodes suspended in the melt, which was a eutectic of NaCN or KCN/NaCN, with melting points of 564 and 500 °C
(1050 and 930 °F), respectively (Ref 32). However, these electrolytes have not proven to be usable in commercial
practice.
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Platinum Plating

The electrodeposition of platinum from aqueous electrolytes is of limited engineering value. The metal is very expensive,
and the currently available plating solutions are not capable of consistently producing ductile and pore-free deposits at
thicknesses above a few microns. Today, most of the deposits produced are less than 1 um thick and are used primarily
for decorative applications.

The main challenge when electroplating platinum from agqueous electrolytes is to obtain a clean, ductile platinum coating
with a minimum of nonmetallic impurities, which act as hardeners and embirittle the platinum. This is rather difficult
because platinum compounds tend to hydrolyze even at rather low pH levels. Therefore, close control of plating
parametersis very important.

The three most common electrolytes used today are platinum chloride, diamino-dinitroplatinum (platinum "P" salt), and

akali hydroxy platinate. The current efficiency of the highly acidic baths is close to 90%, but the electrolytes are difficult
to handle. Two platinum plating solutions are listed in Table 9.

Table 9 Platinum electroplating solutions

Congtituent or | Amount or
condition value

Solution A

Platinum (as sulfatodinitrito-platinous acid), g/L (oz/gal) 5(0.7)

Sulfuric acid TopH

pH 1.5-2.0

Temperature, °C (°F) Room to 40 (100)

Current density, A/dm? (A/ft?) 5-20 (5-20)

Anode Platinum or platinized titanium
Cathode efficiency 10-20%

Solution B

Platinum (as diaminodinitrito salt), g/L (oz/gal) 10 (1.3)

Ammonium nitrate or phosphate, g/L (0z/gal) 100 (13.4)




Sodium nitrite, g/L (oz/gal) 10(1.3)
Ammonium hydroxide (28% solution), mL/L (fluid oz/gal) | 50 (6.4)
Temperature, °C ( °F) 90-100 (190-210)
Current density, A/dm? (A/ft?) 3-10 (30-100)@
Anode Platinum (insoluble)
Tank lining Glass or plastic
Cathode efficiency Low®

Source: Ref 18

(@ Normally 4 A/dm? (40 A/ft%).

(b) 10% at 6 A/dm? (60 A/ft?).

A commercial process gaining more and more importance for engineering applications in the chemical, electronics, and
glass industries is the electrodeposition of platinum from salt melts, because the process forms highly dense and ductile
platinum layers. The platinum compound can be formed by electrolytic dissolution with alternating current in a
NaCN/KCN fused-salt mixture, melting at 500 °C (930 °F). For deposition, a cyanide/cyanate mixture operating at about
450 °C (840 °F) is recommended.

For decorative platinum deposits, the use of a flash-plated base coat is recommended. Suitable layers include palladium-
iron, silver, and copper-tin systems. Detailed information on platinum electroplating is available in Ref 33, 34, 35, 36, 37,
and 38.
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Anodes for PGM Plating

In most agqueous or oxygen-bearing environments, the platinum-group metals are coated with a very thin layer of the
appropriate metal oxide. This film is referred to as a passive layer, and it serves to prevent the underlying metal from
corroding. Thus, anodes fabricated from PGMs are insoluble (inert) in most environments. The anode processes are
mainly



2H,0 ® O, + 4H" + 4E
in acid solutions, or
40H ® O, + 2H,0 + 4FE

in alkaline solutions.

There are exceptions to this rule. The platinum metals are soluble in hot halogen acids (HF, HCI, HBr) and will dissolve
anodically under these conditions. Similarly, oxidizing ligands such as nitrate and nitrite tend to dissolve PGMs,
particularly in the presence of halogen acids. Plating solutions based on such systems are highly corrosive, and it is
usually necessary to protect the work to be plated by prestriking with gold. Platinum-group metal anodes are also soluble
in molten cyanide systems, from which PGMs can be deposited to very heavy thicknesses. Molten cyanide systems
operate under an argon atmosphere at temperatures of about 600 °C (1100 °F), and for these reasons are not widely used.
They are useful for heavy deposition because the high temperature provides some degree of stress-relief annealing during
the plating operation.

Because anodes fabricated from PGMs are inert in most agueous environments, they are useful not only for the
electrodeposition of PGMs but also for plating of other metals, such as gold. Platinum is the metal of choice for such
applications and is available in the form of wire mesh, or plated onto anodizable metals such as titanium, or clad onto
passive-prone metals such as niobium or tantalum. In the plated and clad configurations, the required mechanical strength
is provided by the substrate, and the actual amount of platinum used is quite small.

Reference 39 is agood general resource of information about anode selection and general plating practices.
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Copper Alloy Plating

Henry Strow, Oxyphen Products

Introduction

COPPER ALLOY S are widely used as electroplated coatings, and they can be used with practically any substrate material
that is suitable for electroplating. While alloys such as copper-gold and copper-gold-nickel are commonly electroplated,
these are usually considered as part of gold plating technology. The most frequently electroplated copper alloys are brass
(principally aloys of copper and zinc) and bronze (principally aloys of copper and tin). Brass and bronze are both
availablein awide variety of useful compositions that range in content practically from 100% Cu to 100% Zn or Sn.

The history of brass and bronze plating dates back at least as far as the 1840s. Early work that was commercialy
exploited occurred in Russia, France, and England. All of the early copper aloy plating solutions were cyanide based and
used batteries for power. Progress was slow, with much of the work being of an academic nature. A major advance was
made in 1938 when patents on a high-speed copper plating process by DuPont were extended to a high-speed process for
plating of both yellow and white brass (alloys containing about 70 to 80% Cu). The solution was cyanide based with a
relatively high hydroxide content.

Brass Plating

Decorative Applications. The largest use of brass plating is for decorative applications. Copper-zinc alloys that
contain more than 60% Cu have distinct colors, depending on the composition. The 60Cu-40Zn aloys are pale yellow,
sometimes with a brown cast. Alloys with compositions from 70Cu-30Zn to 80Cu-20Zn are yellow, with only slight color



variations over this range. The 85Cu-15Zn alloys are darker and resemble gold. The 90Cu-10Zn alloys are darker till,
with areddish, bronze-like cast. With proper control of plating parameters, the variation of the alloy composition of brass
plate can be kept within 1%, and consistency in color can be achieved. Plated alloys have the same color as wrought
alloys of the same composition and surface treatment. Brass darkens with age due to the formation of copper oxide on the
surface, so the appearance of old samples will not match that of newly plated items.

Yellow brass plate (normally a 75Cu-25Zn aloy) is frequently flash plated over bright nickel plating to maintain its bright
appearance; the surface is subsequently lacquered to preserve the finish. (Flash plating is the electrodeposition of a thin
layer of material; plating times are usually under 1 min.) This type of flash plating is accomplished in both rack plating
and barrel plating operations. Heavy brass plate can be buffed to a bright finish or oxidized to a dark finish; dark finishes
can be relieved (selectively buffed) for an antique appearance. Brass plated items can also be burnished in tumbling
barrels to give a uniform bright finish. Cosmetic cases are frequently plated with an 85Cu-15Zn aloy to impart a golden
appearance; the alloy can be applied as a flash plate or as a heavier plate that is subsequently burnished. Builders
hardware plated with a 90Cu-10Zn alloy called architectural bronze uses these same techniques.

Engineering applications for brass plating are also important. Brass plate on sheet steel and wire performs a
[ubricating function in deep drawing and wire drawing operations. Brass plating is used to promote adhesion of rubber
bonded to steel. For example, the wire in steel-belted radial tires is plated with a brass aloy containing between 63 and
70% Cu (to secure the best adhesion, it is important that composition limits of the alloy be kept within 19%). After plating,
the wire is drawn from 1.2 mm (0.049 in.) to approximately 0.15 mm (0.006 in.) without a break in the coating. The wire
bonds to rubber so that blistering of the tires does not occur. Brass is also plated on sheet steel from which parts are
stamped.

Equipment. Brass plating can be done in all the standard plating equipment, including barrel, rack, and continuous wire
and strip machines. Steel is a suitable material for tanks, coils, and filters. However, rubber- or plastic-lined tanks with
stainless or titanium coils are preferred because the iron in the steel can form ferrocyanides that precipitate as zinc
ferrocyanide, resulting in the formation of a gray-colored sludge.

Surface Preparation. Brass can be plated on most metalic surfaces (e.g., zinc castings, steel, nickel, and aluminum)
after only standard preplating procedures. Direct brass plating of zinc castings requires the use of relatively heavy
coatings to prevent diffusion of the brass into the zinc and a resulting loss of color; an intermediate layer of plate is often
used for this purpose. One method of brass plating uses this diffusion interaction to produce brass by plating separate
layers of copper and zinc of appropriate thickness and then heating the plate to create the alloy by diffusion.

Plate thickness can be varied as required from very thin flash deposits for decorative purposes to deposits over 0.02
mm (0.001 in.) thick. The heavier plates are needed to withstand buffing, bright dipping antiquing, and other post-
treatments that require heavier plate to maintain coverage.

Solution Composition and Operating Conditions. The mgjority of currently used brass plating solution are based
on cyanide complexes. No other material brings the deposition potential of copper and zinc so close together. Solutions
using a pyrophosphate base have been used commercially with limited success. Brass solutions using polyhydroxy
aliphatic chemicals have also been used commercially with limited success. Formulas for low-pH brass plating solutions
aregivenin Table 1.

Table 1 Low-pH brass plating conditions

Constituent or Standard brass | High-copper
condition solution brass solution
Makeup

Sodium cyanide, g/L (0z/ga) 50 (6.7) 75 (10.0)

Copper cyanide, g/L (oz/gal) 35(4.7) 45 (6.0)




Zinc cyanide, g/L (oz/gdl) 10 (1.3) 7.5(1.0)
Sodium carbonate, g/L (0z/gal) 10 (1.3) 10 (1.3)
Sodium bicarbonate, g/L (oz/gal) 7.5(1.0) 7.5(1.0)
Ammonia (aqua), % 0.5 0.1
Analysis

"Tota" sodium cyanide, g/L (oz/gal) | 22 (2.9) 33(4.4)
Copper (as metal), g/L (oz/gal) 23(3.1) 22 (2.9
Zinc (as metal), g/L (oz/ga) 6 (0.8) 4.2 (0.6)
pH 9.8-10.2 9.8-10.5

Operating conditions

Temperature, °C (°F)

24-35 (75-95)

27-45 (80-113)

Current density, A/dm? (A/ft%) £3(£28) £25(£23)
Sodium cyanide to zinc

Ratio 351 7.0:.1

Range 3-5:1 6-9:1

The formulas for standard brass plating solution can be varied to suit various uses while maintaining the ratios of
components. The solution listed in Table 1 is well suited for barrel plating, where high efficiency is needed and good
conductivity enables the use of maximum current. (Barrel plating is carried out at a voltage of 6 to 14 V.) Where flash
plating is used, the solution should be operated with the cyanide constituents at approximately half the amounts shown in
Table 1. This reduced cyanide concentration allows the use of a wider range of current densities and results in excellent
covering power. The plating efficiency at the reduced cyanide concentration is lower, but thisis not a significant factor in
flash plating. For rack plating, the optimum cyanide concentration is about two-thirds of that shown in Table 1; this level
provides improved efficiency (compared to flash plating) while still allowing use of awide range of current densities.

Formulas for high-alkalinity brass plating solutions are given in Table 2. The solutions listed in Table 2 may be varied to
meet specific applications. The functions of the solution constituents are somewhat different than in the low-pH solutions.
In the high-alkalinity solutions, the hydroxide and cyanide can work together so that a higher hydroxide content increases
the zinc content of the deposit; thus, the ratio of cyanide to zinc is not applicable. The high-alkalinity solutions have high
efficiencies and can be used at high current densities; the use of additivesis needed to secure uniform color at low current
densities. Thusthey are difficult to usein barrel plating operations.



Table 2 High-alkalinity brass plating solutions

Constituent or condition Original (potassium) | High-speed strip plating | Modern
Makeup

Sodium cyanide, g/L (0z/ga) 120 (16.1) 125 (16.8)
Potassium cyanide, g/L (oz/gal) 125 (16.8)

Copper cyanide, g/L (oz/gal) 44 (5.9) 100 (13.4) 75 (10.1)
Zinc cyanide, g/L (oz/gdl) 17.3(2.3) 5(0.7)
Sodium hydroxide, g/L (oz/gal) 11(1.5) 45 (6.0)
Potassium hydroxide, g/L (oz/gal) | 30 (4.0)

Analysis

Copper (as metal), g/L (oz/gal) 31(4.2) 70 (9.4) 50 (6.7)
Zinc (as metal), g/L (0z/gal) 9.6 (1.3 7(0.9) 3(0.4)
"Tota" cyanide, g/L (oz/gal) 80 (10.7) 50 (6.7) 53(7.1)
Sodium hydroxide, g/L (oz/gal) 11(1.5) 45 (6.0)
Potassium hydroxide, g/L (oz/gal) | 30 (4.0)

Operating conditions

Temperature, °C (°F) 45 (113) 80 (176) 70 (158)
Current density, A/dm? (A/ft) 1-4 (9-37) 3-16 (28-149) 1-8 (9-74)

The copper cyanide content of the plating solution serves as a source of copper for the plating deposit, but dso isa
major factor in plating efficiency. Cyanide is necessary to form the complexes that enable the copper and zinc to plate
together to form brass. The ratio of cyanide to zinc in a conventional brass solution is the major determinant of the
resulting composition of the plated alloy. The zinc can form a complex with either cyanide or hydroxide, depending on
the hydroxide content of the solution. Cyanide is also necessary for solubility of the anodes. While zinc is usually added

as cyanide, avery pure grade of zinc oxide can a so be used.




The carbonate content of a brass solution is usually regarded as an impurity. It is formed by breakdown of the
cyanide. Small amounts (15-20 g/L) are necessary in low-pH solutions to buffer the solution. Without carbonate, the
solution is unstable and will give inconsistent plating. Hydroxide acts as a stabilizer in the solutionsin which it is present,
and thus carbonate is not essential in these solutions. The carbonate in the low-pH solutions exists as an equilibrium
between carbonate and bicarbonate, making the use of both necessary to secure the proper pH. Carbonates in sodium
baths can be frozen out; potassium baths can be treated with barium cyanide or barium hydroxide to precipitate the
carbonate. It should be noted, however, that the use of barium cyanide or barium hydroxide creates insoluble sludges that
are poisonous and cannot be destroyed, so that a hazardous waste is created. The use of calcium salts is recommended.

Hydroxide is used in the high-speed solutions to complex the zinc and increase efficiency. Increasing the hydroxide
content increases the zinc content in the plated alloy.

Ammonia is a very important constituent in the low-pH brass plating solutions. Ammonia serves as a brightener and
improves the appearance of plating accomplished at both high and low current densities. Ammonia is formed during
plating by the decomposition of cyanide and is usualy stable at temperatures up to 30 °C (86 °F). Higher temperatures
(and the high hydroxide content of high-speed solutions) drive off ammonia faster than it is formed, making regular
additions necessary to maintain color. Amines may be used to secure the benefit of ammonia at higher temperatures. An
excess of ammonia causes the alloy to become richer in zinc; large excesses may result in white plate. Additions of
ammoniado not change the pH level of the solution.

The temperature of the plating solution should be controlled to give constant alloy composition. A rise in temperature
increases the copper content of the plate and also increases the plating efficiency.

Impurities in the solution affect the quality of the plating. Soluble oils and soaps will cause a brown smutty plate; they
can be removed by carbon filtration. Tin is not usualy troublesome but can cause dullness and white plate in recesses.
Treatment is by dummy plating. Iron is not troublesome because it forms ferrocyanides, which precipitate out of the
solution (but, as noted above, may result in the formation of sludge). Lead is by far the most troublesome impurity. As
little as 10 ppm Pb will result in red recesses in the plate, especialy in barrel-plated parts. Higher amounts of lead will
cause dullness, black areas, and blistering. The source of lead is usually the anodes, although lead pipe and other lead-
containing objects in the solution can cause contamination.

Anodes for brass plating may be forged, cast, extruded, or rolled, and differences in performance are minimal. Balls or
nuggets (chopped rod) are frequently used with steel or titanium baskets; these furnish a uniform high current area, which
is especialy good for barrel plating where a relatively high current is used. Brass anodes should be used at low current
densities because high current densities will cause polarization. The anodes should be of high purity and contain less than
0.02% Pb and less than 0.1% Fe or other metals. The optimum composition of yellow brass anodes is 70% Cu and 30%
Zn. Use of anodes with higher copper contents will necessitate frequent additions of zinc to the solution. Deposition of
brass with higher copper content requires the use of 85Cu-15Zn or 90Cu-10Zn anodes; the composition of the anodes
should approximate that of the aloy being plated. Anodes of the composition types mentioned above are readily
available. Steel anodes can be used in place of some of the brass anodes in order to lower the metal concentration in the
solution.

Solution Analysis. Analysis and close control of the plating solution are essential for maintaining control of the alloy
composition and color of the plated deposit. Analysis of copper and zinc content can be done by several methods, ranging
from simple titrations to x-ray fluorescence. The results of these methods are generally accurate and reproducible.

Analysis of cyanide content is not so simple. Many methods analyze the "free" cyanide content, which is applicable to
copper cyanide solutions but of dubious value when zinc is present, as in brass plating solutions. A simple and
reproducible method is that used to determine the total cyanide content in zinc cyanide plating solutions: The cyanide is
titrated with silver nitrate using a small amount of hydroxide in the sample being analyzed. This makes all of the cyanide
in the brass solution available except that which is combined with the copper. A meaningful number is the ratio of this
"total" cyanide to the zinc content of the solution. Another method for analyzing cyanide content involves distilling the
cyanide from an acidified sample. This method is used to determine the cyanide content of waste solutions. Its results
include cyanide present in the solution as ferrocyanide, so this method may indicate relatively high cyanide contents.

The pH level can be determined by meters, pH papers, or colorimetric comparison with suitable indicators. Hydroxide
content can be determined by titration with acid using a high pH indicator. Carbonate content is easily determined by
standard methods involving precipitation of the carbonate, separation, and titration.



Ammonia content can be determined by using a specific ion electrode, but is more commonly determined by using a
plating cell and checking the effects of ammonia additions. For the standard Hull cell, atotal current of 1 A for 10 min.
can be used. The plating cell panel will aso indicate the effect of impurities and additions determined by analysis. For
high-speed solutions, a current of 2 A for 10 min. is recommended. Effects at various current densities can also be
determined by reading the panels. For flash plating, a Hull cell preplated with bright nickel and atotal current of 1A for 1
min is preferred.

Bronze Plating

Applications of bronze plating are varied. Alloys containing from 10 to 15% Sn are attractive and are used for
decorative wares. These alloys have gold color that is browner than true gold; equivalent copper-zinc aloys are pinker in
color.

Bronze plating is used on builders hardware, locks, and hinges to provide an attractive appearance and excellent corrosion
resistance. Bronze-plated steel or cast iron bushings replace solid bronze bushings for many uses. Bronze plating is used
where improved lubricity and wear resistance against steel are desired. Its good corrosion resistance makes it desirable as
an undercoat on steel for bright nickel and chromium plate. Speculum alloys (45Sn-65Cu) are similar in appearance to
silver and are used almost entirely for decorative purposes.

Solution Composition and Operating Conditions. Copper-tin aloys are plated from a simple system containing
copper as a cyanide complex and tin as a stannate complex. A typical formulais given in Table 3. Because there are no
interrelated complexes in the bronze plating solution, the alloy composition is controlled by the relative amounts of
copper and tin in the solution (i.e., raising the tin content of the solution produces a higher tin content in the bronze plate).
Alloys with very high tin contents, such as speculum, can be produced by simply increasing the tin content of the
solution. Additives can be used to produce a bright plate. These additives usually contain lead, which acts as a brightener
in bronze plating solutions.

Table 3 Composition and operating conditions for a typical bronze plating solution
Composition of plated deposit, 88Cu-12Sn

Constituent or condition Amount

Makeup

Potassium cyanide, g/L (oz/gal) 64 (8.6)

Copper cyanide, g/L (oz/gal) 29 (3.9

Potassium stannate, g/L (0z/gal) 35 (4.7)

Potassium hydroxide, g/L (oz/gal) | 10 (1.3)

Rochelle salt, g/L (oz/gal) 4.5 (6.0)
Analysis
"Free cyanide,” g/L (oz/gdl) 22 (2.9)

Copper (as metal), g/L (oz/gal) 20 (2.7)




Tin (as metd), g/L (0z/ga) 14 (1.9)

Hydroxide, g/L (oz/gal) 10 (1.3)

Operating conditions

Temperature, °C (°F) 65 (149)

The temperature of the solution is an important plating variable. Temperatures below 40 °C (105 °F) generaly
produce poor deposits that are almost always higher in copper content. Higher temperatures create higher efficiencies and
allow the use of a wide range of current densities. Normal temperatures are from 60 to 80 °C (140 to 175 °F). Barrel
plating solutions usually use lower temperatures.

Equipment requirements for bronze plating are similar to those for brass plating; however, the tanks should be built to
withstand the higher temperatures that are generally used for bronze plating.

Anodes. The choice of anodes for bronze plating is complicated by a number of factors. The tin in bronze plating
solutions is present as stannate, and when bronze alloy anodes are used, the tin dissolves as stannite; thus bronze anodes
are not suitable for use. Dual anodes of copper and tin, where each type of anode has a separate current source, have been
used. To eiminate the need for separate current sources, it is customary to use oxygen-free copper anodes and to add
stannate tin as stannic oxide, potassium stannate, or aslurry of stannate oxide to replace the tin being plated. The presence
of stannite is indicated by a dark color in the solution. The stannite is oxidized to stannate by the use of hydrogen
peroxide, which must be added slowly and with constant stirring to prevent reaction with cyanide. Other impurities are
not of major concern in bronze plating solutions.

Waste Water Treatment

The treatment of waste water from brass and bronze plating operations is relatively simple. Normal procedures for
eliminating cyanide (i.e., treating the waste water with chlorine and adjusting pH to precipitate the metals) are all that is
required. The metallic limits and allowance for chemicals in the fina discharge are fixed by federal, state, and local
regulations. Waste water treatment systems are usually designed by engineers who are conversant with local regulations
and can make sure the equipment meets the necessary requirements.

Tin Alloy Plating

Reginald K. Asher, Sr., Motorola Semiconductor Product Sector

Introduction

ELECTRODEPOSITION of tin alloys is used to protect steel against corrosion or wear, to impart resistance to etching,
and to facilitate soldering. Four types of tin aloys are available in commercial processes.

Tin-lead is the most commonly used of these processes because of its simplicity and low cost. It is especially popular in
the electronics industry because of its excellent solderability, resistance to tin whisker growth, and resistance to tin pest
(formation of a gray powder on the surface, also called tin disease). These properties make it a valuable coating for
integrated-circuit leads, surface-mount (small outline transistor) components, and circuit board connections.

Tin-bismuth processes have been developed in recent years as a substitute for tin-lead. Bismuth as an alloying agent
prevents the whiskering and tin pest that can occur in tin coatings.

Tin-nickel is used for corrosion-resistant coatings, especialy in seawater environments. It has an attractive chromelike
appearance and high lubricity when plated over bright nickel.



Tin-zinc provides outstanding corrosion protection, comparable to cadmium, and is a possible replacement for cadmium
at alower cost.
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Tin-Lead Plating

Tin-lead plating is a relatively simple process because the standard electrode potentials of tin and lead differ by only 10
mV. Tin-lead alloys have been deposited from electrolytes such as sulfonates, fluosilicates, pyrophosphates, chlorides,
fluoborates, and, infrequently, phenosulfonates or benzenesulfonates. Of these, fluoborate and sulfonates (methane
sulfonic acid, or MSA, also known as nonfluoborates, or NF) are available commercialy. Tin-lead plating has
traditionally been done with fluoborate solutions, but MSA solutions have become popular in the electronics industry
because they are less corrosive to plating equipment, more uniform in deposition, easier to control, and more acceptable
environmentally.

Fluoborate and methane sulfonate solutions plate tin from the stannous valance state. The term stannous valence state
refers to the valence of tin in solution. In the case of fluoborate and MSA solutions, the tin is in the +2 valence state as
Sn*2 Tin will plate only from the +2 state in acid solution. Alkaline stannate solutions plate tin from the +4 valence state.
In fluoborate and MSA solutions, the stannous tin requires only two electrons to reduce it to metal:

Sn"? + 2e ® Sn° (metal) (Eq 1)

Stannous fluoborate, along with lead fluoborate, fluoboric acid, and an addition agent, comprises the plating solution. The
ingredients of the nonfluoborate MSA solution are stannous methane sulfonate with lead methane sulfonate, MSA, grain
refiners (wetting agents), antioxidants, and fungicides. These components, as well as various addition agents, are
availablein commercial quantities. The solution operates at 100% cathode and anode efficiency.

Uses of Tin-Lead. Electrodeposition of tin-lead alloys was first patented in 1920, when these alloys were used to
protect the interiors of torpedo air flasks against corrosion. When air was pumped into a flask under pressure, moisture in
the air condensed and corroded the flask, weakening it. Lead coatings had been used to protect the interior against
corrosion, but tin-lead alloy was found to be more corrosion resistant.

Today, tin-lead deposits are used as corrosion-resistant protective coatings for steel. The deposits usualy contain 4 to
15% Sn, but the composition varies with the application. Automotive crankshaft bearings are plated with tin-lead or tin-
lead-copper aloys containing 7 to 10% Sn, whereas an alloy containing 55 to 65% Sn is plated onto printed circuit
boards. Tin-lead plating on circuit boards acts as an etch-resistant coating and facilitates soldering of board components
after they have been inserted into the board. Copper aloys and aloy 42 (42Ni-58Fe) substrates are ordinarily plated with
80% Sn/20% Pb + 10% MSA solutions in the manufacture of electronic components such as integrated circuits and
surface mounts for postsoldering requirements. The shelf life, storage, and thickness of this composition have been
proven by some Taguchi fractional multivariable experiments.

MSA Plating Solutions for Tin-Lead

In the electronics industry, MSA solutions are replacing fluoborate solutions for tin-lead plating of contacts on integrated
circuits, surface-mount devices, radio-frequency components, and similar devices. The tin-lead MSA solution is well-
established worldwide for rack, vibratory bowl, barrel, reel-to-reel, and especialy high-speed cut-strip plating. Rack
plating of components is being replaced where possible by semiautomated cut-strip lines.

Advantages. The MSA process is preferred over fluoborate solution for several reasons. First, it produces a better-
quality, more uniform finish. For a typical specification of a coating thickness of 7 to 20 um (300 to 800 nin.) with a
composition of 80% Sn + 20% Pb + 10%, it can maintain 6-sigma reliability (fewer than 3.4 regjects per million). MSA
solutions are faster and have higher throwing power than fluoborate solutions, and they are able to produce a finer grain
size. A recently developed, patented process is able to produce a semibright solderable finish. Because of low levels of
occluded codeposited organic substances (<500 ppm C), coatings are suitable for soldering as-plated or after standard



thermal excursions. Coatings produced from MSA solutions have excellent storage life and pass the bake and steam age
solderability requirements of MIL-883, Method 2003.7. They also pass MIL-38510 requirements for surface finish on
electronic components.

Second, the MSA process is environmentally more acceptable. MSA is less corrosive than fluoborate solutions, and
because there is no boron or fluorine in the solution, it is more acceptable for wastewater treatment and water reuse. The
electrolyte is safer to handle, and the MSA activator (10 to 20 vol%) can be recycled. The latter consideration offsets the
higher initial cost and higher operating cost of MSA.

Third, the MSA process is easily automated. Cut strips of electronic components are loaded into high-speed plating
equipment by magazine or cassette for easy handling. Deposition rates are two to five times higher than for fluoborate
solutions, ranging from 5.4 to 21.5 A/dm? (50 to 200 A/ft?). Table 1 lists deposition rates for a high-speed solution. There
are high-speed fluoborate baths operating at from 500 to 1000 A/ft%.

Table 1 Time required to plate 2.54 ym (100 pin) of 80Sn-from high-speed methane sulfonic acid (MSA)
solution

Total metal content | Timerequired at indicated current density, min
g/l oz/gal 10.8 A/dm? | 13.5 A/dm? | 16.1 A/dm? | 18.8 A/dm? | 21.5 A/dm?
(100 A/ft?) | (125 A/ft?) | (150 A/ft?) | (175 Alft?) | (200 A/ft?)

20 2.7 0.78 0.72 0.65 0.59 0.56

30 4.0 0.70 0.64 0.56 0.52 0.47

40 5.3 0.62 0.63 0.44 0.40 0.37

50 6.7 0.55 0.47 0.40 0.36 0.33

60 8.0 0.54 0.46 0.38 0.34 0.30

70 9.3 0.53 0.46 0.37 0.33 0.28

80 10.7 0.52 0.45 0.36 0.32 0.27

20 12.0 0.51 0.43 0.35 0.31 0.26

100 13.4 0.50 0.42 0.34 0.29 0.25

Source: Ref 1

Experimental modified MSA tin-lead plating solutions are being evaluated for semiautomatic plating of leaded-glass
sealed integrated-circuit packages, with excellent results.

A minimum of 2% Pb in atin deposit is reported to prevent whiskering, eliminating the need for reflow as required by
MIL-38510 for integrated-circuit devices. The electrolyte will accommodate any tin-lead composition.



Automation. Commercialy available automated process lines for electronic devices are loaded manually or from a
magazine or cassette. The process operations include deflashing, deoxidation, activation, tin-lead plating, neutralization
(if necessary), final rinse, hot deionized water rinse, hot air dry, and automatic reloading into the magazine or cassette.
Rinses are pressure spray, with air knives to remove the maximum water for recovery and reuse.

At the time of thiswriting, equipment for electronic componentsis limited to strips 23 cm (9in.) long and 6.4 cm (2.5in.)
wide. A contact rail 3 mm (0.12 in.) wide for light strips and 5 mm (0.20 in.) wide for heavy strips is necessary for
gripping the top edge of the strip.

Substrates. The MSA process is generally used for electronic solderable leads on integrated circuits, surface-mount
devices, radio-frequency components, and similar devices. The materials used are typically copper or aloy 42 (42Ni-
58F¢). Silicon and zirconium copper aloys require special, proprietary preparations for plating.

Properties of the Coated Surface. The deposit usually has a smooth matte finish. Some newly developed solutions
give a semibright finish with dense deposits and excellent solderability.

Health and Safety Considerations. Local exhaust is required for fumes from the electrolyte. This is generaly
provided in the commercia equipment. Chemical goggles, aface shield, rubber gloves, and an acid-resistant apron should
be worn when handling the electrolyte. Ordinarily, exhaust fans eliminate the problem of lead fumes in the air (Ref 2),
and there should be no problem with meeting Occupational Safety and Health Administration requirements OSHA
Standard 1910.1025.

Parameters. Any desired tin-lead alloy composition can be plated from an MSA solution. The composition of the
deposit depends on the amount of stannous tin and lead in the solution, the type and amount of addition agent, the current
density, and the tin-lead content of the anodes (usually 85Sn-15Pb for high-speed plating). Solution temperature and
degree of agitation affect composition, especially in high-speed solutions.

Multivariable fractional factorial experiments have shown that the 80Sn-20Pb (80/20) coating has a dightly higher
solderability quality than 90/10 or 60/40 compositions, and much better than rack 100% Sn.

Solution Components. Concentrated solutions of stannous and lead nonfluoborates, MSA, and additives are available
commercialy, so aloy plating solutions are made by mixing and diluting concentrates. Additives are wetting agents,
antioxidants, and fungicides.

80Sn-20Pb high-speed MSA solution (Ref 3) is used for high-speed automated plating of leads for electronic
components, including dual-inline-pin and surface-mount integrated circuits, radio-frequency components, and similar
devices where highly consistent coating thickness, surface finish, and solderability are required, along with high
production rates. The solution composition is:

Stannous tin: 52+7 g/L (7.0£1.0 oz/gdl)
Lead: 13.0+1.9 g/L (1.73+£0.25 oz/gal)
Free MSA: 255+15 g/L (34.0+£2.0 oz/gal)
Mixed nonionic surfactant: 5to 10 g/L
Antioxidant: 0.5to 1.5 g/L

The operating conditions are:

Temperature: 21+£2.8 °C (70£5 °F)

Current density: 10.8+5.4 A/dm? (100+50 A/ft?) with less than 1% current ripple on the plating rectifiers
Agitation: very rapid, mechanical pump and hydraulic pressure

Anodes: 855n-15Pb

Filtration: continuous through polypropylene or acrylic filter cartridges



80Sn-20Pb MSA solution (Ref 4) is used for barrel plating of electronic components and applications requiring
higher throwing power than the high-speed solution. The solution composition is:

Stannoustin: 14+2 g/L (1.9+£0.3 0z/gdl)
Lead: 2.0t0 4.0 g/L (0.27 to 0.54 oz/gdl), 3.4 g/L (0.45 oz/gal) optimum
Free MSA: 165432 g/L (22.0+4.3 oz/gal)
Proprietary additive: 5 to 10%

The operating conditions are:

Temperature: 21+2.8 °C (705 °F)
Current density: 0.32 to 0.64 A/dm? (3 to 6 A/ft?)
Agitation: mechanical (sparger)

Anodes: 80Sn-20Pb

Filtration: continuous through polypropylene or acrylic filter cartridges

Table 2 is atroubleshooting guide to MSA plating solutions.

Table 2 Troubleshooting guide for tin alloy plating with methane sulfonic acid (MSA) solutions

Problem

Possible cause

Solution

Burn (dark, rough deposit) at high
current density

Low metal content

Analyze metal content and adjust if necessary.

Current density too high

Lower rectifier settings.

Temperature of
solution too high

plating

Check and adjust to 19-21 °C (66-70 °F).

Lack of solution circulation

Check to be sure dl circulating pumps are operating.

Excessive copper in plating
solution

Analyze and remove contamination by dummy plating.

Additive low

Analyze and adjust.

Dark, nonuniform deposit at low
density

Low acid content of the plating
solution

Analyze and adjust.

Plating current density too low

Check and adjust current setting.

Poor cleaning or inadequate
activation

Check parts going out of descale/activator. Adjust to proper
operating conditionsif necessary.

Poor throwing power or plating
distribution

Metal content too high

Analyze and adjust.




distribution

Plating current density too low

Check and adjust current setting.

Pitting Organic contamination Check for carbon and treat if necessary.
Qil or grease in solution Check and dump if positive.
Poor cleaning Check/analyze descadle and activation for proper operating
conditions.
Insufficient solution agitation Check circulating pump.
Rough deposits Particles (anode sludge, dirt) in | Check filter for proper operating condition. Replace cartridge.

solution

Excessive current setting

Check and adjust.

Insufficient solution agitation

Check circulation.

Alloy composition in deposit out of
specification

Incorrect bath composition

Analysis and adjust

Poor solderability

Low thickness

Check and adjust.

Organic contamination in the
bath

Analyze for carbon and treat if necessary.

Copper contamination in the
bath

Check and do low-current dummy plating if necessary.

Incorrect aloy composition

Check and adjust.

Insufficient/poor cleaning of
base metal

Check parts going out of descale. Check descale and activator
for proper operating conditions.

Excessive foaming

Air being drawn into filter

Check for line leaks.

Imbalance of system | Set discharge line flow. Close down on drain back valves.
circulation
Excessive additive | Analyze and diluteif necessary.

concentration

Air blow offset too high

Reduce air wipe flows.




Poor adhesion

Poor pretreatment

Adjust to proper operating range. Makeup new when necessary.

Poor rinsing

Check and adjust rinse flow.

Excessive additive

Analyze and adjust.

Staining or discoloration

Air blower nozzle offset

Check and reset.

Poor/insufficient rinse

Check and adjust flows.

Air wipe blocked or offset

Check and reset.

Insufficient additive

Analyze and adjust.
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Fluoborate Plating Solutions for Tin-Lead

Any desired tin-lead alloy composition can be plated from a fluoborate solution. The composition of the deposit depends

on the amount of stannous tin and lead in the solution, the type and amount of addition agent, the current density, and the

tin-lead content of the anodes. Bath temperature and degree of agitation also affect the composition, especially in high-

speed solutions.

Solution Components. Concentrated solutions of stannous and lead fluoborates and fluoboric acid are available
commercialy, so aloy plating solutions are made by mixing and diluting concentrates. Some compositions of
concentrates are given in Table 3. The fluoborates of tin and lead contain free or excess fluoboric and boric acids for
stability, and fluoboric acid contains free boric acid for the same reason.

Table 3 Composition of fluoborate alloy plating solution concentrates

Constituent Amount

wt% | g/L | oz/gal
L ead fluobor ate
Lead fluoborate, Pb(BF,), 51.0 | 893 | 119
Lead, Pb® 27.7 | 485 | 65




Fluoboric acid, free HBF, 0.6 105 14

Boric acid, free H;BO; 1.0 18 24

Stannous (tin) fluoborate

Stannous fluoborate, Sn(BF,), | 51.0 | 816 | 109.0

Tin, Sn2@ 20.7 | 331 | 443
Fluoboric acid, free HBF, 18 29 3.9
Boric acid, free H;BO; 1.0 16 2.1

Fluoboric acid

Fluoboric acid, HBF, 49 671 | 89.9
Boric acid, free H;BO; 0.6 83 |11
Hydrofluoric acid, free HF None

() Equivalent

The reason that excess boric and fluoboric acids provide stability in the fluoborate concentrates can best be shown by the
reactions described below, with lead fluoborate used as an example, although the same is true for all other fluoborate
concentrates. In the absence of boric acid, the metal fluoride will form. To stabilize the lead fluoborate, the following
reaction takes place:

4PbF; + 2H3BO3 ® Ph(BF4),2 + 3Pb(OH), (Eq 2)
The reaction isincomplete unless fluoboric acid is added to produce the resullt:
3Pb(OH), + 6HBF4; ® 3Pb(BF4), + 3H-0 (Eq 3)
The overall reaction isthen:
4PbF; + 2H3BO3 + 6HBF, ® 4Pb(BF.), + 6H0 (Eq 4)
Commercidly, fluoboric acid is made by reacting hydrofluoric acid with boric acid:

4HF + H3BO; ® HBF; + 3H,0 (Eq 5)



When excess boric acid is added beyond the amount required to react stoichiometrically with the hydrofluoric acid
present, the reaction is driven far to the right, thus stabilizing the fluoboric acid and preventing the formation of fluorides.

A tin-lead plating solution deficient in free boric acid can precipitate insoluble lead fluoride. To guard against this
possibility, anode bags filled with boric acid should be hung in corners of the plating tank and immersed in solution. Bags
should be refilled when the boric acid has dissolved.

Addition agents are important for the production of dense, fine-grain deposits and the improvement of throwing power
in atin-lead solution operation. Many organic addition agents have been used in tin-lead solutions, including bone glue,
gelatin, peptone, aldehyde condensation products, glycols, sulfonated organic acids, beta-naphthol, hydroquinone, and
resorcinol. Peptone is the addition agent most frequently used because of its commercia availability as a stabilized
solution specifically prepared for tin-lead plating solutions.

Solution Compositions and Operating Conditions. Listed below are the tin-lead fluoboric bath compositions that
are used most frequently.

7Sn-93Pb solution is used for bearings and corrosion protection of steel. The solution compositionis:

Stannous tin: 6.0 g/L (0.80 oz/gal)

Lead: 88.0 g/L (11.8 oz/gal)

Fluoboric acid: 100 g/L (13.4 oz/gal) min
Boric acid: 25 g/L (3.4 oz/gal)

Peptone, dry basis. 5 g/L (0.67 oz/gal)

The operating conditions are:

Temperature: 18 to 38 °C (65 to 100 °F)
Current density: 3.2 A/dm? (30 A/ft?)
Agitation: mild, mechanical

Anodes. 7Sn-93Pb

60Sn-40Pb solution is used for printed circuit boards, barrel plating of small parts, and applications requiring high
throwing power. The solution composition is:

Stannoustin: 15 g/L (2 oz/gal)

Lead: 10 g/L (1.3 0z/gal)

Fluoboric acid: 400 g/L (53.4 oz/gal)
Boric acid: 25 g/L (3.4 oz/gal)
Peptone, dry basis: 5 g/L (0.7 oz/gal)

The operating conditions are:

Temperature: 18 to 38 °C (65 to 100 °F)
Current density: 2.1 A/dm? (20 A/ft?)
Agitation: mild, mechanical

Anodes: 60Sn-40Pb

60Sn-40Pb high-speed solution is used for high-speed wire and strip plating, or for general plating where throwing
power is not of prime importance. The solution composition is:



Stannoustin: 52 g/L (7.0 oz/gdl)

Lead: 30 g/L (4.0 0z/gal)

Fluoboric acid: 100 g/L (13.4 oz/gal) min
Boric acid: 25 g/L (3.4 0z/gal)

Peptone, dry basis: 5 g/L (0.7 oz/gal)

The operating conditions are:

Temperature: 18 to 38 °C (65 to 100 °F)
Current density: 3.2 A/dm? (30 A/ft?)
Agitation: mild, mechanical

Anodes: 60Sn-40Pb

When this solution is used to deposit 60Sn-40Pb on wire or strip, current densities in excess of 32 A/dm? (300 A/ft?) can
be used if the wire or strip is moved continuously through the plating solution at arelatively high speed.

HBF,60Sn-40Pb solution (Ref 5) provides high throwing power. The solution composition is:

Fluoboric acid 48%: 350 mL/L
Tin fluoborate 50%: 46.2 mL/L
L ead fluoborate 50%: 25.2 mL/L
Proprietary additive: 20 mL/L
Boric acid: 26 g/L

Tin-lead salt No. 1: 2 g/L

The optimum operating conditions are:

Temperature: 21 °C (70 °F)

Current density: 2.5 A/dm? (25 A/ft?

Agitation: mechanical, slow to moderate

Filtration: continuous through polypropylene or Dynel

Table 4 is atroubleshooting guide for this solution.

Table 4 Troubleshooting guide for HBF,60Sn/40Pb high-throw bath

Problem Possible cause Remedy

Treeing Low addition agent Replenish.

Edge feathers Too high acurrent density Lower current density.

Grainy deposit Organic contamination Replenish addition agent. As a last resort, carbon
treat.

Burning Too high a current density Lower amperage.




Too low ameta content

Add stannous fluoborate or lead fluoborate.

Low acid content

Add fluoboric acid.

Wrong alloy composition

Incorrect bath composition

Adjust bath composition.

Wrong current density

Plate at 2.5-3 A/dm*(25-30 A/ft?).

Insufficient addition agent

Replenish.

Improper agitation

Use cathode rod agitation.

Poor throwing power

High pH Add fluoboric acid.
Too high an anode-to-cathode ratio Remove some anodes.
Low agitation agent Replenish.

in.

Precipitate in bath, | Chloride or sulfate drag-in Improve rinsing.
roughness
Torn anode bags Replace anode bags.
Oxidation of tin from excessive agitation Look for air leak in filter, if used.
Poor reflow Insufficient deposit. Minimum should be 0.00025 | Do not reflow unless thickness is above minimum.

Wrong aloy Check reason for wrong alloy as described above.
Organic contamination Carbon treat.
Metallic contamination Dummy the bath.

Copper substrate not active or clean

Check cleaning cycle.

Compositions of anodes and solutions for deposits up to 50% Sn are listed in Table 5. The composition of the anode
should be the same as that desired in the deposit. If deposits do not have the desired composition, anode composition

should be maintained as indicated and adjustments should be made to the solution formula.

Table 5 Composition of anode and fluoborate solution for deposits up to 50% Sn

Plated 3.2 A/dm?(30 A/ft?); compositions of all baths contains a minimum of 100 g/L (13.3 oz/gal) of free HBF,, 25 g/L. (3.3 oz/gal)

of free H;BOs, and 5.0 g/L (0.7 oz/ga) of peptone




Composition | Composition of bath
of deposit

and anode, %

Stannous Lead

tin
Tin | Lead | g/L | 0z/gal | g/L | oz/gal
5 95 4 05 85 | 113
7 93 6 0.8 88 | 118
10 90 85 |11 90 [ 120
15 85 13 | 1.7 80 | 10.7
25 75 22 129 65 | 87
40 60 35 |48 44 | 58
50 50 45 | 6.0 35 | 47

Table 5 is based on an operating density of 3.2 A/dm? (30 A/ft?). Higher or lower current densities may result in
deposition of aloys of compositions differing from those given in the table. It is then necessary to make compensating
corrections in solution composition. Deposition rates of tin-lead coatings can be controlled by current density. Table 6
shows that as the current density of afluoborate solution isincreased, the rate of 60Sn-40Pb deposition also increases.

Table 6 Rate of 60Sn-40Pb deposition from the fluoborate solution
100% cathode efficiency

Current density | Timein bath, min, at thickness of:

Aldm? | A/ft? | 25pum 7.5um 12.5um 25pm
(0.0001in.) | (0.0003in.) | (0.0005in.) | (0.001in.)

1.0 10 4.5 135 225 45
15 15 3.0 9.0 15.0 30
20 20 23 6.8 11.3 225
25 25 18 54 9.0 18

3.0 30 15 4.5 7.5 15




Temperature. Tin-lead fluoborate solutions operate efficiently in a temperature range of 18 to 38 °C (65 to 100 °F).
Upper temperatures slightly increase tin in deposits, and lower temperatures can decrease tin.

Current densities below the specified amount for a particular solution formula can decrease the tin content of deposits.
Higher current densities can increase tin content.

Agitation is an important factor in tin-lead plating. Optimum conditions exist when mild agitation is used. Use of a still
bath results in nonuniform deposits because of local exhaustion of the solution at the cathode surface. Vigorous agitation
may increase the stannic tin content of a solution, resulting in a decrease of tin in deposits. Cathode rod agitation or
circulation through an outside pump provides suitable agitation for atin-lead plating solution. Air agitation should not be
used because it can oxidize stannous tin.

Boric acid is added to maintain solution stability. Approximately 25 g/L (3.4 oz/gal) of boric acid has been found
desirable, but its concentration is not critical. An anode bag filled with boric acid may be hung in a corner of the tank to
maintain the required concentration. Excess boric acid prevents fluoride precipitates, which can deplete lead from the
solution. Thisis based on the following formula:

4HF + H3BO3z A HBF4+3H0 (Eq 6)

where HBF,is the resultant fluoboric acid. The reaction is reversible if the stoicheiometric amount of boric acid (HsBOy)is
used to react with the hydrofluoric acid (HF) present. As the amount of boric acid in the above reaction is increased, the
reaction is driven far to the right so that the reaction becomes irreversible and no free hydrofluoric acid is regenerated.
This is important because if free hydrofluoric acid were present, then insoluble fluorides, especially lead fluoride, would
precipitate. Thus, all fluoborate concentrates and plating baths contain free boric acid. Although 25 g/L of boric acid is
optimum (close to its solubility), any amount of free boric acid is acceptable to prevent the formation of fluorides.

Free fluoboric acid is maintained in the solution to provide the requisite acidity and to raise conductivity. In
conjunction with peptone, it can prevent "treeing" and give a fine-grain deposit. Free fluoboric acid can be added in
amounts ranging between 100 to 500 g/L (13.4 to 67 oz/gal), depending on the solution formula used.

Peptone is added to the plating bath to promote formation of fine-grain adherent deposits and prevent treeing. Peptone
solution is available commercially, and proper amounts can be measured and poured directly into the plating bath. The
bath can then be used immediately, after it is gently stirred to ensure complete mixing of peptone. During the operation of
the plating bath, a loss of peptone can result because of dragout, chemica breakdown, and codeposition with the metal.
As peptone is depleted, it must be replenished. Replenishment amounts should be determined by experience. As a guide,
1L (2.1 pints) of peptone solution per 380 L (100 gal) of plating bath can be used per week. A Hull cell operated at 1 A
for 10 min can be used to control the peptone content of a plating solution.

Tin-lead fluoborate solutions containing peptone should be filtered through activated carbon at least four times per year to
ensure removal of organic breakdown products and avoid buildup of peptone from indiscriminate additions. The plating
bath should be treated with about 4.5 kg. (10 Ib) of activated carbon per 380 L (100 gal) of bath until, after filtration, the
solution is water white. The bath should not be heated during carbon treatment, because stannous will be oxidized to
stannic tin. Fresh peptone is added after carbon treatment. Because there is no simple analytical method for determining
peptone concentration in this solution, carbon treatment and replenishment of peptone every 3 or 4 months ensures proper
amounts of peptonein a solution.

Proprietary synthetic wetting agents can be purchased for grain refinement, as a substitute for peptone. Because these
components are synthetic, they are less susceptible to agae and bacterial growth.

Metallic impurities are removed by low-current-density electrolysis, but in atin-lead bath, low current density favors
deposition of lead, which may unbalance the solution. Metallic impurities can be removed by dummying a bath at a
current density of 0.2 A/dm? (2 A/ftY) for at least 8 h. The solution should then be analyzed and brought up to
specification with stannous or lead fluoborate. Iron, nickel, and other metals above hydrogen in the electromotive series
are not removed by dummying, athough copper is easily removed.

Filtration. A tin-lead fluoborate plating solution should be filtered constantly, to keep the bath clear. If constant
filtration is not used, a bath can turn cloudy because of sulfates entering the solution and precipitating as lead sulfate.



Stannic salts can also precipitate out of the solution. Anode sludge or breakdown products from peptone solutions can
contribute to a cloudy appearance as well. Polypropylene filter spools or cartridges can be used as filters, but they must
first be leached in hot water (65 °C, or 150 °F) to remove organic agents used in their manufacture. The end of the return
hose from the filter must be submerged in the bath to prevent aeration of the bath.

Anodes. Tin-lead aloy anodes of at least 99.9% purity must be used. The most objectionable anode impurities are
arsenic, silver, bismuth, antimony, copper, iron, sulfur, nickel, and zinc. Extruded anodes are preferred over cast anodes,
because cast anodes have a larger grain size and suffer from intergranular corrosion, which causes large pits or
depressions to form on the anode surface. The finer grain size of extruded anodes provides uniform and efficient
corrosion during plating. Tin-lead anodes should be left in an idle tin-lead fluoborate bath because they exercise a
reducing effect on tin in solution, thus helping to maintain the bath in a stannous valence state. Tin-lead anodes should be
bagged with acrylic or polypropylene cloth to contain any anode sludge that may form. Anode sludge suspended in
solution can cause rough deposits.

Materials of construction for tin-lead plating equipment include:

Steel lined with rubber or polypropylene or made entirely of polypropylene, used for tanks and pumps
Monel metal, used for anode hooks

Polypropylene, used for anode bags and filter spools

Pure paper pulp (alpha cellulose), used for filter aid

The following materials should not be used in contact with fluoborate solutions: glass; quartz or other silicated materials;
nylon; neoprene; or titanium. Equipment in contact with fluoborates should have the recommendation of the manufacturer
for use in afluoborate solution.

Lead disposal for fluoborate and MSA solutions is most commonly accomplished by diverting the lead-containing
rinse water (or dilute concentrate) to a pH-controlled holding tank, filtering the solution, and then running it through an
ion exchanger. The fluoborate rinse will have to be regenerated with MSA before going to a holding tank and then to
electrowinning. The MSA rinse can go directly to electrowinning, where the lead is plated out on a reusable cathode. The
water can then be carbon treated, ion exchanged, and reused for certain rinses.

Reference cited in this section
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Other Tin Plating

Tin-Bismuth Plating. A small amount of bismuth or antimony added to tin helps to eliminate whiskering and tin pest
in tin coatings that are subjected to temperatures below 13.2 °C (55.8 °F). MIL-QQS-571 recommends 0.27% Sb to
prevent tin pest. Several processes for tin-bismuth plating have been patented (Ref 6, 7, 8) and commercialized.
Experimental processes using inert anodes, such as platinized titanium, have been used to produce printed circuit board
prototypes with tin-bismuth coatings on parts. An MSA solution similar to that used for tin-lead plating has been
developed, and solutions are being developed for commercial sales by chemical suppliers. Tin methane sulfonate and
bismuth methane sulfonate are used in the solution. Plating is done at room temperature with mild agitation.

Tin-Zinc Plating. In most environments, tin-zinc alloys approach the corrosion resistance and solderability of cadmium.
Because cadmium can release toxic fumes when heated, and because it is a strategic element and therefore relatively
expensive and subject to availability concerns, tin-zinc coatings are often used as substitutes. Compositions ranging from
10Sn-90Zn to 85Sn-15Zn have been used. Electrolytes are made from a mixture of potassium stannate, zinc cyanide,
potassium cyanide, and potassium hydroxide. The amount of potassium cyanide determined by analysisis higher than that
added to the bath initially, because the analysis also detects the cyanide in zinc cyanide.

80Sn-20Zn solution isthe most commonly used. The solution compositions are:



Still tank

Stannoustin: 38 to 53 g/L (5.1to 7.1 oz/gal)

Zinc: 45t0 7.5 g/L (0.60to 1.0 oz/gdl)

Potassium cyanide: 38to 53 g/L (5.1to 7.1 oz/gal)

Free potassium hydroxide: 4.9to0 8.3 g/L (0.65to 1.1 oz/gal)

Barrel

Stannoustin: 32 to 40 g/L (4.3 t0 5.3 oz/gal)

Zinc: 6.8t0 10 g/L (0.91to 1.3 0z/gd)

Potassium cyanide: 41 to 60 g/L (5.5 to 8.0 oz/gal)

Free potassium hydroxide: 8.3t0 11.3 g/L (1.1to 1.51 oz/gal)

The operating conditions are:

Temperature: 65+ 2 °C (149 £ 4 °F)

Anode current density: 1.5 to 2.5 A/dm? (14 to 23 A/ft?)
Cathode current density: 0.1 to 0.9 A/dm? (1 to 8 A/ft?)
Agitation: none for still tanks, or barrel agitation
Anodes: 80Sn-20Zn

Equipment: mild steel

Anodes must be filmed. (An oxide film is deposited on the anode by plating it at a high current density.) Unfilmed
anodes cause formation of stannite (Cu,FeSnS,), which inhibits plating.

Temperature. Temperatures in the high end of the range increase the tin content and cause the cyanide to break down.
Low temperatures decrease cathode efficiency and lower the percentage of tin.

Current densities at the low end of the range result in tin-rich deposits.

Electrolyte Concentrations. The proportions of zinc and tin in the deposit vary with the amounts in the solution.
Higher concentrations of zinc in solution result in higher levels in the deposit, and likewise with tin. Higher levels of free
potassium hydroxide increase the percentage of zinc in the deposit. Small changes in free cyanide content have little
effect, because the solution contains more cyanide than is necessary. Excessively low levels of cyanide decrease tin
content (Ref 9).

Tin-Nickel Plating. The intermetalic compound 65Sn-35Ni can be plated from several commercia electrolyte
solutions. The finish has high lubricity and a bright, chromelike appearance with excellent corrosion resistance, especially
in seawater environments. It is used more often for general industrial applications than for electronic components,
because it is more difficult to solder than other tin-alloy coatings. The solution composition is:

Nickel chloride: 250 g/L (33 oz/gal)

Stannous chloride: 50 g/L (6.7 oz/gal)

Ammonium chloride: 50 g/L (6.7 oz/gal)

Starter (makeup and additives containing surfactants and grain refiners): 20% by volume

The operating conditions are:

Temperature: 60 to 70 °C (140 to 160 °F), 66 °C (151 °F) optimum
Current density: 0.1 to 3.2 A/dm? (1 to 30 A/ft?), 1.6 A/dm? (15 A/ft?) optimum



Agitation: cathode rod, solution, or barrel. Still racks may be used at low current densities.
Anodes: high-purity nickel in polypropylene bags
Filtration: continuous through polypropylene or chlorinated polyvinyl chloride (CPVC) above 60 °C

(140 °F)

Preparation. Metalic substrates should be cleaned. A common acid cleaning procedure is a 10 to 20% HCI bath
immediately before plating. Steel substrates should be plated with an alkaline copper or acid nickel strike coating.

Equipment. All equipment in contact with the plating solution should be nonmetallic. Tanks and filters should be
polypropylene or CPV C. Heaters should be fluorocarbon coated.

Handling Precautions. Gloves, protective clothing, and goggles should be worn when handling el ectrolyte solution or

its components.

Environmental Considerations. Electrolyte solutions and their components should be treated according to
procedures for fluoride- and cyanide-containing wastes. They should not be mixed with metal-bearing waste streams,
because they contain metal chelators (Ref 10, 11).

Table 7 is atroubleshooting guide to tin-nickel plating solutions.

Table 7 Troubleshooting guide for tin-nickel plating solutions

Problem

Possible cause

Remedy

Powdery gray deposit

Current density too
high

Use alower current density.

Nickel content too
low

Analyze nickel content, add nickel chloride if necessary.

Dull or black deposit

Tin content too low

Anayze tin content, add stannous chloride if necessary (starter
concentrate must be added at the same time as stannous chloride).

Brittle or milky deposit

Low replenisher

Add replenisher.

density plating areas

contamination

Metallic Remove metal by electrolyzing solution.
contamination
Dark or black deposits in low-current- | Copper Eliminate source of contamination, remove copper by electrolyzing.

Dark deposit with standard current
density or burn with high current density

Organic
contamination

Filter solution through activated carbon. Never add hydrogen
peroxide, potassium permanganate, or other oxidizing agents.

Incorrect aloy composition Incorrect solution [ Analyzetin and nickel contents of bath and adjust.
composition
Nickel content increases during operation | Excess anode area Decrease anode area.




Source: Ref 10
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Zinc Alloy Plating

Nabil Zaki, Frederick Gumm Chemical Company, Inc.

Introduction

ZINC ALLOY PLATING has found significant use since about 1980 in Japan and Europe, and more recently in the
United States. The driving force behind the development of this technology was the quest for higher-performance
coatings, especialy in the automotive industry. Ancther driver was the urgent need to find an adequate replacement for
cadmium plating; cadmium is highly toxic and has been banned in many industrial countries.

The use of zinc alloys provides several advantages. Electrochemicaly, aloys have different corrosion potentials from
their alloying elements. Alloys of zinc, for example, can be designed to maintain anodic protection to steel, but remain
less electrochemically active than pure zinc. Thus, a zinc alloy coating can still be sacrificial to steel components, but
corrodes much more slowly than zinc when exposed to a corrosive environment.

Severa zinc aloy processes are currently in commercial use. The choice of a particular process depends on the end-
product requirements and conditions of use. Available aloys are zinc-iron, zinc-cobalt, zinc-nickel, and tin-zinc. Asin
unalloyed zinc plating, chromate conversion coating post-trestments are used to improve the overall corrosion resistance
of the aloy, and especialy to retard the bulky "white rusting" characteristic of unalloyed zinc. Specialty chromating
processes designed to work with these alloys are used for this purpose. See the article "Zinc Plating" in this Volume for
more information.

Zinc-lron Plating

Zinc-iron plating produces aloys containing 15 to 25% Fe as-plated. Advantages of this alloy are good weldability and
ductility. It is electroplated on steel coil and strip for auto bodies. Strip for the manufacture of automotive componentsis
also plated in baths that produce 1% Fe in the alloy deposit; a special feature of this alloy is its suitability for deep black
chromating.

The corrosion resistance of zinc-iron is generally lower than that of the other zinc alloys, especialy after exposure to high
temperatures such as those encountered by under-the-hood automotive components. A typical zinc-iron solution
composition used in strip line plating is:



Constituent Content

g/L oz/gal

Ferric sulfate 200-300 | 27-40

Zinc sulfate 200-300 | 27-40

Sodium sulfate 20-40 2.7-53

Sodium acetate | 10-30 134

Organic additive | 1-5 0.1-0.66

Zinc-Cobalt Plating

Zinc-cobalt coatings contain 0.6 to 2% Co. Zinc-cobalt aloys find extensive use for relatively inexpensive componentsin
applications that require improved abrasion resistance and corrosion protection. Typicaly, an 8 pm film with 1% cobalt
will last up to 500 h in a neutral salt spray test before red rust if the proper chromate is applied. Some reduction in
corrosion resistance is experienced after exposure to high temperature, but not as much as with zinc-iron aloys. A unique
attribute of zinc-cobalt is its corrosion resistance to sulfur dioxide in accelerated corrosion tests. This suggests that these
coatings may be suitable for use in sulfur-containing corrosive environments.

There are two types of zinc-cobalt plating baths; acid and alkaline. Alkaline baths are preferred for tubes and other
configurations with internal unplated areas. Exposure to acidic electrolyte reduces the corrosion resistance of such parts.
Available chromates include clear, yellow, iridescent and black.

Typical zinc-cobalt bath compositions and process parameters are given in Table 1.

Table 1 Compositions and process parameters for zinc-cobalt plating solutions

Constituent or parameter Amount or value
Acid baths
Zinc chloride, g/L (oz/gal) 80-90 (10-12)

Potassium chloride, g/L (oz/gal) 150-200 (20-27)

Ammonium chloride®, g/L (oz/gal) | 50-70 (7-9)

Boric acid®, g/L (oz/gal) 20-30 (3-4)

Cobalt chloride, g/L (0z/ga) 1-20 (0.1-2.7)




Organic additive, g/L (oz/gal) 5-20 (0.66-2.7)

pH 5.0-6.0
Temperature, °C (°F) 20-40 (70-100)
Anodes Zinc

Alkaline baths

Zinc oxide, g/L (oz/gal) 10-20 (1.3-2.7)

Sodium hydroxide, g/L (oz/gal) 80-150 (10-20)

Cobalt salt complex, g/L (0z/gal) 1.0-2.0(0.1-0.3)

Organic additive, g/L (oz/gal) 5-10 (0.66-1.3)
Temperature, °C (°F) 25-40 (77-100)
Anodes Zinc

(a) Used only in some compositions

Zinc-Nickel Plating

Zinc-nickel aloys produce the highest corrosion resistance of electroplated zinc alloys. These aloys contain from 5 to
15% Ni. Corrosion resistance improves with nickel content up to 15 to 18%. Beyond this range the aloy becomes more
noble than steel and loses its sacrificial protection property. An aloy containing 10 to 13 wt% Ni is electroplated on steel
strip and coil as an alternative to zinc-iron or electrogalvanizing. An advantage of this composition is the formability of
the steel after coiling. For components, chromatizing is required; however, best results are achieved on alloys containing
510 10% Ni. For aloys in this range of nickel content, corrosion resistance to neutral salt spray reaches 1000 h or more
before red rust. An advantage of zinc-nickel aloys is their retention of 60 to 80% of their corrosion resistance after
forming and after heat treatment of plated components. This attribute makes these alloys suitable for automotive
applications such as fasteners, brake and fuel lines, and other under-the-hood components.

Zinc-nickel aloys plated from akaline baths have shown potential as substitutes for cadmium coatings in aircraft and
military applications. Available chromates are clear, iridescent, bronze, and black. Typical zinc-nickel bath compositions
and process parameters are given in Table 2. Alkaline formulations are preferred for their ease of operation and because
they provide more uniform alloy composition and better overall corrosion resistance, especialy on tubing and on internal
configurations of parts.

Table 2 Compositions and process parameters for zinc-nickel plating solutions

Constituent or parameter Amount or value




Acid baths

Zinc chloride, g/L (oz/gal) 120-130 (16-17)

Nickel chloride, g/L (oz/gal) 110-130 (15-17)

Potassium chloride, g/L (oz/gal) 200-250 (27-33)

Ammonium chloride®, g/L (oz/gal) | 100-200 (13-27)

Organic additives, g/L (oz/gal)®?® 5-10 (0.66-1.3)

pH 5-6

Anodes Zinc and nickel connected to two separate rectifiers

Alkaline baths

Sodium hydroxide, g/L (oz/gal) 100-130 (13-17)

Zinc, g/L (oz/gal) 6-15 (0.8-2.0)

Nickel, g/L (oz/gal) 0.5-1.5 (0.07-0.20)
Organic additives, g/L (oz/gal) 2-5(0.25-0.66)

Anodes Zinc and steel, one rectifier
Temperature, °C (°F) 20-35 (70-95)

(a) Used only in some compositions

Tin-Zinc Plating

Tin-zinc alloys contain 70 to 90% Sn and 10 to 30% Zn. Cyanide, acid, and neutral commercial baths are available. Tin-
zinc baths are expensive to operate because they require the use of special cast tin-zinc anodes. Tin-zinc aloys exhibit
excellent solderability, ductility, and corrosion resistance.

Chromate posttreatments are limited to yellow or clear. The tin-zinc deposit is semibright as-plated and is used primarily
as a functional coating. Tin-zinc is finding increasing application in the automotive and electronic industries and as a
substitute for cadmium plating.

Additional information about tin-zinc coatingsis contained in the article "Tin Alloy Plating" in this Volume.



Corrosion Protection

Corrosion rates for zinc alloy coatings as demonstrated by the neutral salt spray test are:

Coating® Hourstored rust
Zinc 200-250
Zinc-iron (1% Fe) 350

Zinc-cobalt (0.8% Co) | 500

Zinc-nickel (8% Ni) 1000

Tin-zinc (70% Sn) 1000

(@) Coating thickness, 8 um; iridescent yellow chromate post-
treatment

Nickel Alloy Plating

S. Alec Watson, Nickel Development Institute

Introduction

NICKEL ALLOYS electroplated for engineering applications include nickel-iron, nickel-cobalt, nickel-manganese, and
zinc-nickel. Zinc-nickel plating is covered elsewhere in this Volume; see the article "Zinc Alloy Plating." Iron is a cheap
metal, and solutions for plating nickel-iron alloys were developed mainly in order to reduce the cost of the metal used to
form a layer of given thickness, but they were also developed for special magnetic purposes. Cobalt and manganese are
used to increase the hardness and strength of nickel plating. Additionally, nickel-manganese alloys have improved
resistance to sulfur embrittlement when heated. Alloy layers 20 to 30 um thick of nickel with about 15% Mo exhibit
higher hardness and resistance to corrosion than pure nickel but at the expense of a reduction in ductility to around 1%
(Ref 1). Coatings of nickel-tungsten show very high resistance to corrosion, but they are believed not to be true alloys
(Ref 2) and have not been used in practice. This article will discuss the aloys nickel-iron, nickel-cobalt, and nickel-
manganese that are of practical interest, plus afew paragraphs on nickel-chromium binary and ternary alloys.
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Nickel-1ron

Bright nickel-iron plating was strongly promoted as a substitute for bright nickel plating in the period from 1970 to the
early 1980s when the relative price of nickel was high (Ref 3, 4, 5, 6).

Advantages. The main advantage of the aloy is the significant saving in the cost of metal, because up to 35% of the
nickel is replaced by iron. An additional advantage is that iron entering the plating solution through chemical dissolution
of steel substrates, which is highly detrimental in straight nickel plating solutions, is readily dissolved and subsequently
plated out. This feature is particularly relevant during plating onto tubular steel parts. Ductility is usually higher for the
aloy coatings than for bright nickel, which may be advantageous if the plated parts are subject to deformation.

Disadvantages. The organic addition agents are more expensive than those needed for bright nickel, substantially
negating the saving on metal. The addition agent system is also more complex so that electrolyte control is more difficult.
At equal thickness, nickel-iron plating is less resistant to corrosion than nickel, and the higher the iron content, the lower
its resistance. The corrosion product is rust-colored, and there is no international standard for the alloy coatings.

Process Description. Preferred solutions for plating bright nickel-iron are sightly more dilute than nickel plating
solutions in order to obtain a high-iron aloy without using a high iron concentration in the solution. A typical solution is
givenin Table 1 (Ref 4). Addition agents include stabilizers for the ferrous iron, organic brighteners, leveling agents, and
wetting agents. Total iron includes ferrous and ferric ions, and it isimportant to control the ratio, with ferric usually below
20%. Solution temperature is typically 54 to 60 °C (130 to 140 °F), and solution pH must be kept low at 2.8 to 3.6. The
solution is preferably used with air agitation rather than cathode-rod movement, because higher plating rates can be used,
a higher iron content can be obtained in the deposits, and iron content can be altered at will by increasing or reducing the
rate of air bubbling.

Table 1 Typical nickel-iron solution composition

Constituent [ Amount, g/L (oz/gal)

Ni*? 56 (7.46)

Iron (total) 4(0.53)

NiSO,-6H,0 | 150 (20.00)

NiCl,:6H,0 | 90 (12.00)

FeSO,7H,0 | 20 (2.67)

H.BO, 45 (6.00)

Stabilizer® | 15 (2.00)

(@) Concentration will vary between 10-25 g/L (1.3-3.3 0z/gal), depending on the
type of stabilizer used.

Properties of the alloy deposits that are of interest include ductility, deposit hardness, internal stress, and magnetic
properties.

Ductility depends on iron content, brightener concentration, solution temperature, and pH.



Deposit hardness varies with iron content. With iron content increasing from zero to about 10%, microhardness rises
from 490 to 560 HK, then falls to around 510 HK with 49% Fe for coatings plated at standard conditions of 4 A/dm? (40
A/ft?), 60 °C (140 °F), pH 3.5, and air agitation. Changes in solution pH and brightener concentration also influence
deposit hardness, enabling values exceeding 700 HV to be achieved.

Internal stress istensile, in contrast to that of most bright nickel deposits. It is influenced by iron content and, more
sharply, by solution pH. Increasing iron content from 10.8 to 27.6% raises stress from 93 to 154 MN/m? (13,500 to
22,400 psi). Increasing pH from 2.8 to 4.5 raises stress from 17.5 to 230 MN/m? (2500 to 33,600 psi) (Ref 4).

Magnetic properties of nickel-iron are not important in the application of bright decorative coatings. Similar alloys
are, however, deposited for magnetic applications from solutions not containing brightening additions (Ref 7). The alloys
with 18 to 25% Fe are soft magnetic materials with low coercive force, low remanence, and high maximum permeabilities
(Ref 8). They can be used as coatings or as electroformed parts (i.e., freestanding el ectrodeposited shapes detached from
the substrate after being deposited).
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Nickel-Cobalt

Some of the earliest solutions for bright nickel plating contained cobalt, formate, and formaldehyde additions, but with
the development of madern bright nickel solutions based on organic addition agents only, the cobalt-containing solutions
have fallen into disuse. Today, the cobalt additions are used when it is necessary to increase the hardness and strength of
nickel plating, especially in electroforming applications.

Advantages. Compared with nickel itself, nickel-cobalt alloys are harder and stronger. In contrast to nickel hardened
with conventional organic addition agents such as naphthalene 1:3:6 trisulfonic acid, nickel-cobalt alloys can be heated to
high temperatures without embrittlement by sulfur incorporated from addition agents.

Disadvantages. Compared with nickel alone, the need to maintain the level of cobalt ions in solution introduces an
additional maintenance requirement. Also, deposit internal stressis moved in the tensile direction, and there is a practical
limit to the level of cobalt that can be used. Hence the maximum hardness of about 400 HV is less than the 600 HV that
can be attained using conventional organic additives.

Process Description. Most of the published data about nickel-cobalt plating were determined using the 600 g/L nickel
sulfamate solution of the Ni-Speed process (Ref 9, 10, 11). The initial charge of cobalt is added to the base solution as
cobalt sulfamate. Replenishment during operation of the solution is usually made by metered additions of cobalt
sulfamate. It can, however, be achieved by dividing the anodic current between a nickel anode and a cobalt anode, so that
the percentage of total current passing to the cobalt is the same as the percentage of cobalt required in the alloy deposited
at the cathode. Good control of solution cobalt content by analysis is needed.



Processing Variables and Properties of the Alloy from 600 g/L Nickel Sulfamate Solution. With
solution composition and pH standardized, the cobalt content and the properties of the alloys depend on solution
temperature and deposition current density. The properties are modified by subsequent heat treatment (Ref 12, 13, 14) and
by simultaneous use of sulfur-free organic addition agents (Ref 15). The main results of various studies were drawn
together in 1989 (Ref 16).

Alloy Hardness. The relationship between cobalt content and deposit hardness is shown in Fig. 1. The broken curve
shows microhardness versus cobalt content in the deposits formed at 5.4 A/dm? (50 A/ft?), and the solid curve shows
microhardness versus cobalt content in the solution. A peak hardness of about 520 HV is attained with 6 g/L Co in the
solution, which gives an aloy containing about 34% Co. At peak hardness, interna tensile stress is too high for
electroforming applications, athough the alloy can be used as a coating on a solid substrate. For electroforming purposes,

the limit of tolerable deposit stress is reached with alloys containing about 15% Co that have hardnesses around 350 to
400 HV.
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Fig. 1 Relationship between deposit hardness and cobalt concentration in the sulfamate solution and in the
deposit

Alloy hardness depends on both the cobalt content of the solution and the deposition current density. Figure 2 shows
hardness plotted against current density for different concentrations of cobalt in a solution operated at 60 °C(140 °F), pH
4.0. Deposit stress also depends on deposition current density, and moving left to right along any one of the curves,
deposit stress changes from compressive through zero to tensile. The superimposed dotted line is a zero-stress contour
linking the combinations of cobalt ion concentration and current density for zero-stress alloys. The corresponding value of
deposit hardness can be read from the graph for each combination. The overall relationship is that the higher the cobalt
ion concentration, the lower the current density that can be used for zero-stress alloys, but the higher the hardness of the
aloy.
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Fig. 2 Relationship between current density and alloy deposit hardness for various cobalt concentrations in
solution with superimposed zero stress contour

Effect of Heat. Heating at temperatures up to 300 °C (570 °F) has little effect on the mechanical properties of the

alloys. At higher temperatures deposit hardness falls, but nickel-cobalt alloys still retain greater hardness than that of
nickel deposits similarly heat treated (Fig. 3).
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Fig. 3 Room-temperature hardness of electroformed nickel and nickel-cobalt alloys after heating

Tensile strength, 1034 MN/m? (150,000 psi) for a 15% Co alloy and 745 MN/m? (108,000 psi) for a 10% Co aloy (Ref
14), falls progressively as heat-treatment temperature is increased above 300 °C (570 °F) (Fig. 4). The effect is similar

with proof stress, 677 MN/m? (98,000 psi) for an as-deposited 15% Co aloy and 531 MN/m? (77,000 psi) for a 10% Co
aloy (Ref 14).
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Fig. 4 Effect of heat treatment on the mechanical properties of Ni-10Co and Ni-15Co alloys

Deposit ductility increases on heating above about 300 °C (570 °F), from a value of 5% elongation as-deposited to about
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40% after heating at 600 °C (1100 °F) for both 10% and 15% Co aloys (Fig. 5).
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Fig. 5 Hardness and elongation of Ni-10Co and Ni-15Co alloys after heating to various temperatures

Properties of Alloys from Other Nickel Solutions. The above data apply to aloys from a 600 g/L nickel
sulfamate solution. A Ni-14Co alloy deposited from a 450 g/L solution without chloride or organic additions, operated at
52 °C (126 °F), pH 4.0, and cathodic current density 2.5 A/dm? (23 A/ft%) has a hardness of 350 to 400 HV, ductility less
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than 5%, and internal tensile stress of 50 to 60 MN/m? (7000 to 9000 psi) (Ref 17).



Measurements of the effects of heat treatment at 204 °C (400 °F) on aloys containing 53 to 55% Co indicate a small
increase in yield strength, from 1062 MN/m? (154,000 psi) to 1124 MN/m? (163,000 psi), and a substantial increase in
elongation, from 10 to 16% (Ref 18). Heat treatment at 260 °C (500 °F) or more reduces yield strength, as with alloys
from the 600 g/L nickel sulfamate solution. Prior heat treatment of the 53 to 55% Co aloys at 204 °C (500 °F), 371 °C
(700 °F), or 427 °C (800 °F) improves subsequent mechanical properties measured at a test temperature of 260 °C (500
°F). Thus pretreatment for 4 h at 427 °C (800 °F) increases yield strength from 372 to 448 MN/m? (54,000 to 65,000 psi)
and elongation from 28 to 32%.

Alloys deposited from a sulfosalicylate-based solution exhibit a maximum hardness value above 700 HV (Ref 19). To
date, this solution has not been used industrially.
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Nickel-Manganese

Embrittlement of nickel by incorporated sulfur when heated above 200 °C (390 °F) can arise by formation of brittle grain
boundary films. In electrodeposits, the sulfur incorporation can result from the use of organic addition agents put into the
solution in order to control internal stress in the plating. In these circumstances, manganese ions can be added to the
solution so as to alow deposition of a nickel-manganese aloy resistant to sulfur embrittlement.

Manganese ions are also added in the absence of sulfur-bearing addition agents in the solution in order to produce nickel-
manganese alloys that are stronger than plain nickel. There are both actual and potential applications of nickel-manganese
alloy deposition in electroforming.

Advantages. The ability to neutralize the harmful effect of sulfur is not shared by iron or cobalt. Harder, stronger nickel
alloys can be attained with manganese than with cobalt.



Disadvantages. Manganese does not codeposit as readily as iron or cobalt with nickel, and so nickel-manganese alloys
contain much less manganese for a given concentration in solution of the second metal. Nickel-manganese aloys
containing a useful amount of manganese tend to have high tensile internal stress and to be brittle.

Process Variables and Properties of the Alloys from Solutions with Stress Reducer. The percentage of
manganese in the aloy at a fixed level of manganese in solution rises as deposition current density is increased, whether
the solution is Watts-type, conventional sulfamate, or 600 g/L nickel sulfamate Ni-Speed (Ref 20). Manganese content
rises from 0.02 to 0.03% at 4.3 A/dm? (40 A/ft?) to 0.17 to 0.22% at 12.9 A/dm? (120 A/ft?). These data were obtained in
a solution that contained 15 g/L Mn and 0.25 g/L soluble saccharin to control deposit stress. Although sulfur uptake in the
deposit also rises with increasing current density, by a half in the Watts and Ni-Speed solutions, the ratio of manganese
content to sulfur content rises much more, from 1.1 to 6.2. Measurements of deposit ductility after heat treatment at
various temperatures show that a higher ratio is required to avoid embrittlement for higher temperatures: 1.1 for 200 °C
(390 °F) and 5.1 for 500 °C (930 °F) (Ref 20).

Alloy Hardness. As-deposited hardness of alloys plated with 15 g/LL Mn and 0.25 g/L saccharin rises with an increase
in percentage manganese in the aloy, from 287 HV at 0.02% Mn to 420 HV at 0.27% Mn when the base solution is
Watts, and from 338 HV at 0.04% Mn to 445 HV at 0.23% Mn when the base solution is conventional sulfamate (Ref
21). Heat treatment for 22 h at 200 °C (390 °F) increases room-temperature hardness about 10% for all aloys with 0.1%
Mn or more. Similar periods of heat treatment at 300 °C (570 °F) drastically reduce hardness to about 170 HV for all
aloys irrespective of manganese content. Further increase in temperature to 400 °C (750 °F) or 500 °C (930 °F) has little
further effect.

Internal stress in deposits from the 15 g/L Mn plus 0.25 g/L saccharin system is compressive for alloys deposited at
up to 10.8 A/dm? (100 A/ft?), whether the base solution is Watts, conventional sulfamate, or 600 g/L nickel sulfamate.
Vauesliein the range of 43 to 62 MN/m? (6200 to 9000 psi) for Watts, 62 to 91 MN/m? (9000 to 13,200 psi) for 600 g/L
nickel sulfamate, and 94 to 200 MN/m? (13,600 to 14,500 psi) for conventional sulfamate (Ref 20). At the highest current
density, 12.9 A/dm? (120 A/ft?), the Watts deposit remains in its compressive range while the conventional and 600 g/L
nickel sulfamate deposits show small tensile stress values, respectively 17 MN/m? (2500 psi) and 36 MN/m? (5200 psi).
These low-stress deposits produced at 12.9 A/dm? (120 A/ft?), with hardness values 420 to 443 HV, are harder than any
low-stress alloys produced with the nickel-cobalt system.

Properties of Alloys from Solutions without Stress Reducer. Alloys deposited from straight nickel plating
solutions with only manganese additions can have tensile strengths exceeding 1000 MN/m? (145,000 psi) and yield
strengths up to 800 to 950 MN/m? (116,000 to 138,000 psi) (Ref 22). However, ductility is low when more than a small
percentage of manganese is alloyed with the nickel, deposit interna stress is tensile, and the alloys may crack during
formation. Nonetheless, such alloys have been used as rigid electroforms (Ref 23). Heat treatment of the alloys increases
ductility and relieves stress, the values depending on heat-treatment temperature and manganese content, and deposit
properties can be further modified using pulse plating during deposition of the alloys (Ref 22).
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Nickel-Chromium

There are many references in the published literature to the deposition of nickel-chromium and iron-nickel-chromium
alloys from simple salt solutions, but these solutions have not achieved commercial application except for a proprietary
process used for depositing thin decorative coatings (Ref 24).



Alloys of nickel with 22% Cr can be prepared by codepositing chromium carbide particles with nickel followed by heat
treatment for 24 h at 1000 °C (1800 °F) in hydrogen. Hardness of the aloy after the heat treatment is 223 HV, compared
with 55 HV for similarly treated plain nickel (Ref 21, 25).

Alloys containing 19% Co or 20% Fe in addition to chromium are produced by codepositing chromium carbide from
nickel-cobalt or nickel-iron base solutions and heat treating (Ref 21).

Heat treatment in hydrogen gives almost complete decarburization with the nickel-cobalt-chromium alloy, and hardness
after heat treatment is 215 HV. Approximately 0.8% C remains in the nickel-iron-chromium alloy, however, which might
account for its higher hardness, 332 HV.
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Environmental, Health, and Safety Considerations

For practical purposes, the environmental, heath, and safety considerations for these nickel-base alloys and their
production are the same as those for nickel and nickel plating.

Environmental Considerations. Nickel is a naturaly occurring constituent of our day-to-day environment. The soil
worldwide contains 5 to 500 ppm Ni, with an average of 100 ppm. Food is grown and consumed in areas with higher
levels still, without leading to any health problems for the inhabitants (e.g., 661 ppm in Hawaii) (Ref 26). Nickel has been
determined to be an essential trace element for plant life, and some plants that accumulate nickel are regularly eaten by
people with no harmful effects. Nickel is also present naturally in the atmosphere, rivers, seas, and oceans. Nonetheless,
the desire to maintain the natural environment asit is has led to the establishment of maximum permitted levels for the
discharge of nickel and other metals by industry. In nickel plating, the levels are attained by measures to reduce spray
emission, process solution dragout, and effluent treatment. Details of all necessary techniques are available from suppliers
to the metal finishing industry.

Health and Safety Considerations. Some 1.2% of men and 10 to 15% of women are sensitized to nickel and, when
exposed to prolonged skin contact with nickel metal, certain nickel alloys, or nickel-containing solutions, may develop
dermatitis at the point of contact. The occurrence of nickel contact dermatitis was first observed as a result of exposure to
nickel-containing solutions in electrorefining of nickel. Today most electroplaters are aware of "nickel itch” but have
never seen acase of it. The reason is that, despite increasing use of nickel-containing products, industry has adopted work
practices that prevent occurrence of contact dermatitis. Today, nickel contact dermatitis occurs most frequently as a result
of domestic exposures from close and persistent contact of the skin with nickel-plated articles or with certain nickel
aloys. Accordingly, legislation in Europe will control the use of nickel metal, nickel aloys, and nickel-containing
materials that come in contact with the skin. The main problem is with those articles that come into direct and prolonged
contact, such as earrings, necklaces, bracelets, watch cases and straps, buttons, and rivets. It is important to note that
nickel alloys that do not react with sweat do not cause dermatitis. Transient contact with nickel or nickel alloys is not
damaging because there is insufficient time for reaction with sweat to form the soluble products that can penetrate the
skin (Ref 27).

In nickel plating, plant design, exhaust ventilation, and methods of operation should be such as to avoid any risk of skin
contact with the solutions. Protective clothing should be inspected regularly for leaks and tears. Where protective gloves
are necessary it is recommended that cotton inner gloves be worn to reduce perspiration. The outer gloves should be
rinsed off before removal to prevent process solution transfer to the hands or the inside of the gloves on removal (Ref 28).

A few cases of asthma, claimed to be nickel-induced, have reportedly arisen from aerosols of soluble nickel salts. The
content of nickel in the atmosphere should be kept bel ow the occupational exposure limit.

There is evidence that inhalation of some nickel compounds (nickel oxide, nickel subsulfide) occurring in the atmaosphere
associated with certain nickel refining operations may cause respiratory cancers in humans. There is no good evidence



that occupational exposure to metallic nickel or nickel oxide, sulfate, or chloride during plating or polishing is associated
with increased mortality due to cancer (Ref 29).

References cited in this section

26. B.K. Davison, BKD Consulting, personal communication, 1994

27."Nickel and Nickel Alloy Articles That Come into Contact with the Skin,” Nickel Development Institute
Status Report, Toronto, Sept 1992

28. "Nickel: Meeting the Control Limits for Nickel and Its Inorganic Compounds,” Health and Safety Bulletin
1, The Metal Finishing Association, Birmingham, England, June 1991

29. The Toxicity of Nickel and Its Inorganic Compounds, Toxicity Review 19, Her Mgjesty's Stationery Office,
London, 1987

Chromium Alloy Plating

Eric W. Brooman, Concurrent Technologies Corporation

Introduction

CHROMIUM ALLOYS, which are relatively difficult to deposit, yield alloy coatings with properties that range from
completely satisfactory to marginaly acceptable, depending on the end use. The idea of depositing a thin, stainless steel
type of coating has been receiving renewed interest since the 1970s. Stainless steel coatings would conserve strategic
metals, facilitate the manufacturing process, and lower cost if they could be applied to strip or sheet, or to a component
that has been fabricated to the required size and shape. This would also mean that a component could be made from a
material that is more easily worked than stainless stedl.

For both chromium and stainless steel types of alloys, the most important properties to develop in a coating are corrosion
resistance, abrasion and wear resistance, hardness, surface texture, and luster. Thickness requirements can range from a
few microns up to a few hundred microns. Thicker coatings are rarely specified, primarily because the relatively poor
throwing power of the plating solution gives an uneven surface coverage. Further, the low plating efficiencies can lead to
high internal stresses from hydrogen uptake. The resulting microcracking has a detrimental effect on coating properties.

It is difficult to deposit chromium from agqueous solutions because of its low hydrogen overvoltage. As a result, cathodic
coulombic efficiency typically ranges from 10 to 20% for commercial processes. In order to deposit chromium-containing
aloys, it is usually necessary to implement the approaches summarized below and described more fully in Ref 1, 2, 3, 4,
5,6,7,8,9, 10, and 11:

Complexing agents are needed to bring the deposition potentials of the alloying metals (e.g., nickel and
iron) closer together.

The plating solution should contain a greater proportion of chromium salts, relative to the alloy addition,
in order to obtain significant amounts of chromium in the deposits.

Care must be taken to deposit metallic coatings rather than hydrated, chromium-containing salts,
especialy if chloride-base solutions are used.

Close control of temperature, agitation, current density, and pH is necessary with most of the reported
solution chemistries, in order to obtain reproducible aloy compositions and properties, as well as
reasonable plating rates.

Trivalent chromium-base solution chemistries provide better prospects for depositing satisfactory alloy
coatings from aqueous solutions. An additional benefit is that waste-treatment requirements are less
stringent than they are for hexavalent chromium-base solutions.

The chromium concentration in the alloy should be limited in order to avoid microcracking.

Aqueous solutions with a low pH value (between 1 and 3) seem to produce better deposits than
solutions with pH values outside this range.

Nonagueous solutions, especially those based on molten salts, can provide useful aloy deposits.



However, these tend to be relatively thick.

Thin deposits offer the best prospect for providing lustrous finishes.

Post-plating heat treatments can sometimes improve the mechanical properties and corrosion resistance
of the deposits.

References to chromium alloy plating date back to the mid-1950s, when corrosion- and wear-resistant coatings were first
developed for the inside of gun barrels used in military applications, and patents date back to circa 1970. This article will
emphasize just the work performed since the 1980s. Those chromium alloys that contain nickel or iron or both are
discussed first, because of their importance. Other alloying elements that have been deposited with chromium are
discussed as a group, in less detail.

The variables and techniques available to apply coatings based on chromium and other alloys are extensive (Table 1).
Because of space limitations, many of these variables or options are mentioned only briefly, where appropriate, and the
discussion of deposit propertiesis similarly limited.

Table 1 Technology options for the deposition of chromium-base alloys

Type of bath
Aqueous
Acid
Alkaline
Nonagueous

Organic
Molten salt

Applied current

None (electroless)

Conventional direct current
Pulsed direct current

Periodic reversed direct current
High-speed direct current
High-speed pulsed direct current

Composition

Alloy
Mixture
Amorphous

Structure

Homogeneous
Multilayer
Composite




Dispersed

Post treatments

Heat treatment

Diffusion
Laser glazing

References

1. V.M. Dokras, Codeposition of Nickel and Chromium, Symp. Electroplat. Met. Finish., Vol 5, 1952, p 134-
139

2. C. Levy, Electrodeposition of Chromium Alloys, Met. Finish., Vol 57 (No. 8), 1962, p 59-62

3. A. Brenner, Electrodeposition of Chromium Alloys, in Electrodeposition of Alloys, Vol Il, Academic Press,
Inc., 1963

4. M. Sarojamma and T.L. Rama Char, Electrodeposition of Stainless Steel, Electroplat. Met. Finish., Vol 23
(No. 10), 1970, p 13-20

5. R. Sivakumar and T.L. Rama Char, Electrodeposition of Ternary Alloys: 1964-1969 Developments,
Electroplat. Met. Finish., Vol 24 (No. 1), 1971, p 14-27

6. M. Bonnemay and J. Royon, "Electrolytic Deposition of Chromium Alloys: Factors of Electrolysis,”
Bulletin of the Information Center for Hard Chromium, June-July 1973, p 12-22

7. H. Benninghoff, Functional Electroplating: Properties of Electrodeposited Metal and Alloy Coating, I1--
Chromium, Chromium-lron-Nickel Alloys, Copper Plus Nickel Plus Chromium Systems, Nickel Plus
Chromium Systems, Dispersion Systems, Metalloberflache, Vol 33 (No. 9), 1979, p 361-371

8. S.C. Srivastava, Electrodeposition of Ternary Alloys. Developments in 1972-1978, Surf. Technol., Vol 10,
1980, p 237-257

9. M.A. Shulgar and L.D. Tok, New Electrolytes for Chromium and Chromium Alloy Plating, Zh. Vses. Khim,
Ova. imD.l. Mendeleeva, Vol 33 (No. 3), 1988, p 297-305

10. V.V. Bondar et a., Electrodeposition of Amorphous Chromium and Alloys Based on It, Itogi Nauki Tekh.,
Ser.-Electrokhhim,, Vol 33, 1990, p 37-49

11. "Electroplating of Chromium (Latest Citations from the Compendex Database),” NTIS Accession No.
PB93-873412/XAB, NERAC, Inc., June 1993

Chromium-lron, Chromium-Nickel, and Chromium-lron-Nickel Alloys

Chromium-Iron Alloys. In contrast to nickel-iron alloys, which have been investigated to replace materials based on
iron-nickel aloys in magnetic applications, relatively little work has been done on the chromium-iron analog. No well-
defined, large-volume manufacturing application exists for the | atter.

Chromium-iron alloys have been deposited from sulfate solutions. Early work in India favored a mixed sulfate-citrate
solution (Ref 12), but more recent work used sulfates (Ref 13). Deposits were obtained at low pH levels, near-ambient
temperatures, and low current densities (~10 A/dm?, or 100 A/ft?). In Japan, the emphasis has been on using modified,
commercia trivalent chromium solutions (Ref 14, 15). One patent specifically calls for the presence of divalent
chromium ion (Ref 16). The divalent chromium solution also operates at a pH less than 2.0, but at higher temperatures (30
to 80 °C, or 80 to 175 °F) and higher current densities (10 to 80 A/dm?, or 100 to 800 A/ft?). In the United States, some
work has been performed with a mixed trivalent/hexavalent solution (Ref 17, 18, 19). These efforts focused on using
organic additives, such as alcohol, to improve deposit properties. However, solution chemistry and plating efficiencies



changed with time, and the deposits tended to be lamellar (banded). Different bands contained different amounts of
chromium (up to 90 wt%). The addition of barium carbonate was said to give crack-free coatings.

If suitable additives are used, then chromium can be deposited as an amorphous coating with excellent properties (Ref
19). Recently, it has been shown that amorphous coatings containing chromium, iron, and other minor elements (such as
phosphorus and carbon) aso can be electrodeposited. Corrosion-resistant amorphous alloys have been obtained from an
acid-citrate-base solution containing sodium hypophosphite (Ref 20). Unfortunately, deposits from this solution with
greater than 10 wt% Cr are rough and porous. Also, a semipermeable membrane is needed to prevent oxidation of
trivalent chromium at the anode.

Other investigators have reported on the use of a chromic acid/formic acid solution containing ferrous chloride and
sulfuric acid (Ref 21), or a sulfate-base solution containing organic additives such as sodium citrate and several organic
acids (Ref 22). Deposition conditions were similar to those described above for chromium-iron alloys plated from
trivalent chromium-type solutions. The sulfate-base solution type also required the use of a semipermeable membrane.

Chromium-Nickel Alloys. The early work on the deposition of chromium-nickel aloys from aqueous and nonaqueous
(organic) plating solutions is summarized in Ref 23. Most of the solutions referenced gave poor deposits, and plating
efficiencis were low. Deposit quality decreased as plating time increased and as the solution aged. As a result, banded
deposits were often obtained, and each band had a dlightly different composition. Subsequent work in the United States
and Europe gave similar results.

For example, a patented process (Ref 24) calls for using a solution comprising chromous (trivalent) chloride, nickelous
chloride, formic acid, boric acid, and sodium nitrate. The solution is operated at 20 to 60 °C (70 to 140 °F), and the
chromium content in the deposit is a function of current density and the duty cycle of the pulsed current used. Low duty
cycles and high current densities (>70 A/dm?, or 700 A/ft?) yield the highest chromium contents (about 60 to 70 wt%).
The layered alloy structures are more corrosion resistant in acidic and chloride environments than sulfamate nickel, hard
chromium deposits, or conventional stainless steels.

Continued interest has been shown in dimethylformamide-base solutions containing between 10 and 50% water (Ref 25,
26). Water content, temperature, and current density exert a strong influence on deposit quality and composition with
such solutions. At low temperatures (7 to 15 °C, or 45 to 60 °F) and high current densities, chromium-rich alloys can be
obtained. At higher temperatures (20 to 35 °C, or 70 to 95 °F), nickel-rich deposits are produced. Thicker deposits were
cracked and layered in those solutions that contained chromic (hexavalent) chloride, nickelous chloride, ammonium
chloride and boric acid, with vanadyl sulfate in some cases. Agitation helps to minimize the banding effect (Ref 26).

Two problems to avoid when plating chromium-nickel alloys are localized pH changes at the cathode surface, which can
lead to the precipitation of a hydrated chromium compound, and excessive amounts of divalent chromium in trivalent
chromium solutions (Ref 27). Divalent chromium is a strong reducing agent and can precipitate nickel as metal, leading to
dark, powdery deposits. In some sulfate-base solutions, commercial nickel-chromium alloy anodes are not satisfactory
(Ref 28) because they passivate, or dissolve, to produce hexavalent chromium, which interferes with the alloy deposition
process. A plating cell that can aleviate this problem incorporates an ion-exchange membrane (Ref 29). If chloride ions
are present in the solution, the problem with passivation can be overcome (Ref 28).

A Japanese patent (Ref 30) claims that satisfactory alloy deposits can be obtained from an organic (imide base) electrolyte
containing boric acid and nickel and chromium sulfates. Bright deposits are said to be obtained at a pH equal to 2.5, a
temperature of 50 °C (120 °F), and a current density of about 25 A/dm? (250 A/ft?). A nickel-chromium alloy anode can
be used.

Amorphous chromium-nickel deposits, which are similar to chromium-iron coatings, also can be obtained, either by
electroless (Ref 31, 32) or eectrolytic (Ref 33, 34) techniques. These amorphous coatings contain either phosphorus or
boron as a minor aloying element, and they provide excellent corrosion resistance if they do not contain any
microdiscontinuities, such as pores and cracks.

Chromium-Nickel-lron Alloys. Although electrodeposited stainless steel type alloys have been deposited, they have
had limited commercial success. These coatings did not exhibit comparable corrosion resistance, unless a significant
thickness of nickel was first deposited. Although lustrous coatings can be obtained, they tend to be darker in color than
the "blue-white" color traditionally associated with decorative chromium or polished stainless steel.



Severa patents exist for depositing chromium-nickel-iron aloys (Ref 35, 36, 37), but only one process has been made
available commercially. It is known as the "Oztelloy" process, originally promoted in the United Kingdom in the early
1980s (Ref 38). The coating consists of two layers. The first layer is athick deposit of nickel, and the second layer is an
alloy of 55Cr-10Ni-35Fe (wt%). To abtain good corrosion resistance, at least 8 wt% Ni is necessary. The solution is a
complexed chloride-base electrolyte operating at a pH of 2.4, a temperature of 25 °C (77 °F), and a current density
ranging from 12 to 22 A/dm? (120 to 220 A/ft). Carbon rods are used as anodes. The deposition rate is slow for the alloy
layer (~0.2 to 0.3 um/min, or 8 to 12 pin./min), and chlorine gas is evolved at the anode. Therefore, proper ventilation
above the plating tank is required. Other investigators (Ref 39, 40) have attempted to use complexed, mixed chloride
solutions to deposit ternary alloys, but with less success.

Ternary chromium-nickel-iron alloys have been obtained by some Japanese researchers (Ref 41), who used a mixed
sulfamate electrolyte with an excess of the iron salt and a high concentration of the chromium salt. The solution aso
contained potassium citrate and potassium fluoride. It was operated at temperatures ranging from 30 to 50 °C (85 to 120
°F) and a current density ranging from 1.0 to 2.5 A/dm? (10 to 25 A/ft?). The cathode efficiency ranged from 20 to 40%,
and bright, fine-grained, homogeneous deposits were said to have been obtained. Fine-grained, semibright to fully bright
deposits also have been obtained from a mixed sulfate solution containing boric acid and glycine (Ref 42). However, in
chloride solutions, the corrosion resistance of those deposits was not as good as that of comparable conventional stainless
steels.

In an effort to obtain homogeneous, crack-free deposits, techniques based on high-speed interrupted current (Ref 43) and
periodically reversed current (Ref 44) have been tried, but their success also has been limited. Both pulsed current
approaches used a trivalent chromium solution as the base electrolyte, with various additives. With the periodically
reversed current approach, low-carbon steel anodes and a semipermeable membrane were used. The pulse frequency was
10 to 15 Hz, and the current density was approximately 20 A/dm? (200 A/ft?). In the former approach, a semipermeable
membrane was not necessary because a flowing electrolyte was used. Ternary iron-chromium-nickel aloys (stainless
steels) were used as anodes. Deposits with low internal stress were obtained, but only thick coatings provided good
corrosion resistance. Heat treating the highly stressed coatings obtained with the periodically reversed current technique
did not improve their properties.

In the United States, a novel approach to producing chromium-nickel-iron coatings has been developed specifically for
applications that require thick coatings or electroforms (Ref 45). The technique consists of codepositing chromium
particles from a nickel-iron sulfate-base aloy plating solution. Subsequent heat treatment of the deposit at 1100 °C (2010
°F) for 8 h in a vacuum or under an inert gas yields a homogeneous, ternary, stainless steel type alloy coating. When
depositing the coating, care must be exercised to prevent oxidation of the ferrousionsin the solution. When ferric ions are
present, they prevent the occlusion of the chromium particles. The deposited coatings can be polished to provide a
lustrous finish.

Other Chromium-Base Alloys. Attempts to deposit chromium-cobalt aloys have been made using fluoborate and
dimethylformamide/water solutions (Ref 46). Like many chromium alloys that were plated from similar solutions, it was
difficult to sustain a reasonable rate of deposition. Consequently, only thin films (with controlled composition) could be
obtained.

Chromium-molybdenum alloy coatings have been used on automobile wheels (Ref 47). The plating solution for this aloy
consisted of sulfuric acid, chromous oxide, ammonium molybdate, and sodium hexafluosilicate. It was operated at a
temperature of 48 °C (120 °F) and a current density of 25 A/dm? (250 A/ft?).

The literature (Ref 48, 49) also contains a number of references to the deposition of chromium-zinc coatings, with zinc
being the major aloying element. Russian workers have used an acidic glycine-base solution, both with and without the
application of a pulsed current. Some Japanese steel companies have developed techniques for depositing a chromium-
zinc aloy on steel sheets to improve either the subsequent bonding of a (modified) polyethylene film (Ref 50, 51) or the
corrosion resistance of the alloy (Ref 52, 53). A chloride-base solution has been used to deposit a ternary zinc-nickel-
chromium alloy for similar applications (Ref 54).

Other aloying elements that have been deposited with chromium include gold, molybdenum, rhenium, selenium,
tellurium, titanium, vanadium, and zirconium.

The bath compositions and operating parameters for depositing binary and ternary chromium-base alloys are summarized
in Table 2. A discussion of the properties of some of these and other electrodeposited alloysis provided in Ref 55.



Table 2 Summary of bath compositions

and plating parameters for deposition of selected chromium-base

alloys
Alloy Bath composition pH | Operating Current Anode Comments Ref
temperature | density
°C | °F Aldm? | A/ft?
Chromium- | 250 g/L CrO,. 72.2 g/L 40 105 25 250 | Lead Current efficiency 55% (max), | 18
iron CrCl;; 62.6 g/l FeCly; 1 decreased as bath aged; shiny
ml/L H,SO,; 20 ml/L deposits
CH,OH
Chromium- | 250 g/L CrOs; 72.2-143 40 105 11-35 | 110- | Lead Composition and current 18
iron g/L FeCly; 1 mi/L H,SOy; 350 efficiency changed as bath
20 ml/L CH;OH aged; shiny deposits
Chromium- | 100 g/L CrOs; 5g/L 50 120 40 400 | Lead-5% | Amorphous deposits, gray, 21
iron H,SO,4; 60 g/L FeCl,; 20 antimony | dlightly bright deposits; 6%
ml/L (85%) HCOOH current efficiency
Chromium- | 167 g/L Cr,(SO,)s; 40¢g/L | 1-2 | 30 85 20-90 | 200- | Platinum Nafion membrane used 22
iron Fe(NH,)(SO,),; 80 g/L 900 lowered chromium content in
(NH,),SO,4; 10 g/L deposit; current efficiency
NaH,PO,; 20 g/L K,SO, ~10% (max), deposits
contained phosphorus and
were amorphous
Chromium- | 100 g/L CrOs; 250 g/L 20 70 50 500 Alloys contained 9-10% Cr 23
nickel nickel fluoborate; plus
CH;COOH
Chromium- | 300 g/L CrClj; 100 g/L 20 70 20 200 Alloy contained 9% Cr; 23
nickel NiCl, cathode efficiency 25%
Chromium- | 400 g/L CrCls; 100 g/L 20 70 50- 500- Alloys contained 15-30% Cr 23
nickel nickel fluoborate; plus 100 1000
CH,OH
Chromium- | 100 g/L CrCl;; 30-40g/L | ~35| 35 95 10- 100- Pulsed current; alloys 23
nickel NiCl,; 30-40 H;BO3; 80 100 1000 contained 1-60% Cr;
g/L sodium citrate; 35-40 hydrogen bromide optional
g/L HCOOH; plus other additive
organic additives
Chromium- | 270 g/L CrCls; 100 g/L 24 (720 | 4570 | 1 10 Electrolyte was 25
nickel NiCl,; 30 g/L NH,CI; 10 dimethylformamide with 10%
g/L boric acid; 1 g/L water; higher temperatures
vanadium chloride decreased chromium content
Chromium- | 0.8M CrCl3; 0.2M NiCl,; 25 75 4 40 Graphite Electrolyte was 27
nickel 0.5M NH,CI; 0.5M NaCl; dimethylformamide with 25%
water; composition changed




0.15M H3BO; as bath aged

Chromium- | 0.5M Cry(SO,)3; 0.5M ... | 60 140 20-50 | 200- | Nichrome | Nichrome not satisfactory if 28
nickel NiCls; 1M lactic acid; 500 chloride not present

1.AM NaCl
Chromium- | 0.15-0.3M chromium 2-4 | 30- 85- 1-25 10- Current efficiency 24-40%; 41
nickel-iron | sulfamate; ~0.01M nickel 50 120 250 excellent brightness

sulfamate; 0.4-0.8 iron
sulfamate; 0.25-0.5
potassium citrate; plus
potassium fluoride

Chromium- | 36.4 g/L Cry(SO,)s; 1.47 ... |25 75 5-20 50- Steel Semipermeable membrane 44
nickel-iron | g/L NiSO,; 2.7 g/L 200 and pulsed current used
FeSO,; 147 g/L sodium
citrate; 50 g/L H3BO;;
plus sodium and
potassium sulfates,
sodium disulfite

Chromium- | 0.8M CrCl3; 0.2M NiCl,; ~2 25 75 4 40 Graphite, Electrolyte was 39
nickel-iron | 0.03M FeCl,; 0.5M Steel dimethylformamide with 50%
NH,CI; 0.5M NaCl; water; semibright to bright
0.15M H3;BO4 deposits

Chromium- | 0.2M KCr(SO,),; 0.45M 2 20- 70-85 | 15-20 | 150- | Platinum Glass frit separator, current 42
nickel-iron NiSO,; 0.35M FeSOy,; 30 200 efficiency 50-55%; bright
0.5M H3BOs; 1M glycine deposits
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Multiple-Layer Alloy Plating

Daniel T. Schwartz, University of Washington

Introduction

MULTIPLE-LAYER ALLOY PLATING is an emerging technology for engineering desirable propertiesinto thin surface
layers through the use of carefully controlled deposit microstructures. As implied by the name, multiple-layer aloy
electrodeposition involves the formation of an inhomogeneous alloy consisting of lamellae of different composition, as
shown schematically in Fig. 1 for a binary alloy composed of species A and B. Each lamella of species A (or speciesB) in
the film has a nearly uniform thickness A, (or Ag). The modulation wavelength (A = A + Ag) characterizes the imposed
compositional microstructure and typically takes a value anywhere from angstroms to microns in thickness. Multiple-
layer thin films with spatially periodic compositional microstructures of the type shown in Fig. 1 are sometimes referred
to in the literature as composition-modulated alloys (CMAS) or as superlattice alloys. A wide variety of binary and ternary
aloy systems have been electroplated as multiple-layer films, including Ni/Cu, Ag/Pd, Cu/Ni-Fe, Cu/Ag, Cu/Co, Cu/Pb,
Cu/Zn, Ni-P/Ni-Co-P, and Ni/Ni-P, to name a few. In many cases these alloys can be electroplated from a single
electrolyte bath using either current or potential pulsing schemes. A common feature to many single-bath electroplating
strategies is the use of hydrodynamic modulation that is synchronized in some manner with the pulsed plating. Multiple-
layer alloys are often found to exhibit unusual (and sometimes highly desirable) mechanical, magnetic, electrical, and
chemical properties, especially when the modulation wavelength A is of the order of nanometers.
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Fig. 1 Schematic representation of a multiple-layer alloy consisting of alternating lamellae of species A and
species B. The thicknesses of the A and B layers are given by A, and Ag, respectively. The modulation
wavelength that characterizes the multiple-layer superlattice structure is A= A, + Ag. Multiple-layer alloys often
exhibit a spatially periodic compositional wave throughout the film, rather than the discrete interface depicted
between each lamella.



In short, multiple-layer alloy plating combines the best attributes of electroplating--high throughput, low cost, and simple
equipment--with an extra degree of freedom to engineer surface film properties. The potential impact of multiple-layer
plating on the performance and economics of engineered surface layers appears to be large, although most commercial
applications of the technology are still being developed. This article is focused mainly on the science and engineering of
multiple-layer metallic aloys with nanometer-scale modulation wavelengths, because these are the materials that have
gained the most attention for surface engineering. Throughout this chapter a solidus, or virgule (/) is used to denote the
two materials that are spatially modulated to form a superlattice structure, whereas a dash between elements indicates that
the speciesis an aloy. Using this nomenclature, Fig. 1 shows an A/B alloy. If species A happens to be copper and species
B isaNi-Fealoy, then the figure denotes a Cu/Ni-Fe multiple-layer aloy.

Applications

For the most part, applications that take advantage of the material properties of nanometer-scale multiple-layer films are
still in the development stage. Within the past few years, however, a number of promising applications have emerged that
seem especially well suited for multiple-layer aloy plating.

The magnetic properties of electroplated multiple-layer alloys have received a great deal of attention for applications
related to magnetic recording. For example, Ref 1 shows that multiple-layer thin films of Cu/Ni-Fe (Acy » 10 nm and Anj_re
»50 nm) eliminate the classical edge-closure domains that give rise to noise in thin-film inductive heads. At the same
time, the remaining magnetic properties of the multiple-layer Cu/Ni-Fe aloy are comparable to homogeneous Ni-Fe alloy
properties. The combination of reduced domain noise in the multiple-layer alloy with excellent magnetic properties makes
these materials extremely attractive for thin-film inductive heads with very narrow track width. It is also likely that
electroplated multiple-layer alloys will soon affect the performance of magnetoresistive head technology, given the recent
discovery of giant magnetoresistance in electroplated Cu/Co-Ni-Cu multiple-layer alloys with Ac, <1 nm (Ref 2).

Electroplated multiple-layer foils of Ni/Cu alloy (with Acy » 2 nm and Ay » 18 nm) exhibit tensile strengths that exceed
homogeneous nickel or copper foil strengths by more than a factor of three (Ref 3), and steel that is coated with an
electroplated Ni/Cu multiple-layer film (Acy » 3.8 nm and Ay » 3.8 nm) exhibits a high resistance to sliding wear (Ref 4).
Because of these enhanced mechanical properties, electroplated Ni/Cu multiple-layer surface coatings are being used to
extend the lifetime of printing press components that are subject to siding-wear damage.

Other applications of electroplated multiple-layer thin films that are being explored include the use of Cu/Ag and Cu/Co
aloys for high-temperature applications in rocket thrust aligners, where protective surface films are used to minimize
hydrogen embrittlement.
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Process Description and Engineering Parameters

Nanometer-wavelength multiple-layer aloys were initialy fabricated in the late 1960s using vapor-phase evaporation to
test theories on the thermodynamic stability and interdiffusion of layered materials. Although vacuum evaporation
techniques have been used to form reproducible multiple-layer thin films, sputtering and electroplating techniques are
currently the preferred fabrication methods. Multiple-layer aloys can be electroplated from a single bath that contains
ions of all of the species to be deposited, or plating can take place sequentially by moving the electrode between multiple



plating baths that contain individual species of interest. From a throughput standpoint, single bath plating techniques are
preferred, although not al electrolyte chemistries and species redox properties are compatible with single-bath plating.

Multiple-layer alloy plating from a single bath typically requires that the deposition of each species in the
multiple-layer pair occur at potentials that differ by more than 100 mV. The more noble component of the alloy is
normally plated at the mass transfer limited rate, and the less noble component is plated under kinetics limited conditions.
Figure 2 is a schematic showing deposition rate versus potential for an ideal multiple-layer aloy plating bath. The more
noble species A plates readily at potentias that are negative of V,, and the less noble species B plates at potentials
negative of V. Within the potential window between V, and Vg, it is possible to electroplate afilm that is essentially pure
in the noble component A. Conversely, the less noble component B is aways codeposited with the more noble species A
to form a B-A aloy. Periodically switching the potential (or current) between the region where pure A deposits and the
region where B-A alloy deposits results in an A/B-A multiple-layer film. The thickness of each lamellais related to the
deposition charge through Faraday's law (a knowledge of the current efficiency is also needed). Figure 2 suggests that
species A is codeposited with species B at the mass transfer limited rate (Ravt). The mole percent of species B (in the B-
A dloy) is dictated largely by the potential (or current) at which deposition occurs, the strength of agitation in the cell,
and the relative concentrations of reducible species A and B that are dissolved in the electrolyte. Decreasing the agitation
during species B deposition serves to reduce the rate of which species A (Ramt) is added to the film, and increasing the
concentration ratio of B to A in the electrolyte directly affects the ratio of Rgmt t0 Ramt. The formulation of a multiple-
layer plating bath normally begins with an electrolyte that is known to work well for plating the less noble component B
at high rates. A small concentration of the more noble species A (» 1% of B) is then added to the bath in an effort to
minimize the amount of A that codeposits with B. Using this strategy, it is possible to make an A/B aloy in which each

lamellais nearly pure (>95%).
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Fig. 2 Schematic of ideal deposition rate vs. applied cathodic potential characteristics for electroplating an A/B
multiple-layer alloy. The dashed lines denote deposition rates for plating each individual species, and the solid
line represents the total deposition rate. Note that pure A is deposited in the potential window between the
reversible potential for species A (V,) and the reversible potential for species B (Vg), whereas an impure A-B



alloy forms at potentials cathodic of V;.

The ideal deposition conditions represented in Fig. 2 are nearly matched in reality by some alloy systems. For example, a
variety of bath chemistries and deposition conditions have been found for plating Ni/Cu multiple-layer aloys, where
copper is more noble than nickel by nearly 600 mV. For the case of Ni/Cu alloy plating, one often starts with a nickel-
sulfate-based electrolyte (Watts nickel bath) or a nickel sulfamate bath. Small amounts of copper sulfate (50 to 1000 ppm
Cu'*?) are then added to the bath. Table 1 shows typical sulfate and sulfamate plating baths for making Ni/Cu multiple-
layer alloys. The deposition protocols for creating multiple-layer Ni/Cu aloys from these baths are nearly identical.

Table 1 Characteristic plating baths for making nanometer-scale Ni/Cu multiple-layer alloys

Plating bath Typical bath composition Temperature,
°C

Nickel sulfate | 330 g/L NiSO, - 6H,0, 45 g/L NiCl, - 6H,0, 35 g/L H3;BO,, 0.05-0.1 g/L Cu*? 0.1 g/L coumarine, | » 60
0.1 g/L sodium dodecy! sulfate, pH » 2

Nickel 70-90 g/L Ni, 0.3-0.9 g/L Cu (as sulfate), 30-45 g/L boric acid, 0.15 g/L sulfamate nickel anti-pit, [ » 50
sulfamate pH »3.5

Pulsed-potential plating of Ni/Cu multiple layers from either bath listed in Table 1 requires the copper lamella to be
deposited at a potential near -0.4 V (referenced against a saturated calomel electrode, SCE) and each nickel lamellato be
plated at a potential between -1.0 and -1.5 V versus SCE. Under these conditions, the copper deposition rate is controlled
by the rate of Cu"® mass transfer, and the nickel deposition rate is controlled by either electrode kinetics or by mixed mass
transfer and kinetics. Copper plating proceeds with nearly 100% current efficiency, but the nickel plating has a lower
current efficiency due to the simultaneous evolution of hydrogen. The electrolyte is often strongly agitated during copper
plating so that higher mass transfer limited copper deposition rates are achieved. Conversely, the agitation rate is often
reduced when the nickel is deposited so that the purity of the nickel layer can be increased by reducing the rate of copper
codeposition. An important feature of the single-plating bath formulations described here is that the more noble species,
copper, has a low deposition rate compared to nickel and therefore requires a longer duration pulse to achieve a
comparable layer thickness. Reference 4 provides an example of pulsed-potential plating of Ni/Cu multiple-layer alloys
from a sulfamate bath.

Pulsed-current plating is somewhat more common for making high-quality multiple-layer alloys than is pulsed-
potential plating. Moreover, the best results are achieved using a triple-current-pulsing scheme that employs a brief high-
current nickel deposition pulse, followed by a brief zero-current pulse and then a long-duration, low-current copper
deposition pulse. The size and duration of each pulse depend on details of the electrolyte agitation, the bath formulation,
and the modulation wavelength desired. The two triple-pulse-plating protocols given in Table 2 are representative of
conditions that lead to coherent nanometer-wavelength Ni/Cu multiple-layer alloys (both studies used plating baths that
fall in the range of the sulfamate formulations given in Table 1). The triple-pulse protocol given in Ref 3 resultsin ahigh
plating rate and a high nickel alloy. The high plating rate is achieved, in part, by agitating the cell using arotating cylinder
cathode. Also contributing to the high plating rate is the formation of a high-nickel-content alloy (recall that the less noble
component normally plates at high rates compared to the more noble component). The triple-pulse protocol givenin Ref 5
resultsin lower plating rates and higher-copper-content alloys than the protocol used in Ref 3. The low overall deposition
rate reported in Ref 5 isadirect result of forming a high-copper alloy using a quiescent plating bath. In the protocol given
in Ref 3, the strength of agitation is modulated during each stage of current pulsing. The use and synchronization of a
time-periodic agitation scheme should be carefully considered when developing a multiple-layer alloy plating protocol
(Ref 6). Additional information is available in the article "Pulsed-Current Plating" in this Volume.

Table 2 Two representative triple-current-pulsing schemes for plating coherent, nanometer-scale Ni/Cu
multiple-layer alloys from sulfamate electrolytes

Characteristic triple-pulse | Bath Growth ANi/ACu | Reference
condition agitation | rate (um/h)




Nickel pulse: 90 mA/cm? for » 0.7 s 60 rpm 3

"Rest" pulse: 0 mA/cm? for 0.25t0 1 s »7 »10

Copper pulse: 1.5 mA/cm?®for »4's 600 rpm

Nickel pulse: 12-20 mA/cm? for »0.5s | None 5

"Rest" pulse: 0 mA/cm? for »0.5's »1 »2

Copper pulse: 0.3 mA/cm? for »11s | None

Multiple-layer alloys that are plated using two baths are not limited to species with widely separated
deposition potentials, nor is it necessary to modify well-established bath chemistries. However, plating a multiple layers
using two baths requires the substrate cathode to be periodically moved between the baths. If transferring the cathode
between baths takes substantial time, then forming nanometer-wavelength multiple-layer alloys with appreciable total
film thickness becomes prohibitively slow. Reference 7 describes the use of a novel dual-bath plating cell that provides
nanometer-wavelength Ni/Ni-P multiple-layer alloys at a high deposition rate (2 to 4 um/h). The cell employs a disk-
shape cathode substrate that rotates with an angular velocity of 12 to 20 rpm. The rotating substrate is exposed to each
plating bath once per revolution. After each exposure to a plating bath, the cathode is mechanically wiped free of
electrolyte to avoid cross-contamination of the electrolytes. A voltage divider is used with a single power supply to
control the current flowing through each bath (each bath contains a separate nickel anode). Conventional nickel and
nickel phosphorous bath formulations are used in the dual-bath cell to deposit each lamella of the multiple layer.
Compared to single-bath strategies, the dual-bath approach substitutes a mechanically complex plating apparatus for a
much simpler electrolyte formulation.

A new two-bath electroplating strategy for making multiple-layered materials with molecular-level compositional control
is described in Ref 8. The technique, called electrochemical atomic layer epitaxy (ECALE), takes advantage of the
underpotential deposition (UPD) phenomenon that occurs when the first monolayer (or partial monolayer) of a surface
film is formed. The energetics of the first atomic layer of a deposit is often favorable compared to bulk material
deposition, thus resulting in deposition at potentials that are noble of bulk deposition. The ECALE concept has been
tested for Cd/Te electrodeposition. The chemistry of each bath was manipulated to provide cathodic UPD of cadmium
and anodic UPD of tellurium (at potentials that did not strip the cadmium monolayer from the surface). Low-energy
electron diffraction verified the formation of ordered cadmium deposits on tellurium and ordered tellurium deposits on
cadmium (Ref 8). Despite the initia verification of the ECALE concept, practical applications of the technique await
further development.
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Characterization of Multiple-Layer Alloys

One of the most common methods for characterizing nanometer-wavelength multiple-layer aloys is x-ray diffraction
(XRD), which provides information about the crystalline texture and superlattice structure of a multiple-layer material.
The superlattice structure of the alloy is revedled as satellite peaks located at low and high angles around the
crystallographic Bragg peaks in the diffraction pattern. The dispersion angle of the satellite peaks provides the modulation
wavelength of the multiple layer, and the number and amplitude of the satellite peaks provide a measure of the interfacial
"sharpness’ between each lamella. The wavelength of a multiple-layer aloy () is quantitatively related to the first-order
satellite peak locations through the relationship

|
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where A, is the x-ray source wavelength, 6" is the high-angle satellite peak location, and 0 is the low-angle satellite peak
location. Transmission electron microscopy and Auger electron spectroscopy (used with sputtering) have both been
employed to study nanometer-scale structure in multiple-layer alloys, but these techniques require significantly more
sample preparation and handling than XRD. Moreover, the sample preparation for these techniques requires destructive
treatment of the multiple-layer material.

Once the structural characteristics of a multiple-layer alloy are known, then the material properties are normally analyzed
using conventional techniques. Relationships have been observed between the superlattice structure of multiple-layer
alloys and their mechanical properties (e.g., tensile strength, moduli), their electrical properties (e.g., conductivity), their
magnetic properties (e.g., magnetoresistance, magnetostriction, saturation magnetization), and their chemical properties
(e.g., corrosion resistance).

The growing technological need for inexpensive, high-performance thin-film materials is propelling academic and
industrial research efforts to understand the processing-structure-property relationships in a wider range of plated
multiple-layer aloys. The degree to which plated multiple-layer films will ultimately meet the technological challenges
that face surface engineers remains to be answered.

Selective (Brush) Plating

Introduction

SELECTIVE PLATING, also known as brush plating, differs from traditional tank or bath plating in that the workpieceis
not immersed in a plating solution (electrolyte). Instead, the electrolyte is brought to the part and applied by a hand-held
anode or stylus, which incorporates an absorbent wrapping for applying the solution to the workpiece (cathode). A direct
current power pack drives the electrochemical reaction, depositing the desired metal on the substrate. In practice,
movement between the anode and cathode is required for optimum results when plating, stripping, activating, and so on.
A schematic of the selective plating process appearsin Fig. 1.



Anode wrap

Anode

Buildup
solution

/ Stylus handle

Deposit

A

Workpiece

Leads
Power pack

_C_)

Fig. 1 Manual operation of selective plating process. Source: Ref 1

Currently, a broad range of elements and alloys can be brush plated; the majority are listed in Table 1. Even though
selective plating can be done in a tank, labor-intensive masking and subsequent removal often make this option

impractical.

Table 1 Energy factors for selective plating

Element Ener gy factor
or alloy

Cadmium 0.006
Chromium 0.200
Cobalt 0.014
Copper 0.013
Gallium 0.014
Gold 0.006
Indium 0.009
Iridium 0.069
Iron 0.025




Lead 0.006
Mercury 0.008
Nickel acid 0.047
Nickel akaline 0.017
Nickel, black 0.025
Nickel, natural 0.025
Palladium 0.019
Platinum 0.015
Rhodium 0.030
Silver, noncyanide | 0.750
Silver, pure 0.004
Babbitt 0.006
Brass 0.017
Bronze 0.017
Cobalt-nickel 0.019
Cobalt-tungsten 0.015
Nickel-cobalt 0.020
Nickel-tungsten 0.020
Tin-cadmium 0.007
Tin-indium 0.008
Tin-lead (90/10) 0.006




Tin-lead (60-40) | 0.007

Tin-nickel 0.010

Note: The energy factor is the ampere-hours required to produce a deposit thickness of 0.003 mm (0.0001 in.) on a square inch of
area.
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Advantages and Limitations

The key advantage of selective plating is portability. Many systems can be moved to various locations in a production
facility or be transported to the job site. Selective plating is aso versatile; it permits most electroplate types to be
deposited onto any conductive substrate that can be touched with an electrode. Cast iron, copper, steel, stainless steel,
high-temperature nickel-base alloys, aluminum, and zinc are commonly plated by this method and exhibit good adhesion.
Limited adhesion can be obtained with other material's, such as titanium, tungsten, and tantalum.

Selective plating allows higher current densities than tank plating, which transate into higher deposition rates, up to 0.010
mm/min (0.0004 in./min). In addition, inherently precise thickness control permits plate buildup or repair without the
need for subsequent machining. In regard to deposit hardness, a 70 HRC trivalent chrome is available for selective plating
of thick deposits, which places selective plating on a par with hexavalent tank chrome. The exceptions are the harder
deposits of cobalt and gold (Table 2). Table 3 provides a point-by-point comparison of selective plating with competitive
processes, including tank plating.

Table 2 Deposit hardness attainable with selective plating versus bath plating

Metal Microhardness, DPH
type
Bath Sdlective
plating plating
Cadmium | 30-50 20-27

Chromium | 750-1100© | 850-1100

Cobalt 180-440 510

Copper | 53-350 140-210

Gold 40-100 140-150




Lead 4-20 7

Nickel 150-760 280-580

Paladium | 85-450 375

Rhodium | 550-1000 800

Silver 42-190 70-140

Tin 4-15 7

Zinc 35-125 40-54
Source: Ref 2

(a) Usual range, but hardnesses of 280-1200 DPH are possible.

Table 3 Selective plating versus other processes

Characteristic Selective Welding Flame spray | Electroplating
plating or plasma

metallizing
Precision buildup | Excellent Poor Poor Fair to good
capability
Quiality of bond Excellent Excellent Fair to good Good
Heat distortion or [ None Frequently Sometimes None
stresses
Heat cracking None Frequently Sometimes None
Speed of deposit Fast Very fast Very fast Slow
Density of deposit | Very dense® Very dense, but | 70-90% of theoretical | Moderately
(porosity) with blowholes density dense
Portability Yes Yes Sometimes, but over- | No

spray precludesits use
Requirement for post- | Not required on thicknesses up to 0.254 | Always required Almost aways required Usualy
machining mm (0.010 in.) on smooth surface required




Hydrogen No® No No Yes
embrittlement

Source: Ref 1

(@) Generally 25% less porous than electroplating and 70% less porous than flame spray or plasma metallizing.

(b) Specific cadmium, nickel, and nickel-tungsten deposits have been tested on high-strength steel and were found to be nonembrittling. Other
deposits may not cause embrittlement.

Besides electroplating, selective plating systems can perform several other ancillary operations:

Electrostripping for deplating of many metals and alloys
Anodizing for protecting aluminum and alloys

Electromilling for removing base metal, asin chemical milling
Electroetching for permanently identifying parts
Electropolishing for refining a surface chemically

Depending on part size, dimensional considerations, and required surface characteristics, all of these operations can be
done with the same equipment and similar electrodes. Only the solutions are different.

Selective plating of small parts is more the exception than the rule, and large volumes of small parts are more
economically plated by high-production-rate processes, such as barrel plating. Plating of entire components with complex
geometries is better |eft to processes such as tank plating, which is more economical because solutions are less costly and
throughput is higher. Another limitation is deposit rate; both flame spraying and welding deposit metal at a considerably
faster rate.
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Applications

In many cases, an operator brush plates only one part at a time. Nevertheless, selective plating is an effective and
economical electroplating process when used in application for which it is designed. These include plating of parts that
are too large to immerse in solution, plating a small area of alarger component, and touchup and repair of components,
large or small, that would cost too much to strip and remanufacture. The largest parts ever plated are building domes and
church steeples, up to about 1390 m? (15,000 ft%), in copper, nickel, and gold. The smallest are cells on rotogravure rolls,
0.076 by 0.038 mm (0.003 by 0.0015 in.). The process can aso perform at high production volumes, such as 4,000,000
parts/day for nickel-plated brass electrical contacts on alkaline batteries.

Cosmetic or decorative applications involve parts that range in size from jewelry to large exterior structural domes
and lobby interiors.

Corrosion protection applications alow touchup of small rusted or corroded areas without disassembly. Examples
include aircraft landing gears, virtually al kinds of machinery, mixing vats, and tanks. Parts too large to fit into plating
tanks are amost always good candidates.

Repair of electronic parts is usualy done with precious metals, such as gold, silver, and rhodium. Typica
applications are repair of broken circuits and small circuit board contacts, and application of conductive coatings on high-



voltage sources. Selective plating minimizes scrap, allows immediate repair on site, and does not require immersion of the
entire part in solution.

Restoration of large parts is anatural application for selective plating if the parts are permanent fixtures that cannot
be removed or disassembled. The process makes it possible to repair and restore dimensions or apply a wear-resistant or
corrosion-resistant surface to just about any part. Portable systems allow access to parts at great elevations and in remote
areas, such as protecting the inside surface of alarge mixing vessel and repairing critical equipment on ships at sea.

Specialized applications of selective plating involve unusua environments or the need for certain properties, such as
conductivity or impact resistance. Examples include blocking radio frequency interference with a soft, radiowave-
resistant material such as tin; plating aluminum to facilitate soldering; plating machinery components to ensure initial
lubrication; and even plating test probes to resist extreme environmental conditions.

Following are examples of specific applications of selective plating and anodizing:

Adhesive-bonded aircraft parts: anodizing (phosphoric acid) used to prepare aluminum skins and
frames for adhesive repair of damaged skins

Aircraft engine components: sulfamate nickel on high-temperature nickel alloys used as a prebrazing
operation for second-stage turbine vanes, blades, and stator segments; also used for restoration of
bearing area on turbine exhaust case, bearing housing and support, and cooling air duct

Aircraft landing gears. cadmium touchup; on 2014 aluminum, hard coat on inner diameter of oil air
strut used to accommodate press fit of bronze bearing

Aircraft skins. anodizing (chromic acid or sulfuric acid) used to repair damaged chromic-acid and
sulfuric-acid coatings, respectively

Aircraft wheel: anodizing (sulfuric acid) used to correct a mismachined bearing bore

Bus bars:. silver on copper or aluminum used for electrical contacts

Electric motors. nickel and copper used for dimensiona restoration of motor shafts and bearing end
caps, tin used for low-power motors to reduce vibration; and platinum, gold, or rhodium used to
increase wear life and reduce arcing of commutators and slip rings

Hydraulics: copper, nickel, cobalt, or chrome used to repair steel- or chrome-plated hydraulic
components, often without disassembly

Metal recovery systems. platinum coating used on titanium permanent anodes

Missile launch rail: hard coat used on a 6061-T6 surface to bring dimensions into tolerance and provide
wear resistance and corrosion resistance

Mold repair: gold plating used on plastic molds where corrosive gases attack existing chrome; final
plating of chrome used to repair rubber molds; copper, nickel, and cobalt used to repair other types of
molds

Printed circuit boards: gold over copper used on contact tabs, fingers, etc.

Printing presses. copper, silver, nickel, cobalt, or chrome plating used to repair cylinders; in-press
overhaul plating of side frame used for bearing retention and to correct out-of-concentricity condition
Railroad axles: nickel used for dimensional restoration on bearing journals and sealing wear ring
grooves

Spoace shuttle manifolds: up to 0.5 mm (0.20 in.) of copper used to increase wall strength of a nickel-
electroformed hydrogen-oxygen manifold for the prototype "Columbia" engine

Steel mill coating line: cadmium, zinc, or nickel-zinc used to increase the thickness of the protective
coating on steel sheet moving at 137 m/min (450 ft/min)

Submarines: rhodium and gold used on copper slip rings

Turbines. cobalt, nickel, nickel/cobalt, or chrome used to restore dimensions on bearing and sed
surfaces; silver used to repair steam cuts on horizontal seal surfaces

Equipment

Typical selective plating systems include a power pack, plating tools (called styli or anodes), anode covers, specialy
formulated plating solutions, and any auxiliary equipment required for the particular application. To achieve optimum
deposits, equipment should be designed expressly for selective plating. Although tank plating solutions and rectifiers are



occasionally used, they are not usually recommended because the resultant deposits are thin and quality is typically below
par.

Power packs (rectifiers) supply the direct current and are specially designed with the features and/or controls
required by the process. Output voltage can typically be varied from 0 to between 25 and 30 V, compared to the usual 6 to
12V for tank-plating power packs. Power packs are available in avariety of ratings to suit specific applications (Table 4).

Table 4 Commercially available power packs

Alternating current | Phase | Maximum output
input, V current, A®
115 or 230 1 30
115 or 230 lor3 | 60
230 or 460 1or3 | 100
230 or 460 lor3 | 150
230 or 460 lor3 | 200
230 or 460 3 500
Source: Ref 2

(8 At25V dc.

Voltage control is extremely important because it regulates the current supplied to the process. In turn, the amount of
current consumed over time, measured in ampere-hours (A - h), determines the deposit thickness. Ampere-hour
requirements vary widely for different types of electroplates, asindicated by the energy factorsin Table 1.

Stepless voltage control is atypical feature of selective plating power packs; most can be adjusted from 0 to 100%. The
magnitude of power required depends on the part size, the deposit thickness required, and the plating type. For example,
for delicate electronics parts, an output of 5 A and 12 V should be ample, whereas plating of large areas with thick
buildups requires a much larger source.

A voltmeter and an ammeter should be available and should show O to 100% ranges. The voltmeter permits
monitoring of the voltage required to plate a given part. The ammeter displays the amount of current flowing between the
anode and the cathode, allowing calculation of the current density.

A polarity-reversing switch alows the operator to automatically change current flow direction, which is necessary in
preparatory operations (e.g., etching and desmutting) and in stripping, when the current must run opposite to the direction
used in electroplating. Otherwise, the connections to the anode and cathode must be changed manually, slowing down the
entire process. Indicator lights to show polarity direction may also be incorporated.

Safety circuit breakers instantly shut off the current should a short circuit occur between the anode and the
workpiece. Typicaly, shutdown is within one-half cycle (1/120 s), preventing workpiece damage and injury to the
operator.



Energy counters (ampere-hour meters) are required by many industrial and government specifications. Besides
keeping track of the energy being used, these meters make it possible to control the thickness of the deposit. Counters
may incorporate set points with visual and/or audio warnings to indicate when the desired thickness has been reached.

Optional microprocessor-controlled systems reduce the chance of miscalculation and alow continuous
monitoring of the process via an aphanumeric readout. The amount of energy required for an area to be plated to the
desired thickness and the applicable parameters are determined by a microprocessor, not the operator. Such equipment is
also of merit for plating multiple parts to the same specifications. In some systems, the software prompts the operator for
dataentry for a particular operation, then displays the correct process parameters.

The plating tool (stylus) must have an insulating handle and an anode material that is inert, insoluble in plating
solutions, and able to carry high current. Graphite is by far the most practical choice for anode material. High purity is
preferred; any additive used to harden the graphite or give it a different physical characteristic interferes with its
beneficial qualities. Graphite can be machined or shaped to fit the contour of the part being processed. Stainless steel is
much more durable, but it dissolves in some plating solutions, and after a short time it changes the characteristics of the
electrolyte being used. Platinum-iridium, platinum-clad niobium, and platinum-clad titanium are inert to al of the
electrolytes used in selective plating operations, and they are used for smaller-diameter anodes. Their disadvantages are
increased cost and high hardness, which makes shaping difficult.

The anode covers (wrapping materials) serve as an insulator between the anode and cathode and help ensure
smooth deposits at high current densities. Because they hold the electrolyte, they must be absolutely free of oil and
foreign materials. Any substance that contaminates the electrolyte has a detrimental effect on the plating. For example,
any oil contamination whatsoever results in poor adhesion. Consequently, in a machine shop or other environment where
oil iswidely used, the work area should be carefully selected. When necessary, applicable part surfaces can be solvent or
vapor degreased or go through a separate cleaning cycle.

Various fiberlike materials make suitable covers. Cotton works very well if it is sterile, long fiber. Synthetic fibers, such
as polyester and nylon, do not wet or hold electrolytes as well as cotton, but this does not preclude their use. Polyester felt
is typically selected when the same anode will be used for numerous parts or for heavy deposits. Most of these materials
work well in the form of tube gauze ("bandage covers') as covers over cotton. Scotch-Brite has been used when
heavy/hard deposits are required, and it can aso function as a burnishing tool, improving the surface as plating continues.
If asurfaceis soft and easily scratched, a different wrap should be chosen.

Reference cited in this section
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Key Process Elements

Anode-Cathode Motion. Controlling continuous movement between the anode and the workpiece, or cathode, is akey
element in obtaining high-quality brush-plated deposits. However, quality also depends on plating within a specific
current density range, so both variables affect ultimate deposit quality. This relationship is illustrated in Fig. 2. Solution
suppliers routinely recommend ranges of anode-cathode speeds and current density values for each solution; a
representative list isgiven in Table 5.

Table 5 Anode-cathode motion and current density for selective plating solutions

Selective plating solution Anode-cathode motion | Current density
m/s ft/min | Aldm* | A/ft?
Cadmium (acid) 0.26-0.561 | 50-110 | 86.4 864

Cadmium LHE (low hydrogen embrittlement formula) | 0.20-0.41 40-80 86.4 864




Chromium 0.02-0.03 4-6 86.4 864
Cobalt (machinable) 0.13-0.26 25-50 115.2 1152
Copper (high speed, acid) 0.20-0.51 40-100 | 144.0 1440
Gold 0.15-0.31 30-60 28.8 288
Lead 0.15-0.26 30-50 86.4 864
Nickel (acid) 0.10-0.26 20-50 86.4 864
Nickel (high speed) 0.20-0.41 40-80 144.0 1440
Nickel-tungsten alloy 0.10-0.15 20-30 72.0 720
Rhodium 0.03-0.05 5-10 43.2 432
Silver (heavy build) 0.10-0.31 20-60 | 72.0 720
Tin (akaline) 0.10-0.41 20-80 86.4 864
Zinc (alkaline) 0.15-0.612 | 30-120 | 115.2 1152

Data courtesy of SIFCO Selective Plating

Poor range:
Burned or porous deposits

Optimum range:
Fast deposition
rates and good
deposit qualit

Poor range:
Slow deposition rates and
poor deposit quality for
some solutions

Current density, V and A ——

=]

Anode-to-cathode speed ——=

Fig. 2 Relationship between current density and anode-to-cathode speed. Source: Ref 3



The visual appearance of the electroplate is also an indicator of quality. A dark gray or black color usually corresponds to
a burnt deposit, which results from too high a current density or insufficient movement. In contrast, inadequate current
density or too much movement produces a generally shiny surface.

Anode-to-cathode movement may be achieved manually or mechanically, such as by using turning egquipment to provide
a constant rotational speed for cylindrical parts (Fig. 3) or by using specially designed tilting turntables to rotate large
parts at controlled speeds. Ancther option is the rotostylus (Fig. 4), which rotates the anode instead of the workpiece.

Fig. 3 Turning head. Courtesy of SIFCO Selective Plating

Fig. 4 Rotostylus. Courtesy of SIFCO Selective Plating

Anodes and Flowthrough. For the plating process to be efficient, the plating solution must flow between the anode
and the area being plated. Solution can be supplied by periodically dipping the plating tool into the electrolyte. However,
the most efficient method is to pump the solution through the block anode and into the interface between the anode and
the workpiece (Fig. 5). Plating of large areas at high currents requires the use of a pump to recirculate the solution. This
keeps the solution from overheating, results in thicker buildups on large areas, and allows the use of higher current
densities. In addition, the entire process is faster. Various types of pumps can be used, depending on the amperage and on
whether preheating and/or filtering is necessary for the solution used.
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Fig. 5 Flow-through deposition. Courtesy of Vanguard Pacific, Inc.

Solutions. Three basic types of solutions are used in selective plating: preparatory, plating, and special-purpose. Table 6
shows the most common solutions and their uses. The base metal and the type of plating generally dictate which solutions
are appropriate.

Table 6 Typical selective plating solutions

Preparatory solutions

Activating (for industrial hard chromium)
Cadmium activator

Chromium activator (for decorative applications)
Cleaning (for most materials)




Desmutting (for cast iron, carbon and aloy steels, copper alloys)
Etching (for aluminum alloys, steels, cast iron)
Etching and activating (for high-temperature nickel-base aloys and stainless)

Plating solutions for ferrous and nonferrous metals

Nickel (acid strike)

Nickel (alkaline)

Nickel (dense)

Nickel (ductile, for corrosion protection)
Nickel (neutral, for heavy buildup)
Nickel (sulfamate, hard, low stress)
Nickel (sulfamate, moderate hardness)
Nickel (sulfamate, soft, low stress)
Antimony

Bismuth

Cadmium (acid)

Cadmium (alkaline)

Cadmium (no-bake)

Chromium (hexavalent)

Chromium (trivalent)

Cobalt (for heavy buildup)

Copper (acid)

Copper (akaline)

Copper (high-speed acid)

Copper (high-speed akaline for heavy buildup)
Copper (neutral)

[ron

Lead (alkaline)

Lead (for aloying)

Tin (akaline)

Zinc (acid)

Zinc (alkaline)

Zinc (bright)

Zinc (neutral)

Plating solutions for precious metals

Gallium

Gold (acid)
Gold (alkaline)
Gold (neutral)
Indium
Palladium
Platinum
Rhenium
Rhodium
Silver (hard)
Silver (noncyanide)
Silver (soft)

Plating solutions for alloys

Babbitt Navy Grade 2
Babbitt SAE 11
Brass

Cadmium-tin
Cobalt-tungsten
Nickel-cobalt
Nickel-tungsten




Tin-indium
Tin-lead-nickel

Special-purpose solutions

Anodizing (chromic)
Anodizing (hard coat)
Anodizing (sulfuric)
Chromate treatment
Electropolishing solution

Source: Ref 2

Preparatory solutions clean the substrate surface so that it can effect a better bond with the electroplate. Preparation
typically involves precleaning, electrocleaning, and electroetching; some base materials also require desmutting,
activation, and preplate operations. Parts with heavy corrosion, lubricants, oil, and so on ordinarily require more
aggressive cleaning, such as vapor/solvent degreasing or grit blasting, prior to precleaning.

Plating solutions used for selective plating have a much higher concentration of metal, usually as organometallic salts,
than do solutions used for tank plating. This higher metal content permits the use of higher current densities, which results
in faster deposition, better bond strength, and less porosity than in tank plating.

Two basic kinds of plating solutions are used. One deposits a thin preplate ("strike") that boosts adhesion on certain
metals and aloys, and the other builds up the coating to its functional thickness. Suppliers usualy offer a choice of
solution for each type of electroplate, because different properties are required for different applications (e.g., high
hardness and wear resistance for one, ductility for another).

Special-purpose solutions include those used for post-treatment, anodizing, and electropolishing.

Thickness Control. The thickness of a deposit can be controlled by monitoring the ampere-hour meter. Each solution
has a prescribed energy factor, which indicates how many ampere-hours are required to deposit a given metal thickness
on agiven area

A-h=FxAXT

where A - hiisthe ampere-hours required, F is the energy factor, A isthe areato be plated (in square centimeters), and T is
the thickness of the deposit (in microns). The calculation yields a fixed value that can be monitored on the meter (or set
on the ampere-hour counter, if the power pack is so equipped). If needed, simple additional calculations can also be
performed to determine the optimum current, plating time, volume of plating solution, and even rotational speed (Ref 4).

References cited in this section
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3. DALIC Process Instruction Manual, 5th ed., SIFCO Selective Plating, 1990
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Specifications

Since the mid 1950s, when the first commercia selective plating specification was introduced, the number of
specifications has surpassed 100. The following list includes some of the more important industrial, government, and
military specifications:

MIL-STD-865C (U.S. Air Force)
MIL-STD-2197SH (U.S. Navy)



BAC 5849, 5854 (Boeing)

DPS 9.89 (Douglas Aircraft)

MPS 1118A (Lockheed Aircraft)

SS 8413, 8494 (Sikorksy Aircraft)

BPSFW 4312 (Bell Helicopter)

FPS 1046 (General Dynamics)

HA 0109-018 (North American Rockwell)

GSS PO60B (Grumman)

Standard Practice Manual 70-45-03 and T.M. No. 72-191 (General Electric)
PS 137, Issue 1 (Dowty Rotol Ltd., England)

ITF 40-839-01 (Messier-Hispano, France)

TCMK-5 (Saab-Scania, Sweden)

Report NAEC-AML 1617 (Naval Air Engineering Center, Philadel phia)
M-967-80 (Association of American Railroads)

AC 43.13-1A, Chg. 1 (Federal Aviation Administration)

AMS 2439, 2441, 2424C

SPOP 321 (Pratt & Whitney)

In addition to the above specifications, many U.S. Navy and U.S. Air Force activities have generated instructions for
selective plating of specific hardware or components at specific military facilities.

In the electronics field, the repair of printed circuit boards for military applications is authorized by MIL-STD-865C. For
commercia applications, the Institute for Interconnecting and Packaging Electronic Circuits approves the use of selective
plating for repair of both bare and assembled printed circuit boards (Ref 5). In addition, many electronics companies have
issued their own specifications for in-house repair of circuit boards and other el ectronic components.

Reference cited in this section

5. Modification and Repair for Printed Boards and Assemblies, Manual IPC-R700B, Institute for
Interconnecting and Packaging Electronic Circuits

Health and Safety Considerations

There are two safety issues in selective plating: the chemicals and the equipment used to apply the chemicals. Overall, the
process meets the safety requirements set by the Occupational Safety and Health Administration (OSHA) for in-plant use.
Electrical protection of the power pack, workpiece, and operator are provided by adirect current circuit breaker within the
power pack. This circuit breaker trips when an overload occurs. If the anode shorts out by contacting the part, or if the
power pack exceeds its amperage rating, the breaker almost instantly stops power flow.

Today, manufacturers provide material safety data sheets (MSDS) with solutions, in conformance with OSHA
requirements. The solutions are industrial chemicals and should be handled as such. Ventilation to remove fumes is
recommended, and conventional safety guidelines, including the use of safety glasses and rubber gloves, should be
routinely followed. Reviewing the MSDS will alert personnel to any special handling or other safety precautions required.

Pulsed-Current Plating

Chuck VanHorn, Enthone-OMI, Inc.

Introduction

CONVENTIONAL PULSED-CURRENT PLATING (commonly referred to as pulse plating) can be defined simply as
metal deposition by pulsed electrolysis. In its simplest form, it involves using interrupted direct current to electroplate
parts. Thisis accomplished with a series of pulses of direct current, of equal amplitude and duration in the same direction,



separated by periods of zero current. The pulse rate (frequency) and "on" and "off" times (duty cycle) can be controlled to
meet the needs of a given application. The ideal shape of the pulsed current is shown in Fig. 1(a). An oscilloscope should
be used to reveal how well the equipment controls the output (Fig. 1b).
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Fig. 1 Current patterns in conventional pulsed-current plating. (a) Ideal pattern. (b) Typical pattern as seen
using an oscilloscope

Pulse plating has gained acceptance in a number of metal finishing industries, especially the electronics industry. With the
advent of solid state pulse plating power supplies, the imprecision has been taken out of the process. The amount of time
the current is on and off is set directly on digital thumb-wheel switches or via programmable software. Two different
modes of operation are used: constant current and constant voltage. Figure 2 illustrates the constant-current mode of
operation. The tops of the current pulses are kept flat by allowing the voltage to vary during the pulse on-time. In the
constant-voltage mode (Fig. 3), the tops of the voltage pulses are kept flat by varying the current. Because of the shape of
the current pulse in the constant-voltage mode, the peak current is not useful for controlling the plating rate. An amp-
minute controller is needed to accurately control the plating thickness.
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Fig. 2 Constant-current pulse plating with an on-time of 5 ms, an off-time of 45 ms, and a peak current of 75
A. Because the current is on one-tenth of the time, the average current is 7.5 A.
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Fig. 3 Typical current pattern for constant-voltage pulse plating. The current falls during the on-time because
of the increasing resistance of the cathode. On-time, 10 ms; off-time, 30 ms

Metals that are commonly deposited using pulsed current include gold and gold alloys, nickel, silver, chromium, tin-lead
aloys, and palladium. Pulsed current is also used for anodizing and, in select cases, for etching, electrocleaning, and
electroforming.

The advantages of pulse plating vary from one application to the next. The most common (relative to plating with
conventional continuous current) include the following:

Deposits are smooth, dense, fine-grained, and almost completely free of pinholes.

Variation in plate thickness from one part to the next is considerably reduced.

Plating speeds can normally be increased.

Current efficiency generally isimproved.

Use of organic additives, in most cases, can be reduced by 50 to 60%. Deposits are free from dendritic
growth even if additives are not used.

For some electrodeposits, such as gold, less metal is required in the plating solution to meet end-use
Specifications.

The limitations of pulse plating include the fact that the cost of a pulsed-current rectifier is greater than that of a
conventional dc unit. Also, optimization of results requires planning and experimentation, and plating equipment may
need to be redesigned or upgraded.

Process Principles

The theory behind pulse plating is smple (Ref 1, 2). The cathode film is kept as rich in metal ions as possible and as low
in impurities as possible. During the period when the current is on, the metal ions next to the cathode are depleted and a
layer rich in water molecules is left. During the portion of the cycle when the current is off, the metal ions from the bulk
of the plating solution diffuse into the layer next to the cathode. Then the process is repeated again. Also during the time
the current is off, gas bubbles and impurities that have been adsorbed on the cathode have a chance to desorb.

Typical on-time range from 0.1 to 9.9 ms, and typical off-times range from 1 to 99 ms. If an ammeter is inserted into a
pulsed-current plating circuit, it responds to the average current. In order to have the same plating rate using pulsed
current as with conventional continuous current, the average current must be the same. This can be achieved by adjusting
the peak current, the on-time, or the off-time. The physical and chemical properties of deposits can be very precisely
controlled through the careful selection of pulse-plating parameters.



Concepts and Terminology. Selected terms that have special meaning when applied to pulse plating are defined as
follows:

Cathodic (forward) and anodic (reverse) are used to describe current direction; cathodic indicates flow
is in the norma (plating) direction, anodic indicates flow is in the reverse (deplating) direction. In
normal operation of a reversing pulse unit, current direction aternates in a controllable forward and
reverse pattern.

Envelope is the time span during which current may flow in only one direction. The time spans of the
forward envelope and the reverse envelope are set individually.

Pulsetrainisaregularly interrupted current flow in either the cathodic or anodic direction. A pulsetrain
exists within the envelope.

Pulseistheindividual interval in a pulse train, consisting of one "on and off" period.

Pulse rate is the number of times the current is switched on in agiven period of time (usually 1 s).

Duty cycleistheratio of time an individual pulse is on compared to the total (on and off) pulse time. For
example, 5 mson and 5 ms off is a 50% duty cycle, 4 ms on and 1 ms off is an 80% duty cycle, and so
on. (Note: if the duty cycle is 100%, there is no off time; the current is on for the duration of the
envelope and there is no pulse or frequency.)

Frequency is the pulse rate expressed as hertz units (e.g., 100 Hz = 100 pulses/s).

Pulse width is the time span of the on portion of a pulse. Pulse width is afunction of both frequency and
duty cycle. For example, a 1000 Hz pulse with aduty cycle of 50% has a pulse width of 0.5 ms.

References cited in this section
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Process Control

Microprocessor-controlled modulation of applied direct current to improve the electrodeposition process has found use in
reel-to-reel selective plating, automatic tab plating, barrel line plating, still plating, electroforming, anodizing,
electrocleaning, electropolishing, and electromachining. It recently has been adapted for use with semiconductor bump
and wafer plating technologies.

The use of this sophisticated power control can result in greatly increased plating speeds, improved deposit distribution,
lower deposit stress, finer grain structure, increased ductility, improved adhesion, increased micro-throwing power,
reduced susceptibility to hydrogen embrittlement, and a markedly decreased need for additives.

The use of modulated dc power supplies with advanced electronic circuitry enables the user to control output patterns
with extreme precision. A high-quality unit will superimpose periodic reverse on a high-frequency pulse. The power
pattern that results is quite complex, with a wide range of profiles. The output--a series of pulses with controllable
amplitude, frequency, duration, and polarity--influences the deposition characteristics of any solution. The characteristics
obtained with modulated power supplies are quite different from those obtained with conventional pulse or periodic-
reverse equipment. By "tuning” or shaping the output power pattern to a given plating application, the operator can
dramatically enhance the rate of deposition and the character of the deposit.

In periodic-reverse plating, the polarity of a constant dc output is switched back and forth in aregular pattern. Figure 4(a)
depictsthe ideal output; Figure 4(b) shows the actual output from a slow-response control unit.
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Fig. 4 Current patterns in periodic-reverse pulsed-current plating. (a) Ideal pattern. (b) Pattern of a slow-
response control unit as seen using an oscilloscope

The sharpness of the output current pattern as revealed by an oscilloscope depends on the degree of ripple in the rectifier
output and the quickness of response in the internal switching circuitry of the controller. High-quality units produce

extremely sharp sguare-wave patterns (Fig. 3 and 4). Figure 5 illustrates the wave form of the forward (cathodic) and
reverse (anodic) output of a high-quality unit.

Fig. 5 Square-wave current pattern of the forward and reverse envelopes in periodic-reverse pulse plating

The duration of the current in each direction (the forward and reverse envelopes) can be individually controlled from 0.1
ms to 99.99 s. (A zero current delay of less than 0.1 ms between forward and reverse is a design feature of high-quality
units that serves to prevent transistor failure due to "shoot through.") The ssimple, square-wave pattern shown in Fig. 5 is
the result of a precisely controlled periodic-reverse output; pulse frequencies can then be superimposed upon this output
pattern. Within each envelope, a square-wave pulse is generated (Fig. 6). The frequency and the duration of the pulses are
set independently for the forward and reverse envelopes; frequencies range from 10 to 9999 Hz. Duty cycle settings in
percentages determine the on and off times for each pulse.



Fig. 6 Current pattern for periodic-reverse pulse plating in which pulse frequencies have been superimposed on
the forward and reverse envelopes

On some models, forward and reverse amplitude can be controlled individualy (Fig. 7). This permits, for example, a
higher current density in the reverse (deplating) stage than in the forward (plating) stage, which is highly desirable for
some applications. (More complete explanation of output control with specific units is available in the operation manuals
supplied by their manufacturers.)
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Fig. 7 Current pattern for periodic-reverse pulse plating in which pulse frequencies of different current densities
have been superimposed on the forward and reverse envelopes

Solution Composition and Operating Conditions

With the changes that take place in the plating tank when a modulated periodic reverse pulse is impressed on the
electrolyte, changes in the other operating conditions or even in the formulation may be required. Generally speaking,
better results are obtained with simple, rather than sophisticated, formulations (Ref 3). Typical solutions used in pulse
plating are givenin Table 1.

Table 1 Typical solutions used in pulsed-current plating

Constituent or condition Amount or value

Watts nickel solution for reel-to-reel plating

Nickel sulfate, g/L (oz/gal) 650 (87)




Boric acid, g/L (0z/gd) 50 (7)
Temperature, °C (°F) 60 (140)

pH 34

Anodes® Platinized niobium (insoluble)
Organic additives None

Pure gold

Potassium citrate, g/L (oz/gal) 150 (20)

Citric acid, g/L (oz/gad) 15(2)

Potassium phosphate, g/L (oz/gal) | 26 (3)

Boric acid, g/L (oz/gal) 72 (10)

Gold metal, g/L (oz/gal) 8.2(1)
Temperature, °C (°F) 60 (140)

pH 3.5-4.0

Anodes Platinized titanium
Hard gold

Citric acid, g/L (oz/gal) 65 (9)

Potassium citrate, g/L (oz/gal) 50 (7)

Cobalt, g/L (oz/gal)® 0.5-0.6(0.07-0.08)
Gold, g/L (oz/gal) 8.2(1)

pH 3.8-4.0

Temperature, °C (°F)

32-38 (90-100)




(@) When using soluble nickel anodes with reversing pulse modes, the use of an anode activator such as chloride is not required because the
reversing current keeps the anode active and soluble.

(b) The higher voltage of pulse plating relative to continuous dc plating favors the deposition of the alloying agent. The operator should analyze
the deposits to determine if the amount of cobalt in the solution should be adjusted. In most cases, the amount of available cobalt (or other
alloying agent) should be reduced (from the amount used with continuous current) to obtain the desired properties.

Additives. The polarization imposed by the power pattern on the bath reduces, or even eliminates, the need for some
addition agents. In many cases, additives can actually inhibit the effectiveness of the pulsed-current pattern. For example,
large-molecule additives do not respond as they do under conventional power; in a high-frequency pulse field, their
molecular size is a disadvantage. Small-molecule organics or inorganics will generally function well as additives. In many
cases, the use of brighteners can be reduced as much as 90% without diminishing the brightness of the deposit because of
the improved grain structures. If brightener levels are not reduced, longer pulses--i.e., lower frequencies and/or higher
duty cycles-may be required (Ref 3).

Electrolyte conductivity must be maintained at a high level to allow the peak pulse current to be completely effective.
If the conductivity is not high enough, an excess in voltage will be required to attain the desired peak current. Such peaks
are power-inefficient and less effective.

Anode-to-cathode ratios for pulse plating are rarely the same as those for conventional power applications.
Generally speaking, in acid or alkaline nonchelating formulations, the anode area should be reduced. In cyanide or other
chelating formulations, the reverseis generally the case, and a greater anode area is required.

Temperature and agitation conditions for conventional processes may also have to be altered for modulated
power pattern plating. Unfortunately, no general rule applies; each application has its own requirements, and optimum
conditions must be established on a case-by-case basis.

Reference cited in this section
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Equipment Modification

One factor that should always be checked when planning a change from conventional to pulsed-current power is the tank
electrical contact system. Some anode and/or cathode contacts that may be perfectly suitable for conventional plating may
present unwanted resistance to high-frequency peak currents. Overlooking this factor may prevent the redlization of the
full benefits of amodulated power supply.

The major consideration, of course, is the power system itself. Existing rectifiers may or may not be suitable for use with
modulated periodic reverse or direct pulse units. For pulse plating, a high-voltage, quick-response rectifier is required,
and the lower the ripple, the more precise and predictable the output. Although pulse units are available for use with
existing power supplies, models with self-contained rectifiers give greater assurance that full benefit of the control system
will be realized.

Pulse units with self-contained power can be operated in either a constant-average-current or constant-voltage mode. The
significance of this option is illustrated in Fig. 8. Figure 8(a) depicts a pulse train with a 50% duty cycle. The average
current delivered is 50% of the peak value. Figure 8(b) shows the effect of reducing the duty cycle to 25% when in a
constant-voltage mode. The peak current remains the same, but the average current changes directly with the duty cycle,
in this case dropping to half its former value. The current density of the pulsed current remains the same, but twice as
much real time is required to deliver the same amp-minutes of current. Figure 8(c) shows the effect of reducing the duty
cycle from 50 to 25% when operating in constant-average-current maode. In this case, the peak current changes inversely
to the duty cycle, increasing in value to maintain the same average current delivered as before but in shorter pulses.
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Fig. 8 Effect of changes in the duty cycle on constant-average-current and constant-voltage pulsed-current
plating. (a) 50% duty cycle, with average current 50% of the peak value. (b) Duty cycle reduced to 25% in
constant-voltage mode; average current drops with duty cycle. (c) Duty cycle reduced to 25% in constant-
current mode; the peak current changes inversely to the duty cycle.

Although a change in frequency also changes the pulse width, it does not effect either peak or average current, regardless
of output mode (Fig. 9). Unlike conventional plating rectifiers, which are rated by average current capacity (ignoring the
ripple), modulated periodic reverse pulse units are normally rated by their peak current capacity. Because both peak and
average current values are intrinsic to modulated power pattern plating, both output capacities must be considered.
Depending on the interna circuitry of the unit, the average current output capacity of some models can be aslow as 25 or
30% of the peak capacity. With such alow value for average current, the rated peak current output would be attained even
at average current capacity only if a duty cycle as low as 25 or 30% was used. Attempting to push average current up
would drastically shorten the life of the unit. Experience has shown that effective duty cycles are usually not less than
50% (although they can be as low as 10% for pure precious metals), and most units are designed to deliver an average



current capacity of 50 to 60% of the peak current capacity rating. However, any desired duty cycle can be used or
specified, but the operator must keep in mind that the average current is the percentage (duty cycle) of the peak rating.

Average
current

Fig. 9 Effect of change of frequency on current pattern in pulsed-current plating. Only pulse width is altered;
peak current, average current, and duty cycle remain constant.

Electroforming

Glenn Malone, Electroformed Nickel, Inc.; Myron E. Browning, Matrix Technologies

Introduction

ELECTROFORMING is the process by which articles or shapes can be exactly reproduced by electrodeposition on a
mandrel or form that is later removed, leaving a precise duplicate of the original. In certain applications, the mandrel is
designed to remain as an integral part of the final electroformed object. Electroforms themselves may be used as parents
or masters, usually with special passivating treatments so the secondary electroform can be easily removed. The same or
similar electrodeposition additives as those used for electroplating are required for electroforming to control deposit
stress, grain size, and other resultant mechanical propertiesin order to produce high-quality electroforms.

Early Applications

Electroforming was developed by a Prof. Jacobi of the Academy of Sciences in St. Petersburg, Russia in 1838 while
working with an engraved copper printing plate. While Prof. Jacobi had much difficulty in trying to separate the
replicated layer, he did note that once it was released the copper piece gave a perfect match of the original.

Prof. Boettger of Germany used nickel plating in the 1840s to produce exacting replicates of art objects by the
electroforming process. Electroformed articles, including sculpture, bas-reliefs, and statues from nickel, iron, or copper
were produced prior to 1870. Of specia interest were the huge electroformed street lamps found in downtown Paris, the
production of which might be considered an enormous world-record accomplishment for electrodeposition. Iron
electroforming had early applications in the duplication of printing plates for coinage and currency because of its facility
to produce the highest accuracy in copying engraved masters.

Modern Applications

Today, the electroforming industry sees a number of high-tech uses for nickel, copper, iron, and alloy deposits to
electrofabricate exceedingly important components such as the main combustion chamber for the Space Shuttle, heart
pump components, body joint implants (prosthetic devices), high-precision optical scanners and holographic masters (for
credit cards, etc.), and recording masters. Fabrication of duplicating plates such as electrotypes, video disc stampers, and
currency embossing plates is manufacturing technology of today that employs electroforming. High-precision parts such
as molds and dies, where tolerances of internal surfaces are critical, are pieces for which electroforming can be used
advantageously. Optical memory disc mold cavities, including those for compact discs (CD and video discs) rely on the
virtually perfect surface reproduction found with the electroforming process. The average optical disc requires



impressions having a mean diameter of about 0.2 um, which is well within the range of the electroforming processes
practiced today. One of the most widely used applications today is nickel disc mold electroforming.

Examples of electroforming applications are almost limitless, but afew of the more exacting examples are:

Delicate, thin-wall components such as lightweight heat or cold shields for aerospace applications,
hypodermic needles, foil, fine-mesh screen, and seamless tubing

Parts that would be difficult to make by any other means, such as electronic waveguides, regeneratively
cooled thrust chambers for rocket engines, musical instruments, Pitot tubes, surface roughness gages,
and complex metal bellows

Electroform joining (cold welding) of dissmilar metals that are difficult, if not impossible, to join by
thermal means

Electroforming provides unique production advantages for precision operation in the textile, medical, aerospace,
communication, electronics, photocopying, automotive, and computer industries, and a number of other industries and is
used in the manufacturing of items such as textile printing screens, molds and dies, mesh products, bellows, compact disc
stampers, radar wave guides, and optical components.

Electroforming Determinants

Once the conceptual design for a part or component is developed, it is necessary to determine the fabrication process that
best meets the functional requirements of the hardware with least cost impact. The following advantages of
electroforming might be weighed:

Parts can be mass produced with identical tolerances from one part to the next, provided that mandrels
can be made with adequate replication.

Fine detail reproduction is unmatched by any other method of mass fabrication. Examples are the
electroforming of microgroove masters and stampers for the record and compact disc industries, surface
roughness standards, and masters and stampers for holographic image reproduction.

Mechanical properties of electroformed articles can be varied over a wide range by selecting a suitable
plating electrolyte and adjusting operating conditions. In some instances properties can be created in
electroformed metals that are difficult, if not impossible, to duplicate in wrought counterparts.

Some shapes, particularly those with complex internal surfaces or passages, cannot be made by any
other method without excessive machining costs and scrap losses. These shapes are often easily
electroformed. Examples of such hardware are regeneratively cooled thrust chambers and waveguides
with compound curves.

Gearing up to high-volume production is relatively easy in many electroforming applications. For
example, a number of first-generation positive replicas can be made from which a large number of
second-generation negatives can be electroformed. Such technology lends itself to many molds,
stamping devices, and optical surfaces requiring volume production.

The size and thickness of parts electroformed is not limited. Larger size can be accommodated by
increasing the tank volume in which the electrolyte is contained. Thickness may vary from micrometers,
asinfails, to one or more centimeters, as is common in rocket thrust chamber shells.

Without the use of thermal joining techniques, metal layers can be applied by electroforming to provide
sandwich composites having a variety of functional properties. Waveguides having an inner silver
electroformed layer for high electrical conductivity and an outer electroformed structural layer of
copper, nickel, nickel-cobalt, or other el ectrodepositable alloys are examples.

There are also some disadvantages of electroforming that must be considered, such as:

Electroforming is generally an expensive manufacturing method and is chosen when other methods are
more expensive or impractical to produce the desired hardware.



Thick electroforming is very time-consuming. Some deposits require days, or even weeks, to produce
the desired thickness. However, unlike precision machining, which is also very time-consuming,
electroforming is not labor-intensive once the deposition process is started.

Design limitations exist in that deep or narrow recesses and sharp angles cause problems. Sudden and
severe change in cross section or wall thickness must be avoided unless subsequent machining can be
permitted.

Most electrodeposits have some degree of stress in the as-deposited condition that may cause distortion
after the mandrel is separated. Stress relieving and special attention to electrolyte chemistries and
operating parameters can lessen this problem.

Any degradation in the mandrel surface quality will be reproduced in the electroform made from it.

The Electroforming Process

Electroforming is very similar to conventional eectroplating as far as facilities and electrolytes are concerned. However,
the controls are more stringent, because the process consumes much more time and the product must be mechanically
sound and have low internal stress for dimensional acceptance. With long deposition times, high current densities at edges
and surfaces closer to the anodes result in significant buildup, leading to nodules and uncontrolled growth. This resultsin
further current density variations that can seriously affect the mechanical properties of the deposit.

In electroforming nickel, cobalt, or iron there is significant hydrogen codeposition that, if not removed, causes
pits in the deposit surface. Pumping filtered electrolyte through sprays over the surfaces being electroformed will
minimize the problem and aid in maintaining a smooth deposit. Areas of high current density showing excessive and
rough buildup can be corrected by using nonconducting shields as baffles to improve the current distribution. Where
recessed areas exist, low current density will be experienced. Undesired trace metal impurities will codeposit in such
locales, leading to inferior mechanical properties and surface appearance. Auxiliary or bipolar anodes may be necessary
to overcome the low-current problem.

Electroforming solutions may be used with one or more additives to control stress, brightness, leveling (smoothness), and
microstructure. When mechanical properties (including high ductility) or good electrical or thermal conductivity are
important in the deposit, it is advisable to use nonadditive electrolytes. Because most additives are organic compounds,
they are subject to decomposition if the deposit is subjected to elevated temperatures.

Stress-reducing agents are often used in nickel, iron, and cobalt plating baths to produce neutral or compressive residual
stresses. Such agents are usually grain-refining compounds also. These deposits are generally harder, have higher yield
strength, and exhibit less ductility than conventional deposits of the same metal. Advantages in neutral or compressively
stressed deposits are ease of removal of electroforms from mandrels and inhibition of growth of cracks in deposits should
they occur from impact. A problem with stress reducers in nickel is that sulfur codeposits form when the agent reacts at
the cathode, because most stress reducers contain sulfur. Brazing or welding such deposits causes sulfur to react with
nickel to form anickel sulfide liquidus in the range of 483 °C (901 °F) to about 650 °C (1200 °F). This leads to the effect
known as "hot shortness" experienced in wrought nickels. Such deposits can be alloyed with as little as 1500 ppm Mg to
counter the problem.

Copper Electroforming. Acid sulfate electrolytes are the industry standard for copper electroforming. Additives are
usually employed for grain refining, leveling, and brightening. The mechanical property improvements achieved are
mostly aresult of grain refining. Organic compounds capable of reducing copper oxides at the cathode may aso be used
to produce an oxygen-free, high-conductivity copper equivalent (<10 ppm oxygen). Decomposition products from copper
bath additives will codeposit to degrade ductility. Without additives, acid sulfate baths produce copper with grain size
increasing proportionally to deposit thickness. Intergranular voids are created that seriously degrade mechanical
properties. A plating technique known as periodic current reversal will promote deposition of a copper deposit having
uniform grain size and excellent mechanical properties for thicknesses of 0.5 cm (0.2 in.) or greater. This procedure
requires plating in a conventional direction for a given period of time, followed by a reversal of current direction for a
lesser period of time. Although the process resultsin a slow rate of deposition, the benefits of good mechanical properties,
relatively smooth deposit surfaces, and ability to plate dense, thick deposits make this technique most useful.

Mandrel Types and Selection



Mandrels are either permanent or expendable. Permanent mandrels are usually metallic, but they can also be made of a
conductive plastic. They can be used repeatedly until surface wear or scratching renders them useless. The most widely
used permanent mandrels are made of metals that are resistant to adherent bonding by the metal being electroformed. The
300-series stainless steels are the preferred materials for permanent mandrels because of the naturally passive surfaces.
Substrates such as copper, brass, or steel may also be used, but these must be plated with chromium to provide a passive
surface for ease of separation. It is also possible to use copper or brass for engravure mandrels if they are chemically
passivated to prevent electroform bonding. Nicke is frequently employed for producing multiple first-generation replicas
for mass production of second-generation electroforms. Adherence on nickel is unpredictable, so it is advisable to
passivate the surfaces chemically.

Plastics are suitable for permanent mandrels where flat el ectroforms are involved and separation is relatively simple. Such
mandrels are made conductive by the silver reduction method (Ref 1) or by use of silver-filled paint. Plastic mandrels are
often used for the electroforming of Fresnel lenses. Glass plates can also be used as permanent mandrels containing
holographic imagery.

Expendable mandrels may consist of cast fusible metals, plaster, plastics, waxes, soluble metals, or wood. Fusible metals
are commonly alloys of tin, lead, bismuth, antimony, and cadmium. Aluminum is a popular expendable mandrel material
because it is easily machined and polished to close surface and dimensional tolerances. It is also easy to dissolve in
caustic solutions.

Reference cited in this section

1. H. Narcus, Metallizing of Plastics, Reinhold Publishing Company, 1960
Mandrel Design and Preparation

Mandrels may be made to reproduce accurately external or internal surfaces. The reproduced surface will be precisely the
same as the surface upon which plating is initiated. The final plated surface will be rougher as the plated thickness
increases. Design features of importance are avoidance of deep grooves or recesses, avoidance of sharp internal angles,
and maintenance of liberal radii on corners. Figure 1 illustrates mandrel design considerations that should be followed.
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Fig. 1 Factors to consider in electroforming mandrel design. Source: Ref 2



Permanent mandrels for electroforming concentric shapes must be designed with a draft or taper to permit removal of the
mandrel without damaging the electrodeposit or the mandrel. If this is not possible, expendable mandrels must be
considered. ASTM B 450 provides more guidelines in the design of electroformed articles (Ref 3). Preparation of
mandrels for electroforming is detailed in ASTM B 431 (Ref 4). Special design considerations are often given to
permanent mandrels being developed for complex parts that are to be produced in mass quantities or are of a complex
nature, requiring speedy release from the mandrel. In these cases, knockout blocks or key release sections are designed
into the mold, mandrel, or matrix to ensure quick and positive release and multiple uses of the master form.

References cited in this section

2. A. Squitero, Designing Electroformed Parts, Machine Design, 9 May 1963

3. ASTM B 450, "Standard Practice for Engineering Design of Electroformed Articles,” ASTM
4. ASTM B 431, "Standard Practice for Processing of Mandrels for Electroforming,” ASTM
Electroforming Solutions and Operating Variables

Nickel Electroforming Solutions. Nickel, the most commonly electroformed metal, is plated from Watts, fluoborate,
and sulfamate solutions. The last is the most widely used due to lower stresses in the deposits and ease of operation.
Nickel is deposited from most baths with moderate to high tensile stress. If uncontrolled, this stress can make removal of
the mandrel difficult, can result in distorted parts after mandrel separation, and can even result in deposit cracking. In
general, the chloride-free sulfamate bath produces the lowest internal stresses of all the nickel baths. Typica nickel
sulfamate electrolyte compositions, operating conditions, and deposit mechanical properties are shown in Table 1. Effects
of changes in operating variables on mechanical properties of nickel sulfamate deposits are described in Table 2. Similar
information for all commonly used nickel electroforming bathsis givenin ASTM B 503 (Ref 5).

Table 1 Nickel electroforming solutions and selected properties of the deposits

Parameter Watts nickel Nickel sulfamate

Electrolyte composition, g/L (oz/gal) NiSO,-6H,0--225-300 (30-40) | Ni(SOsNH;),--315-450 (42-60)

NiCl,:6H,0--37.5-52.5 (5-7) | HyBOs--30-45 (4-6)

H4BO4--30-45 (4-6) NiCl,6H,0--0-22.5 (0-3)
Operating conditions
Temperature, °C (°F) 44-66 (115-150) 32-60 (90-140)
Agitation Air or mechanical Air or mechanical
Cathode current density, A/dm? (A/ft?) | 270-1075 (25-100) 50-3225 (5-300)
Anodes Soluble nickel Soluble nickel
pH 3.0-4.2 3545

Mechanical properties




Tensile strength, MPa (ksi)

345-482 (50-70)

410-620 (60-90)

Elongation, % 15-25 10-25
Hardness, HV 19 130-200 170-230
Internal tensile stress, MPa (ksi) 125-186 (18-27) 0-55 (0-8)

Table 2 Variables affecting mechanical properties of deposits from nickel sulfamate electrolytes

Property Operational effects Solution composition effects

Tensile Decreases with increasing temperature to 49 °C, then increases | Decreases dlightly with increasing nickel content.

strength slowly with further temperature increase. Increases with increasing
pH. Decreases with increasing current density.

Elongation | Decreases as the temperature varies in either direction from 43 °C. | Increases dightly with increasing nickel content.
Decreases with increasing pH. Increases moderately with increasing | Increases dightly with increasing chloride content.
current density.

Hardness Increases with increasing temperature within operating range | Decreases slightly with increasing concentration of
suggested. Increases with increasing solution pH.Reaches a | nickel ion. Decreases dightly with increasing
minimum at about 13 A/dm®. chloride content.

Interna Decreases with increasing solution temperature. Reaches a | Relatively independent of variation in nickel ion

stress minimum at pH 4.0-4.2. Increases with increasing current density. content within range. Increases significantly with

increasing chloride content.

Copper electroforming solutions of significance are the acid sulfate and fluoborate baths. Table 3 lists typica
compositions, operating conditions, and mechanical properties for these baths. Changes in operating variables will affect
mechanical properties of copper sulfate deposits, as noted in Table 4. Similar information for effects of variable changes
on copper fluoborate deposits are found in ASTM B 503 (Ref 5).

Table 3 Copper electroforming solutions and selected properties of deposits

Parameter Copper sulfate Copper fluoborate

Electrolyte composition, g/L (oz/gal) | CuSO,-5H,0--210-240 (28-32) Cu(BF,),--225-450 (30-60)

H,S0,4--52-75 (7-10) HBF4;--To maintain pH at 0.15-

15

Operating conditions

Temperature, °C (°F) 21-32 (70-90) 21-54 (70-129)




Agitation

Air or mechanical

Air or mechanical

Cathode current density, A/dm? | 1-10 (9.3-93) 8-44 (75-410)

(A/ft)

Anodes Oxygen-free, high-conductivity copper or phosphorized | Soluble copper
copper

Mechanical properties

Tensile strength, MPa (ksi) 205-380 (30-55) 140-345 (20-50)

Elongation, % 15-25 5-25

Hardness, HV 10 45-70 40-80

Internal tensile stress, MPa (ksi) 0-10 (0-1.45) 0-105 (0-15)

Table 4 Variables affecting mechanical properties of deposits from acid copper sulfate electrolytes

density.

Property Operational effects Solution composition effects

Tensile Decreases dlightly with increasing solution | Relatively independent of changes in copper sulfate concentration

strength temperature. Increases significantly  with | within the range suggested. Relatively independent of changes in
increase in cathode current density. sulfuric acid concentration within the range suggested.

Elongation Decreases with increasing solution temperature. | High acid concentrations, particularly with low copper sulfate
Increases dlightly with increasing cathode | concentration, tend to reduce elongation slightly.
current density.

Hardness Decreases dlightly with increasing solution | Relatively independent of copper sulfate concentration. Increases
temperature. Relatively independent of change | slightly with increasing acid concentration.
in cathode current density.

Internal Increases with increasing solution temperature. | Relatively independent of copper sulfate concentration. Decreases very

stress Increases with increasing cathode current | dlightly with increasing acid concentration.

Iron Electroforming Solutions. Iron electroforming, while not in major industrial production today, is technically
usable if precautions are followed. Three types of electroforming baths exist as dightly acidic systems: sulfate, fluoborate,
and sulfamate systems. A fourth system is the highly acidic chloride system, which uses ferrous chloride/calcium chloride
operating between 88 and 99 °C (190 and 210 °F). Table 5 presents condensed details of the four baths and primary
operating conditions. Except for deposits from the chloride bath, all other baths produce iron deposits brittle in nature and
not usable without special thermal treatment, stress-reducing additives, or backup deposits to protect the brittle nature of
the iron films. The chloride deposits can be best used with a postplating heat treatment of 260 °C (500 °F) or above to
ensure ductility.

Table 5 Iron electroforming solutions and operating conditions




Parameter

Value

Chloride bath

Ferrous chloride (dihydrate), g/L (oz/gal)

300-450 (40-60)

Calcium chloride, g/L (oz/gdl)

150-185 (20-25)

Temperature, °C (°F)

90-99 (190-210)

pH (HCI) 0.2-1.8
Current density, A/dm? (A/ft%)
Without agitation 2-8.5 (20-80)
With agitation 2-21 (20-200)
Sulfate bath

Ferrous sulfate, g/L (o0z/gal)

240 (32)

pH

2.8-35

Temperature, °C (°F)

32-65 (90-150)

Current density, max, A/dm’ (A/ft%)

at 32°C (90 °F) 4.3 (40)
at 65 °C (150 °F) 10 (100)
Surface tension, dynes/cm 40
Cathode agitation Desirable
Fluobor ate bath
Iron fluoborate, g/L (0z/gal) 227 (30.3)




Metaliciron, g/L (oz/gal) 55.2 (7.37)

Sodium chloride, g/L (0z/gal) 10.0 (1.34)
Baumé, degrees, at 27 °C (80 °F) 19-21

pH (colorimetric) 3.0-34
Temperature, °C (°F) 57-63 (135-145)

Current density (cathode-average), A/dm? (A/ft?) | 2-10 (20-90)

Tank voltage, avg 2-6

Sulfamate bath

Ferrousiron, g/L (oz/gal) 75 (10)
Ammonium sulfamate, g/L (oz/gal) 30-37 (4-5)
Sodium chloride, g/L (0z/gal) 37-45 (5-6)
Temperature, °C (°F) 50-60 (120-140)
Current density, A/dm? (A/ft) 5.4 (50)

pH 2.7-3.0

Reference cited in this section

5. ASTM B 503, "Standard Practice for Use of Copper and Nickel Electroplating Solutions for Electroforming,”
ASTM

Process Controls

Because of the exacting products desired during electroforming, the controls are apt to be more stringent. Controlling
metal distribution, internal stress, nodular growth, and roughness are among the potential problems that are often found in
electroforming. Some of these problems are handled by using various addition agents, but special attention is often
required to monitor conditions during deposition. Other significant aspects of the electroforming process that demand
special consideration include the following.

Metal distribution relates to nonuniform deposition due to changes in mandrel configuration, throwing power of the
bath selected, placement in the plating tank, and other features of the deposits being produced. Attempting to retain the
best properties of the metal being deposited and at the same time maintain excellent throwing power is most difficult. One
can improve metal distribution by using proper racking designs, employing "thieves,” "robbers," shields, or auxiliary or



conforming anodes, and completely mapping out the electrical requirements of the mandrel. Computer software programs
exist that aid in the design of cathode distribution systems.

Internal deposit stress is most important to control during, before, and after deposition. Before deposition it may
develop within the mandrel, resulting in unwarranted partial liftoff of the electroform before it is complete. During
deposition, symptoms of internal deposit stress are problems trying to separate the el ectroform from the mold, buckling or
blistering of the deposits, and cracking of the deposit during deposition or while it is separated from the master. Most of
these manifestations come from either the bath itself, impurities permitted in the bath (incomplete filtration), or lack of
control of the additives needed for the bath. Careful monitoring of all operating conditions is also important for deposit
stress control.

Roughness and "treeing" are conditions that may appear during electroforming if care is not taken. To minimize
roughness, the electroformer must watch the filtration rates, because even small dirt particles can be the nucleation sites
for rough deposits. Filtration rates may need to be as high as whole-solution-volume recycling once or more per hour.
Other aids in preventing roughness include using positive pressure of an inch or so with filtered air, plus keeping the
electroforming room in extra-clean condition.

The phenomenon of treeing occurs near the edges or corners of the mandrel or attachment areas. These can be minimized
by the use of shields, improved racking, or "thieving" to prevent excess current in unwanted areas. Leveling agents and
nodule suppressants may also be useful to reduce treeing. Often it becomes necessary to stop the electroforming, remove
the part, and machine off the excess deposit. One must remember to reactivate the electroform when replacing it in the
plating tank.

One other factor worthy of considering in minimizing roughness, pitting, burning, and sometimes treeing is to constantly
check solution agitation, whether by air, mechanical, cathode rod, or other means. Make sure that no grease, wear
particles, or other outside dirt enters the electroforming system by virtue of the agitation system.

Alloy Electroforming

Alloy electroforming using high-strength materials, such as nickel-cobalt, cobalt-tungsten, and even more complex alloys
involving tungsten and the iron group metals, has made some inroads for special applications. Microfabrication of
sensors, maskless jet systems, miniature computer components, and a host of newer devices rely on the properties of
many electrodeposited alloys and the precision of electroforming to produce such items. Bath chemistries, deposition
parameters (in some cases requiring pulse plating control), and fixturing are all very critical to control for optimal
production of these advanced products.

Future Applications

Such developments as composition-modulated alloys, nanophase composites, nonaqueous plating baths, and advanced
pulsed current controls are expected to open the field of electroforming to more complex and innovative applications.

Electroless Nickel Plating

Revised by Donald W. Baudrand, MacDermid Inc.

Introduction

ELECTROLESS NICKEL PLATING is used to deposit nickel without the use of an electric current. The coating is
deposited by an autocatalytic chemical reduction of nickel ions by hypophosphite, aminoborane, or borohydride
compounds. Two other methods have been used commercialy for plating nickel without electric current, including (1)
immersion plating on steel from solutions of nickel chloride and boric acid at 70 °C (160 °F) and (2) decomposition of
nickel carbonyl vapor at 180 °C (360 °F). Immersion deposits, however, are poorly adherent and nonprotective, while the
decomposition of nickel carbonyl is expensive and hazardous. Accordingly, only electroless nickel plating has gained
wide acceptance.

Since gaining commercia use in the 1950s, electroless nickel plating has grown rapidly and now is an established
industrial process. Currently, hot acid hypophosphite-reduced baths are most frequently used to plate steel and other



metals, whereas warm alkaline hypophosphite baths are used for plating plastics and honmetals. Borohydride-reduced
baths are also used to plate iron and copper alloys, especially in Europe.

Electroless nickel is an engineering coating, normally used because of excellent corrosion and wear resistance. Electroless
nickel coatings are also frequently applied on aluminum to provide a solderable surface and are used with molds and dies
to improve lubricity and part release. Because of these properties, electroless nickel coatings have found many
applications, including those in petroleum, chemicals, plastics, optics, printing, mining, aerospace, nuclear, automotive,
electronics, computers, textiles, paper, and food machinery (Ref 1). Some advantages and limitations of electroless nickel
coatings include:

Advantages

Good resistance to corrosion and wear
Excellent uniformity

Solderability and brazeability

Low labor costs

Limitations

Higher chemical cost than electroplating

Brittleness

Poor welding characteristics due to contamination of nickel plate with nickel phosphorus deposits

Need to copper strike plate alloys containing significant amounts of lead, tin, cadmium, and zinc before
electroless nickel can be applied

Slower plating rate, as compared to electrolytic methods

Reference

1. K. Parker, "Recent Advancesin Electroless Nickel Deposits, 8th Interfinish Conference," 1972 (Basel)
Bath Composition and Characteristics

Electroless nickel coatings are produced by the controlled chemical reduction of nickel ions onto a catalytic surface. The
deposit itself is catalytic to reduction, and the reaction continues as long as the surface remains in contact with the
electroless nickel solution. Because the deposit is applied without an electric current, its thickness is uniform on all areas
of an article in contact with fresh solution.

Electroless nickel solutions are blends of different chemicals, each performing an important function. Electroless nickel
solutions contain:

A source of nickel, usually nickel sulfate

A reducing agent to supply electrons for the reduction of nickel

Energy (heat)

Complexing agents (chelators) to control the free nickel available to the reaction

Buffering agents to resist the pH changes caused by the hydrogen generated during deposition
Accelerators (exultants) to help increase the speed of the reaction

Inhibitors (stabilizers) to help control reduction

Reaction byproducts

The characteristics of an electroless nickel bath and its deposit are determined by the composition of these components.

Reducing Agents



A number of different reducing agents have been used in preparing electroless nickel baths, including sodium
hypophosphite, aminoboranes, sodium borohydride, and hydrazine.

Sodium Hypophosphite Baths. The magjority of electroless nickel used commercialy is deposited from solutions
reduced with sodium hypophosphite. The principal advantages of these solutions over those reduced with boron
compounds or hydrazine include lower cost, greater ease of control, and better corrosion resistance of the deposit.

Several mechanisms have been proposed for the chemical reactions that occur in hypophosphite-reduced electroless
nickel plating solutions. The most widely accepted mechanism isillustrated by the following equations:

(H,PO,) +H,O Czt:zs{ ® H” +(HP03)‘2 +2H,,. (Eq 1)
Nis + 2Has® Ni + 2H" (Eq 2)
(H2PO2)" + Hyps® H,O+ OH™ + P (Eq 3)
(HaPOy) + Hx0® H + (HPO3)® + Hy (Eq 4)

In the presence of a catalytic surface and sufficient energy, hypophosphite ions are oxidized to orthophosphite. A portion
of the hydrogen given off is absorbed onto the catalytic surface (Eq 1). Nickel at the surface of the catalyst is then reduced
by the absorbed active hydrogen (Eq 2). Simultaneously, some of the absorbed hydrogen reduces a small amount of the
hypophosphite at the catalytic surface to water, hydroxyl ion, and phosphorus (Eq 3). Most of the hypophosphite present
is catalytically oxidized to orthophosphite and gaseous hydrogen (Eq 4) independently of the deposition of nickel and
phosphorus, causing the low efficiency of electroless nickel solutions. Usually 5 kg (10 Ib) of sodium hypophosphite is
required to reduce 1 kg (2 Ib) of nickel, for an average efficiency of 37% (Ref 2, 3).

Early electroless nickel formulations were ammoniacal and operated at high pH. Later, acid solutions were found to have
several advantages over alkaline solutions. Among these are higher plating rate, better stability, greater ease of control,
and improved deposit corrosion resistance. Accordingly, most hypophosphite reduced electroless nickel solutions are
operated between 4 and 5.5 pH. Compositions for alkaline and acid plating solutions are listed in Table 1 (Ref 2, 3, 4, 5).

Table 1 Hypophosphite-reduced electroless nickel plating solutions

Constituent or | Alkaline Acid
condition

Bath 1 Bath 2 Bath 3 Bath 4 Bath 5 Bath 6

Composition

Nickel chloride, g/L (oz/gal) 45 (6) 30(4) 30 (4)

Nickel sulfate, g/L (0z/gal) 21(28) | 3445 |45(6)

Sodium hypophosphite, g/L (oz/gal) | 11(1.5) | 10(1.3) |10(1.3) |24(32) |35(47) | 10(L3)

Ammonium chloride, g/L (oz/gal) 50 (6.7) 50 (6.7)

Sodium citrate, g/L (oz/gal) 100 (13.3)




Ammonium citrate, g/L (0z/ga) 65 (8.6)

Ammonium hydroxide TopH TopH

Lactic acid, g/L (oz/gad) 28 (3.7)

Malic acid, g/L (oz/gal) 35(4.7)

Amino-acetic acid, g/L (oz/gal) 40 (5.3)

Sodium hydroxyacetate, g/L (oz/gal) 10 (1.3)

Propionic acid, g/L (oz/gal) 2.2(0.3)

Acetic acid, g/L (oz/gal) 10 (1.3)

Succinic acid, g/L (oz/gal) 10 (1.3)

Lead, ppm 1

Thiourea, ppm 1

Operating conditions

pH 8.5-10 8-10 4-6 4.3-4.6 4555 4555

Temperature, °C (°F) 90-95 90-95 88-95 88-95 88-95 88-95
(195-205) | (195-205) | (190-205) | (190-205) | (190-205) | (190-205)

Plating rate, um/h (mil/h) 10 (0.4) 8(0.3) 10(04) | 25(1) 25(1) 25(1)

Aminoborane Baths. The use of aminoboranes in commercia electroless nickel plating solutions has been limited to
two compounds. N-dimethylamine borane (DMAB)-(CHs3), NHBH3, and H-diethylamine borane (DEAB)--(C:Hs),
NHBH;. DEAB is used primarily in European facilities, whereas DMAB is used principaly in the United States. DMAB
is readily soluble in agueous systems. DEAB must be mixed with a short chain aliphatic acohol, such as ethanol, before it

can be dissolved in the plating solution.

Aminoborane-reduced electroless nickel solutions have been formulated over wide pH ranges, although they are usually
operated between 6 and 9 pH. Operating temperatures for these baths range from 50 to 80 °C (120 to 180 °F), but they
can be used at temperatures as low as 30 °C (90 °F). Accordingly, aminoborane baths are very useful for plating plastics
and nonmetals, which is their primary application. The rate of deposition varies with pH and temperature, but is usualy 7
to 12 um/h (0.3 to 0.5 mil/h). The boron content of the deposit from these baths varies between 0.4 and 5%. Compositions

and operating conditions for aminoborane baths are listed in Table 2 (Ref 2, 5, 6).

Table 2 Aminoborane- and borohydride-reduced electroless nickel plating solutions




Constituent or | Aminoborane Borohydride
condition

Bath 7 Bath 8 Bath 9 Bath 10
Composition
Nickel chloride, g/L (oz/gal) 30 (4) 24-48 (3.2-6.4) 20(2.7)
Nickel sulfate, g/L (oz/gal) 50 (6.7)
DMAB, g/L (oz/gal) 3-4.8(0.4-0.64) | 3(0.4)
DEAB, g/L (0z/gd) 3(0.9)
Isopropanol, mL (fluid 0z) 50 (1.7)
Sodium citrate, g/L (oz/gal) 10 (1.3)
Sodium succinate, g/L (oz/gal) 20(2.7)
Potassium acetate, g/L (0z/gal) 18-37 (2.4-4.9)
Sodium pyrophosphate, g/L (0z/gal) 100 (13.3)
Sodium borohydride, g/L (oz/gal) 0.4 (0.05)
Sodium hydroxide, g/L (0z/gal) 90 (12)
Ethylene diamine, 98%, g/L (oz/gal) 90 (12)
Thallium sulfate, g/L (oz/gal) 0.4 (0.05)
Operating conditions
pH 5-7 55 10 14
Temperature, °C (°F) 65 (150) | 70(160) 25 (77) 95 (205)
Plating rate, pm/h (mil/h) 7-12(0.5) | 7-12 (0.5) 15-20 (0.6-0.8)




Sodium Borohydride Baths. The borohydride ion is the most powerful reducing agent available for electroless nickel
plating. Any water-soluble borohydride may be used, although sodium borohydride is preferred.

In acid or neutral solutions, hydrolysis of borohydride ionsis very rapid. In the presence of nickel ions, nickel boride may
form spontaneoudly. If the pH of the plating solution is maintained between 12 and 14, however, nickel boride formation
is suppressed, and the reaction product is principally elemental nickel. One mol of sodium borohydride can reduce
approximately one mol of nickel, so that the reduction of 1 kg (2 Ib) of nickel requires 0.6 kg (1 Ib) of sodium
borohydride. Deposits from borohydride-reduced electroless nickel solutions contain 3 to 8 wt% B.

To prevent precipitation of nickel hydroxide, complexing agents, such as ethylene diamine, that are effective between 12
to 14 pH must be used. Such strong complexing agents, however, decrease the rate of deposition. At an operating
temperature of 90 to 95 °C (195 to 205 °F), the plating rate of commercial baths is 25 to 30 um/h (1 to 1.2 mil/h).
Compositions of a borohydride-reduced e ectroless nickel bath are a'so shown in Table 2 (Ref 6).

During the course of reduction, the solution pH decreases, requiring constant additions of an akali hydroxide.
Spontaneous solution decomposition may occur if the bath pH is alowed to fall below 12. Because of the high operating
pH, borohydride plating baths cannot be used for aluminum substrates (Ref 2, 5, 7).

Hydrazine Baths. Hydrazine has also been used to produce electroless nickel deposits. These baths operate at 90 to 95
°C (195 to 205 °F) and 10 to 11 pH. Their plating rate is approximately 12 um/h (0.5 mil/h). Because of the instability of
hydrazine at high temperatures, however, these baths tend to be very unstable and difficult to control.

Whereas the deposit from hydrazine-reduced solutions is 97 to 99% N, it does not have a metallic appearance. The
deposit is brittle and highly stressed with poor corrosion resistance. The stress and brittleness are likely due to
codeposition of small amounts of basic nickel salts, Ni(OH),, and nitrogen. Unlike hypophosphite- and boron-reduced
nickels, hardness from a hydrazine-reduced electroless nickel has very little commercial use (Ref 2).

Energy

The amount of energy or heat present in an electroless nickel solution is one of the most important variables affecting
coating deposition. In a plating bath, temperature is a measure of its energy content.

Temperature has a strong effect on the deposition rate of acid hypophosphite-reduced solutions. The rate of deposition is
usualy very low at temperatures below 65 °C (150 °F), but increases rapidly with increased temperature (Ref 5). Thisis
illustrated in Fig. 1, which gives the results of tests conducted using bath 3 in Table 1 (Ref 7). The effect of temperature
on deposition in boron-reduced solutions is similar. At temperatures above 100 °C (212 °F), electroless nickel solutions
may decompose. Accordingly, the preferred operating range for most solutionsis 85 to 95 °C (185 to 205 °F).
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Fig. 1 Effect of solution temperature on the rate of deposition. Tests conducted on bath 3 at 5 pH

Complexing Agents

To avoid spontaneous decomposition of electroless nickel solutions and to control the reaction so that it occurs only on
the catalytic surface, complexing agents are added. Complexing agents are organic acids or their salts, added to control

the amount of free nickel available for reaction. They act to stabilize the solution and to retard the precipitation of nickel
phosphite.

Complexing agents also buffer the plating solution and prevent its pH from decreasing too rapidly as hydrogen ions are

produced by the reduction reaction. Ammonia, hydroxides, or carbonates, however, may aso have to be added
periodically to neutralize hydrogen.

Origina electroless nickel solutions were made with the salts of glycolic, citric, or acetic acids. Later baths were prepared
using other polydentate acids, including succinic, glutaric, lactic, propionic, and aminoacetic. The complexing ability of
an individual acid or group of acids varies, but may be quantified by the amount of orthophosphite that can be held in
solution without precipitation (Ref 2, 8). This is illustrated in Fig. 2, which shows the maximum solubility of
orthophosphite in solutions complexed with citric and glycolic acids as a function of pH (Ref 9). The complexing agent

used in the plating solution can also have a pronounced effect on the quality of the deposit, especially on its phosphorus
content, internal stress, and porasity (Ref 8).
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Fig. 2 Limits of solubility for orthophosphite in electroless nickel solutions. Solutions contain 30 g/L (4 oz/gal)
nickel chloride (NiCl,) and 10 g/L (1.3 oz/gal) sodium hypophosphite (NaH,PO,). d, without a complexing
agent; =, with 15 g/L (2 oz/gal) citric acid; V, with 39 g/L (5.2 oz/gal) glycolic acid; &, with 78 g/L (10 oz/gal)
glycolic acid.

Accelerators

Complexing agents reduce the speed of deposition and can cause the plating rate to become uneconomically slow. To
overcome this, organic additives, called accelerators or exultants, are often added to the plating solution in small amounts.
Accelerators are thought to function by loosening the bond between hydrogen and phosphorous atoms in the
hypophosphite molecule, allowing it to be more easily removed and absorbed onto the catalytic surface. Accelerators
activate the hypophosphite ion and speed the reaction shown in Eq 1 (Ref 2, 3). In hypophosphite-reduced solutions,
succinic acid is the accelerator most frequently used. Other carbonic acids, soluble fluorides, and some solvents, however,
have also been used (Ref 2). The effect of succinate additions upon deposition rateisillustrated in Fig. 3 (Ref 3).
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Fig. 3 Effect of succinate additions on the plating rate of an electroless nickel solution. Solutions contain 16 g/L
(2.1 oz/gal) nickel chloride (NiCl,) and 24 g/L (3.2 oz/gal) sodium hypophosphite (NaH,PO,). 5 g/L (0.7 oz/gal)
ammonium hydroxide (NH,OH) and 1 mg/L (4 mg/gal) lead at 5 pH and 95 °C (205 °F).

Inhibitors

The reduction reaction in an electroless nickel plating bath must be controlled so that deposition occurs at a predictable
rate and only on the substrate to be plated. To accomplish this, inhibitors, also known as stabilizers, are added. Electroless
nickel plating solutions can operate for hours or days without inhibitors, only to decompose unexpectedly. Decomposition
is usudly initiated by the presence of colloidal, solid particles in the solution. These particles may be the result of the
presence of foreign matter (such as dust or blasting media), or may be generated in the bath as the concentration of
orthophosphite exceeds its solubility limit. Whatever the source, the large surface area of the particles catalyzes reduction,
leading to a self-accelerating chain reaction and decomposition. Thisis usually preceded by increased hydrogen evolution
and the appearance of a finely divided black precipitate throughout the solution. This precipitate consists of nickel and
either nickel phosphide or nickel boride.

Spontaneous decomposition can be controlled by adding trace amounts of catalytic inhibitors to the solution. These
inhibitors are absorbed on any colloidal particles present in the solution and prevent the reduction of nickel on their
surface. Traditionaly, inhibitors used with hypophosphite-reduced electroless nickel have been of three types: sulfur
compounds, such as thiourea; oxy anions, such as molybdates or iodates; and heavy metals, such as lead, bismuth, tin, or
cadmium. More recently, organic compounds, including oleates and some unsaturated acids, have been used for some
functiona solutions. Organic sulfide, thio compounds, and metas, such as selenium and thallium, are used to inhibit
aminoborane- and borohydride-reduced electroless nickel solutions.

The addition of inhibitors can have harmful as well as beneficial effects on the plating bath and its deposit. In small
amounts, some inhibitors increase the rate of deposition and/or the brightness of the deposit; others, especially metals or
sulfur compounds, increase internal stress and porosity and reduce ductility, thus reducing the ability of the coating to
resist corrosion and wear (Ref 2, 3, 5).

The amount of inhibitor used is critical. The presence of only about 1 mg/L (4 mg/gal) of HS ion completely stops
deposition, whereas at a concentration of 0.01 mg/L (0.04 mg/gal), this ion is an effective inhibitor. The effect of lead
additions on a hypophosphite-reduced succinate bath at pH 4.6 and 95 °C (205 °F) is shown in Fig. 4 (Ref 3). The tests
illustrated in Fig. 4 also showed that baths containing less than 0.1 mg/L (0.4 mg/gal) Pb** decomposed rapidly, whereas
baths containing higher concentrations were stable. Excess inhibitor absorbs preferentialy at sharp edges and corners,
resulting in incomplete coverage (edge pull back) and porosity.
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Fig. 4 Effect of lead additions on plating rate in a hypophosphite-reduced succinate-based bath. Bath at 4.6 pH
and 95 °C (205 °F). Solutions containing less than 0.1 mg (0.4 mg/gal) Pb®* were unstable.

Reaction Byproducts

During electroless nickel deposition, the byproducts of the reduction, orthophosphite or borate and hydrogen ions, as well
as dissolved metals from the substrate accumulate in the solution. These can affect the performance of the plating bath.

Orthophosphite. As nickel is reduced, orthophosphite ion (HPO? ) accumulates in the solution and at some point

interferes with the reaction. As the concentration of orthophosphite increases, there is usually a small decrease in the
deposition rate and a small increase in the phosphorus content of the deposit. Ultimately the accumulation of
orthophosphite in the plating solution results in the precipitation of nickel phosphite, causing rough deposits and
spontaneous decomposition. Orthophaosphite ion also codeposits with nickel and phosphorus, creating a highly stressed,
porous deposit.

The solubility of phosphite in the solution is increased when complexing agents, such as citric or glycolic acids, are
added. This effect is shown in Fig. 2. However, the use of strong complexors, in other than limited quantities, tends to
reduce the deposition rate and increase the porosity and brittleness of the deposit (Ref 8).

Borates. The accumulation of metaborate ion ( BO, ) from the reduction of borohydride or of boric acid (H;BOs) from

the reduction of aminoboranes has little effect on electroless nickel plating baths. Both borohydride and aminoborate
baths have been operated through numerous regenerations with only a dight decrease in plating rate and without
decomposing. With aminoborane-reduced solutions, the solubility of boric acid is probably increased by the presence of
amine through the formation of a complex aminoborate (Ref 10).

Hydrogen ions (H™), produced by the reduction reaction, cause the pH of the bath to decrease. The amount of
hydrogen produced, however, depends on the reducing agent being used. Because they are less efficient, hypophosphite-
reduced solutions tend to generate more hydrogen ions than those reduced with boron compounds.

The pH of the bath has a strong effect on both solution operation and the composition of the deposit. Thisisillustrated in
Fig. 5, which shows the plating rate and deposit phosphorus content resulting from varying solution pH values in a bath
containing 33 g/L (4.4 oz/gal) of nickel sulfate and 20 g/L (2.7 oz/gal) of sodium hypophosphite at 82 °C (180 °F) (Ref
11).
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Fig. 5 Effect of solution pH on deposition rate and deposit phosphorus content

To retard pH changes and to help keep operating conditions and deposit properties constant, buffers are included in
electroless nickel solutions. Some of the most frequently used buffers include acetate, propionate, and succinate salts.
Additions of alkaline materials, such as hydroxide, carbonate solutions, or ammonia, are also required periodicaly to
neutralize the acid formed during plating.
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Properties of Electroless Nickel-Phosphorus Coatings

Hypophosphite-reduced electroless nickel is an unusual engineering material, because of both its method of application
and its unigque properties. As applied, nickel-phosphorus coatings are uniform, hard, relatively brittle, lubricious, easily
solderable, and highly corrosion resistant. They can be precipitation hardened to very high levels through the use of low-
temperature treatments, producing wear resistance equal to that of commercia hard chromium coatings. This combination
of properties makes the coating well suited for many severe applications and often allows it to be used in place of more
expensive or less readily available adloys.

Structure. Hypophosphite-reduced electroless nickel is one of the very few metalic glasses used as an engineering
material. Depending on the formulation of the plating solution, commercia coatings may contain 6 to 12% P dissolved in
nickel, and as much as 0.25% of other elements. As applied, most of these coatings are amorphous; they have no crysta
or phase structure. Their continuity, however, depends on their composition. Coatings containing more than 10% P and
less than 0.05% impurities are typically continuous. A cross section of one of these coatingsis shown in Fig. 6.

Fig. 6 Cross section of a 75 pum (3 mils) thick electroless nickel deposit. Contains approximately 10%
phosphorus and less than 0.05% other elements. 400x

Coatings with lower phosphorus content, especialy those applied from baths stabilized with heavy metals or sulfur
compounds, are often porous. These deposits consist of columns of amorphous material separated by cracks and holes.
The presence of such discontinuities has a severe effect on the properties of the deposit, especially on ductility and
corrosion resistance.

As electroless nickel-phosphorus is heated to temperatures above 220 to 260 °C (430 to 500 °F), structural changes begin
to occur. First, coherent and then distinct particles of nickel phosphite (NisP) form within the alloy. Then, at temperatures
above 320 °C (610 °F), the deposit begins to crystallize and lose its amorphous character. With continued heating, nickel
phosphite particles conglomerate and a two-phase aloy forms. With coatings containing more than 8% P, a matrix of
nickel phosphite forms, whereas almost pure nickel is the predominant phase in deposits with lower phosphorus content.
These changes cause a rapid increase in the hardness and wear resistance of the coating, but cause its corrosion resistance
and ductility to bereduced (Ref 2, 12, 13, 14).

Internal stress in electroless nickel coatings is primarily a function of coating composition. As illustrated in Fig. 7,
stress in coatings used on steel containing more than 10% P is neutral or compressive (Ref 15). With lower phosphorus
deposits, however, tensile stresses of 15 to 45 MPa (2.2 to 6.5 ksi) develop because of the difference in thermal expansion
between the deposits and the substrate. The high level of stressin these coatings promotes cracking and porosity (Ref 12).
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Fig. 7 Effect of phosphorus content on the internal stress of electroless nickel deposits on steel

The structural changes during heat treatment at temperatures above 220 °C (430 °F) cause a volumetric shrinkage of
electroless nickel deposits of up to 4 to 6% (Ref 16). This increases tensile stress and reduces compressive stress in the

coating.

Deposit stress can aso be increased by the codeposition of orthophosphites or heavy metals, as well as by the presence of
excess complexing agents in the plating solution. Even small quantities of some metals can produce a severe increase in
stress. The addition of only 5 mg/L (20 mg/gal) of bismuth and antimony to most baths can cause the deposit tensile stress
to increase to as much as 350 MPa (50 ksi). High levels of internal stress also reduce the ductility of the coating and
increase cracking (Ref 2, 16).

When using reported values for stress, it is important to know how the stress was measured. There are several methods
that may yield different results. It is important to know whether intrinsic stress (internal stress of the deposit independent
of basis material) or total stress of the plated system is reported. Total stress includes the effect of differences in
coefficient of thermal expansion of the basis metal and the plated deposit (Ref 17).

Intrinsic stress (Fig. 8) is measured using a spiral contractometer covered by ASTM B 636. Intrinsic stress is found by
taking the initial and final readings at the operating temperature of the plating solution. Reading at room temperature
provides the total stress, but only for the specific basis metal used for the test. It is best to specify intrinsic stress so that
comparison between deposit characteristics can be made (Ref 17).
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Fig. 8 intrinsic stresses as related to bath cycles for four amounts of phosphorus in deposits from acid nickel-
phosphorus solutions. A bath cycle is defined as one complete replacement of nickel in the solution (sometimes
called bath turnover). Nickel content, 6 g/L (0.8 oz/gal); pH, 4.8

The thickness must be constant since stress readings vary with deposit thickness. The ASTM thickness standard is 0.0006
in. (15 um).

Uniformity. One especially beneficial property of electroless nickel is uniform coating thickness. With electroplated
coatings, thickness can vary significantly depending on the shape of the part and the proximity of the part to the anodes.
These variations can affect the ultimate performance of the coating, and additional finishing may be required after plating.
With electroless nickel, the plating rate and coating thickness are the same on any section of the part exposed to fresh
plating solution. Grooves and blind holes have the same amount of coating as the outside of a part.

With electroless nickel, coating thickness can be controlled to suit the application. Coatings as thin as 2.5 um (0.1 mil) are
applied for electronic components, whereas those as thick as 75 to 125 um (3 to 5 mils) are normally used in corrosive
environments. Coatings thicker than 250 um (10 mils) are used for salvage or repair of worn or mismachined parts (Ref
12).

Adhesion of electroless nickel coatings to most metals is excellent. The initial replacement reaction, which occurs with
catalytic metals, together with the associated ability of the baths to remove submicroscopic soils, allows the deposit to
establish metallic as well as mechanical bonds with the substrate. The bond strength of the coating to properly cleaned
stedl or aluminum substrates has been found to be at least 300 to 400 MPa (40 to 60 ksi).

With noncatalytic or passive metals, such as stainless steel, an initial replacement reaction does not occur, and adhesion is
reduced. With proper pretreatment and activation, however, the bond strength of the coating usually exceeds 140 MPa (20

ksi) (Ref 2, 12, 13). With metals such as aluminum, parts baked after plating for 1% hat 190 to 210 °C (37510 410 °F) to

increase the adhesion of the coating. These treatments relieve hydrogen from the part and the deposit and provide a very
minor amount of codiffusion between coating and substrate. Baking parts is most useful where pretreatment has been less
than adequate and adhesion is marginal. With properly applied coatings, baking has only a minima effect on bond
strength (Ref 2, 12, 14).



The adhesion of electroless nickel deposits depends on the quality of the cleaning and preparation steps prior to plating.
Procedures for cleaning and preparation for electroless nickel plating are generally the same as those for electroplating.
One exception is that electrocleaners sometimes cannot be used because of fixturing restraints, making soak cleaning
more critical. See the section "Pretreatments for Electroless Nickel Coatings' in this article for more information.

Physical Properties. The density of electroless nickel coatings is inversely proportional to their phosphorus content.

As shown in Fig. 9, density varies from about 8.5 g/cm?® for very low phosphorus deposit to 7.75 g/cm?® for coatings
containing 10 to 11% P (Ref 2, 13, 18, 19, 20).
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Fig. 9 Effect of phosphorus content on coating density

The thermal and electrical properties of these coatings also vary with composition. For commercial coatings, however,
electrical resistivity and thermal conductivity are generally about 50 to 90 puQ- cm and 0.010 to 0.013 cal/cm - s - °C (2.4

to 3.1 Btu/ft - h - °F), respectively. Accordingly, these coatings are significantly less conductive than conventional
conductors such as copper or silver.

Heat treatments precipitate phosphorus from the alloy and can increase its conductivity by three to four times (Ref 2, 13).
The formulation of the plating solution can also affect conductivity. Tests with baths containing sodium acetate and
succinic acid showed electrical resistivities of 61 and 84 puQ- cm, respectively (Ref 2).

Phosphorus content also has a strong effect on the thermal expansion of electroless nickel. Thisis shown in Fig. 10, which
shows data for deposit stress measurements on different substrates (Ref 15). The coefficient of thermal expansion of high
phosphorus coatings is approximately equal to that of steel. As deposited, coatings containing more than 10% P are
completely nonmagnetic. Lower phosphorus coatings, however, have some magnetic susceptibility. The coercivity of 3 to
6% P coatingsis about 20 to 80 Oe (1592 to 6366 A/m), while that of deposits containing 7 to 9% P istypically 1 to 2 Oe
(80 to 160 A/m). Heat treatments at temperatures above 300 °C (570 °F) improve the magnetic response of electroless
nickel and can provide coercivities of about 100 to 300 Oe (7958 to 23,873 A/m) (Ref 11, 21).
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Mechanical Properties. The mechanical properties of electroless nickel deposits are similar to those of other glasses.
They have high strength, limited ductility, and a high modulus of elasticity. The ultimate tensile strength of commercial
coatings exceeds 700 MPa (102 ksi) and allows the coating to withstand a considerable amount of abuse without damage.
The effect of phosphorus content on the strength and strain at fracture of electroless nickel deposits is shown in Fig. 11
(Ref 22).
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Fig. 11 Effect of deposit phosphorus content on strength and strain at fracture



The ductility of electroless nickd coatings also varies with composition. High phosphorus, high purity coatings have a
ductility of about 1 to 1%% (as elongation). Although this is less ductile than most engineering materials, it is adequate

for most coating applications. Thin films of deposit can be bent completely around themselves without fracture. With
lower phosphorus deposits, or with deposits containing metallic or sulfur impurities, ductility is greatly reduced and may
approach zero (Ref 12, 14).

Hardening type heat treatments reduce both the strength and ductility of electroless nickel deposits. Exposure to
temperatures above 220 °C (428 °F) causes an 80 to 90% reduction in strength and can destroy ductility. This is
illustrated by Fig. 12, which shows the effect of different 1 h heat treatments on the elongation at fracture of brass panels
coated with 6% P electroless nickel (Ref 11). The modulus of elasticity of electroless nickel coatings containing 7 to 11%
P isabout 200 GPa (29,000 ksi) and is very similar to that of steel.
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Fig. 12 Effect of heat treatment on the ductility of a 6% P electroless nickel coating

Hardness and wear resistance are extremely important properties for many applications. As deposited, the
microhardness of electroless nickel coatings is about 500 to 600 HV 1y, Which is approximately equal to 48 to 52 HRC
and equivaent to many hardened aloy steels. Heat treatment causes these alloys to age harden and can produce hardness
values as high as 1100 HV 1o, equal to most commercial hard chromium coatings (Ref 2, 12). Figure 13 shows the effect

of different 1-h heat treatments on the hardness of electroless nickel containing 10% % P (Ref 2).



Temperature, "F

200 400 600 200 1000 1200
1100 T T T T T T

ao0

Hardness, HV

BOO
A\

700 /
/

/

100 200 300 400 500 600 700

Termperature, °C

500
0

. 1 . .
Fig. 13 Effect of heat treatment on hardness of 105% P electroless nickel coating

For some applications, high-temperature treatments cannot be tolerated because parts may warp, or the strength of the
substrate may be reduced. For these applications, longer times and lower temperatures are sometimes used to obtain the
desired hardness. Thisisillustrated in Fig. 14, which shows the effect of different trestment periods on the hardness of a

coating containing 10%% P (Ref 12). ASTM specification B 578 requires that the Knoop hardness method be used for
plated deposits. However, Vickers hardness numbers have been widely used (Ref 23, 24, 25).



111][] r .
400 °C (750 °F)

1000 /,_
/ / ——-—29;:&“'(‘.{555 °F)
o ﬂ""*f‘:am“:: (590 °F)
/ — 1

Hardness, HY

230 °C (445 °F)
-

60D ,
/ 200 °C (390 °F)
P

50017

800 - |
’ / 260 °C (500 °F)
100 ,/

400
0 4 8 12 16 20 24

Treatment period, h

Fig. 14 Effect of different heat treatment periods on hardness of a high-phosphorus electroless nickel coating

Electroless nickel coatings also have excellent hot hardness. To about 400 °C (750 °F), the hardness of heat-treated
electroless nickel is equal to or better than that of hard chromium coatings. As-deposited coatings also retain their
hardness to this temperature, although at a lower level. The effect of elevated temperature on a 10% P coating is shown in
Fig. 15 (Ref 26, 27).
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Because of their high hardness, electroless nickel coatings have excellent resistance to wear and abrasion, both in the as-

deposited and hardened conditions. Taber Abraser Index values for electroless nickel and for electrodeposited nickel and
chromium are summarized in Table 3 (Ref 28, 29, 30).

Table 3 Comparison of the Taber abraser resistance of different engineering coatings

Coating Heat treatment | Taber wear
for 1h index,
mg/1000
cycles®
OC OF
Watts nickel None | None | 25

Electroless Ni-P® | None | None | 17

Electroless Ni-P® | 300 570 10

Electroless Ni-P® | 500 930 6

Electroless Ni-P® | 650 1200 | 4




Electroless Ni-B© | None | None |9

Electroless Ni-B© | 400 750 3

Hard chromium None | None | 2

(@) CS-10 abraser wheels, 1000 g load, determined as average weight loss per 1000 cyclesfor total test of 6000 cycles.
(b) Hypophosphite-reduced electroless nickel containing approximately 9% P.

(c) Borohydride-reduced electroless nickel containing approximately 5% B

Tests with electroless nickel-coated vee-blocks in a Falex Wear Tester have shown a similar relationship between heat
treatment and wear and confirmed the coating to be equal to hard chrome under ubricated wear conditions (Ref 14, 28).
The effect of phosphorus content on the wear experienced by electroless nickel coatings under lubricated conditions is
summarized in Fig. 16. These rotating ball tests showed that after heat treatment, high phosphorus deposits provide the
best resistance to adhesive wear (Ref 6, 31).
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Fig. 16 Effect of phosphorus content on the wear of electroless nickel coatings in rotating ball tests

Frictional properties of electroless nickel coatings are excellent and similar to those of chromium. Their phosphorus
content provides a natura lubricity, which can be very useful for applications such as plastic molding. The coefficient of
friction for electroless nickel versus steel is about 0.13 for lubricated conditions and 0.4 for unlubricated conditions. The
frictional properties of these coatings vary little with either phosphorus content or with heat treatment (Ref 2, 28, 31).



Solderability. Electroless nickel coatings can be easily soldered and are used in electronic applications to facilitate
soldering such light metals as aluminum. For most components, rosin mildly activated (RMA) flux is specified along with
conventional tin-lead solder. Preheating the component to 100 to 110 °C (212 to 230 °F) improves the ease and speed of
joining. With moderately oxidized surfaces, such as those resulting from steam aging, activated rosin (RA) flux or organic
acid is usualy required to obtain wetting of the coating (Ref 2, 32).

Corrosion Resistance. Electroless nickel is a barrier coating, protecting the substrate by sealing it off from the
environment, rather than using sacrificial action. Therefore, the deposit must be free of pores and defects. Because of its
amorphous nature and passivity, the coating's corrosion resistance is excellent and, in many environments, superior to that
of pure nickel or chromium alloys. Amorphous alloys have better resistance to attack than equivaent polycrystalline
materials, because of their freedom from grain or phase boundaries, and because of the glassy films that form on and
passivate their surfaces. Some examples of the corrosion experienced in different environments are shown in Table 4 (Ref
2, 16, 30, 33). The resistance to attack in neutral and acidic environments is increased as the phosphorus content is
increased in the deposit. The reverse istrue in alkaline corrosive environments.

Table 4 Corrosion of electroless nickel coatings in various environments

Environment Temperature | Corrosion rate

Electroless Electroless
nickel-phosphorus® | nickel-boron®

°C °F pm/yr mil/yr pm/yr | millyr

Actic acid, glacia 20 68 0.8 0.03 84 33
Acetone 20 68 0.08 0.003 Nil Nil
Aluminum sulfate, 27% 20 68 5 0.2

Ammonia, 25% 20 68 16 0.6 40 16
Ammonianitrate, 20% 20 |68 15 0.6 © ©
Ammonium sulfate, saturated 20 68 3 0.1 35 0.14
Benzene 20 68 Nil Nil Nil Nil

] 1 95 205 5 0.2
Brine, 35 % salt, CO, saturated

. 1 95 205 Nil Nil
Brine, 35 % salt, H,S saturated
Calcium chloride, 42% 20 68 0.2 0.008

Carbon tetrachloride 20 68 Nil Nil Nil Nil




Citric acid, saturated 20 68 7 0.3 42 17
Cupric chloride, 5% 20 68 25 1

Ethylene glycol 20 68 0.6 0.02 0.2 0.008
Ferric chloride, 1% 20 68 200 8

Formic acid, 88% 20 68 13 0.5 90 35
Hydrochloric acid, 5% 20 68 24 0.9

Hydrochloric acid, 2% 20 68 27 11

Lactic acid, 85% 20 68 1 0.04

Lead acetate, 36% 20 68 0.2 0.008

Nitric acid, 1% 20 68 25 2

Oxalic acid, 10% 20 68 3 0.1

Phenol, 90% 20 68 0.2 0.008 Nil Nil
Phosphoric acid, 85% 20 68 3 0.1 © ©
Potassium hydroxide, 50% 20 68 Nil Nil Nil Nil
Sodium carbonate, saturated 20 68 1 0.04 Nil Nil
Sodium hydroxide, 45% 20 68 Nil Nil Nil Nil
Sodium hydroxide, 50% 95 205 |02 0.008

Sodium sulfate, 10% 20 68 0.8 0.03 11 0.4
Sulfuric acid, 65% 20 68 9 04

Water, acid mine, 3.3 pH 20 68 7 0.3

Water, distilled, N, deaerated 100 | 212 | Nil Nil Nil Nil




Water, distilled, O, saturated 95 205 Nil Nil Nil Nil

1 95 205 Nil Nil
Water, sea(SE%galt)

) Hypophosphite reduced electroless nickel containing approximately 10% % P.

(b) Borohydride reduced electroless nickel containing approximately 5% B.

(c) Very rapid. Specimen dissolved during test

Effect of Composition. The corrosion resistance of an electroless nickel coating is a function of its composition. Most
deposits are naturally passive and very resistant to attack in most environments. Their degree of passivity and corrosion
resistance, however, is greatly affected by their phosphorus content. Alloys containing more than 10% P are more
resistant to attack than those with lower phosphorus contents (Ref 16, 18) in neutral or acidic environments. Alloys
containing low phosphorus (3 to 4%) are more resistant to strong alkaline environments than high phosphorus deposits.

Often the tramp constituents present in an electroless nickel are even more important to its corrosion resistance than its
phosphorus content. Most coatings are applied from baths inhibited with lead, tin, cadmium, or sulfur. Codeposition of
these elements in more than trace amounts causes the corrosion resistance to be decreased by 5 to 40 times (Ref 16).

Effect of Heat Treatment. One of the most important variables affecting the corrosion of electroless nickel isits heat
treatment. As nickel-phasphorus deposits are heated to temperatures above 220 °C (430 °F), nickel phosphide particles
begin to form, reducing the phosphorus content of the remaining material. This reduces the corrosion resistance of the
coating. The particles also create small active/passive corrosion cells, further contributing to the destruction of the
deposit. The deposit also shrinks as it hardens, which can crack the coating and expose the substrate to attack. The effect

of these changesisillustrated in Table 5, which shows the results of tests with a 10% % P deposit heat treated to represent

different commercial treatments and then exposed to 10% hydrochloric acid at ambient temperature (Ref 16). Baking at
190 °C (375 °F), similar to the treatment used for hydrogen embrittlement relief, caused no significant increase in
corrosion. Hardening, however, caused the corrosion rate of the deposit to increase from 15 #m/yr (0.6 mil/yr) to more
than 900 um/yr (35 mils/yr). Tests in other environments showed a similar reduction in resistance after hardening. Where
corrosion resistance is required, hardened coatings should not be used (Ref 16).

Table 5 The effect of heat treatment on the corrosion of a 10%% P electroless nickel deposit in 10%

hydrochloric acid

Heat Deposit Corrosion
treatment hardness, | rate
HV 100
pm/yr [ millyr

None 480 15 0.6




190 °C (375 °F) for 1% h

500 20 0.8

290 °C (550 °F) for 6h | 900 1900 | 75
290 °C (550 °F) for 10h | 970 1400 | 55
340 °C (650 °F) for4h | 970 900 |35
400 °C (750°F) for1h | 1050 1200 | 47
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Properties of Electroless Nickel-Boron Coatings

The properties of deposits from borohydride- or aminoborane-reduced baths are similar to those of electroless nickel-
phosphorus alloys with a few exceptions. The hardness of nickel-boron alloys is very high, and these alloys can be heat
treated to levels equal to or greater than that of hard chromium. Nickel-boron coatings have outstanding resistance to wear
and abrasion. These coatings, however, are not completely amorphous and have reduced resistance to corrosive
environments; furthermore, they are much more costly than nickel-phosphorus coatings. The physical and mechanical
properties of borohydride-reduced electroless nickel are summarized in Table 6 (Ref 2, 6, 34). For comparison, the

properties of a hypophosphite-reduced coating containing 10% % P are aso listed (Ref 12).

Table 6 Physical and mechanical properties of electroless nickel-boron and nickel-phosphorus deposits
Properties are for coatings in the as-deposited condition, unless noted.

Property Electroless Electroless
nickel- nickel-
boron® phosphor us®

Density, g/cm® (Ib/in.%) 8.25 (2.98) 7.75 (2.8)

Melting point, °C (°F) 1080 (1980) 890 (1630)

Electrical resistivity, pQ- cm 89 20

Thermal conductivity, W/m - K (cal/cm - s - °C) o 4(0.01)

Coefficient of thermal expansion (22-100 °C, or 72-212 °F), um/m - °C (uin./in. - °F) | 12.6 (7.1) 12 (6.7)

Magnetic properties Very weakly ferromagnetic | Nonmagnetic

Internal stress, MPa (ksi) 110 (16) Nil

Tensile strength 110 (16) 700 (100)

Ductility, % elongation 0.2 1.0

Modulus of elasticity, GPa (10° psi) 120 (17) 200 (29)




As-deposited hardness, HV o0 700 500
Heat-treated hardness, 400 °C (750 °F) for 1 h, HV g9 1200 1100
Coefficient of friction vs steel, lubricated 0.12 0.13
Wear resistance, as-deposited, Taber mg/1000 cycles 9 18
Wear resistance, heat treated 400 °C (750 °F) for 1 h, Taber mg/1000 cycles 3 9

(a) Borohydride-reduced electroless nickel containing approximately 5% B.

1
) Hypophosphite-reduced electroless nickel containing approximately 105 % P.

Structure and Internal Stress. The boron content of electroless nickel reduced with DMAB or DEAB can vary
from 0.2 to 4% depending on bath formulation and operation. Commercial borohydride-reduced coatings typically
contain 3 to 5% B. Unlike nickel-phosphorus coatings in the as-deposited condition, electroless nickel-boron contains
crystalline nickel mixed with nickel-boron (typically Ni,B) glass. These coatings also are not totally homogeneous and
consist of phases of different composition (Ref 2, 7, 35).

During heating, electroless nickel-boron age hardens in the same manner as nickel-phosphorus alloys. At temperatures
over 250 °C (480 °F), particles of nickel boride (NisB) form, and at 370 to 380 °C (700 to 715 °F), the coating
crystallizes. The final structure of hardened nickel-boron coatings consists of nickel-boron intermetallic compounds
(principally NizB and Ni,B) and about 10% Ni (Ref 2, 7, 34).

The internal stress level of nickel-boron deposits is generally high. The effect of boron content and complexing agent on
the stress in DMAB-reduced electroless nickel coatingsis shown in Table 7 (Ref 10). The internal stress of borohydride-
reduced coatings istypically 110 to 200 MPa (16 to 29 ksi) tensile (Ref 34).

Table 7 Effect of boron content and complexing agent on internal stress in DMAB-reduced deposits

Complexing Boron Internal stress®
agent content,
%
MPa ks
Malonate 4.3 120 17.4
Malein-glycine | 1.2 310 44.9

@

. 1 . . . .
Based on tests with 125 um thick coatings on a Brenner-Senderoff Spiral Contractometer. Stresses are tensile.



Physical and mechanical properties of borohydride-reduced electroless nickel are summarized in Table 6 (Ref 2,
6, 34). For comparison, the properties of a hypophosphite-reduced coating containing 10%% P are also listed (Ref 12).

The density of electroless nickel-boron is very similar to that of nickel-phosphorus coatings of equal alloy content. The
density of borohydride-reduced coatings containing 5% B is 8.25 g/cm® in both the as-deposited and heat-treated
condition (Ref 2, 34).

The melting point of nickel-boron coatings is relatively high and can approach that of metallic nickel. Sodium
borohydride reduced coatings melt at 1080 °C (1975 °F), while the melting point of DMAB-reduced coatings varies from
about 1350 to 1390 °C (2460 to 2535 °F) (Ref 2, 34).

The electrical resistivity of 5% B coatingsis similar to that of nickel-phosphorus aloys ranging from 89 uQ- cmin the as-
deposited condition to 43 uQ- cm after heat treatment at 1100 °C (2010 °F). The resistivity of 0.5% B to 1% B ranges
from 10 to 20 pQ- cm. In the as-deposited condition, nickel-boron coatings are very weakly ferromagnetic, with
coercivities about 10% of that of metallic nickel. Their magnetic susceptibility, however, can be increased by heat
treatments at temperatures above 370 °C (700 °F) (Ref 2, 7, 34).

The strength and ductility of nickel-boron coatings containing 5% B is only about one-fifth that of high-phosphorus
deposits. Guided bend tests of panels coated with 5% Ni-B showed it strain at fracture to be 2.5 mm/m (2.5 milg/in.). In
the same test, the breaking strain of a hypophosphite-reduced electroless nickel containing approximately 9% P was 5.3
mm/m (5.3 milg/in.). Unlike nickel-phosphorus coatings, however, heat treatment has little effect on the ductility of
nickel-boron. Asillustrated by Fig. 17, even after 12 h at 400 °C (750 °F), strain at fracture declines by only 15% (Ref 7).
The modulus of elasticity of borohydride-reduced coatings ranges from 120 GPa (17,000 ks) in the as-deposited
condition to 180 GPa (26,000 ksi) for coatings heat treated at 400 °C (750 °F) for 1 h (Ref 34).
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Fig. 17 Effect of heat treatments at 400 °C (752 °F) on the strain at fracture of electroless Ni-5% B and Ni-9%
P coatings

Hardness and Wear Resistance. The principle advantage of electroless nickel-boron is its high hardness and
superior wear resistance. In the as-deposited condition, microhardness values of 650 to 750 HV o are typica for



borohydride-and aminoborane-reduced coatings. After 1-h heat treatments at 350 to 400 °C (660 to 750 °F) hardness
values of 1200 HV 109 can be produced. Thisisillustrated by Fig. 18, which shows the effect of heat treatment temperature
on hardness (Ref 2, 7, 34).
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Fig. 18 Effect of different 1h heat treatments on the hardness and wear resistance of borohydride-reduced
electroless nickel

Long-term treatments (30 to 40 weeks) at temperatures between 200 and 300 °C (390 and 570 °F) can produce hardness
values of 1700 to 2000 HV 10. These low-temperature treatments result in a finer dispersion of nickel boride than do
higher temperatures and in the formation of iron borides (such as Fe,B and Fe;Cy,Bog) Within the coating (Ref 2, 34).

The wear resistance of electroless nickel-boron is exceptional and after heat treatment equals or exceeds that of hard
chromium coatings. Typical Taber wear test results for a 5% B coating is shown in Tables 3 and 6. The effect of heat
treatment and hardness on the wear experienced in rotating ring and block tests (similar to the Alpha LFW-1 test
described in ASTM D 2714) (Ref 35) under nonlubricated conditions is also shown in Fig. 18. Nickel-boron deposits
containing 2.5 to 3% B exhibit similar wear characteristics.

Electroless nickel-boron coatings are naturally lubricious. Their coefficient of friction versus steel istypically 0.12 to 0.13
in the lubricating conditions, and 0.43 to 0.44 for dry wear (Ref 2, 34).

Corrosion Resistance. In general, the corrosion resistance of electroless nickel-boron coatings is less than that of
high-phosphorus alloys. That is illustrated by Table 4, which compares the attack experience by hypophosphite- and
borohydride-reduced coatings in different media. In environments that cause little corrosion of nickel-phosphorus, such as
akalis and solvents, electroless nickel-boron is also very resistant. In environments, however, that cause moderate attack
of nickel-phosphorus, such as acids and anmmonia solutions, nickel-boron coatings can be severely corroded. In strongly
oxidizing media, of course, neither coating is satisfactory.
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Effect of Electroless Nickel Coatings on the Fatigue Strength of Steel

Because of their tendency to crack under cyclic loads, electroless nickel coatings can cause a significant reduction in the
fatigue strength of steel substrates. The magnitude of the reduction, however, depends on the composition, heat treatment,
and thickness of the coating, as well as the original fatigue strength of the steel. Severa investigations have shown that
the use of electroless nickel coatings causes a 10 to 50% reduction in the fatigue strength and endurance limit of steel
substrates (Ref 6, 7, 36, 37, 38). In these tests, fatigue strength of notched specimens was reduced by at least 15%,
whereas unnotched samples showed relatively small reductions.

The loss of fatigue strength has principally been a problem with hypophosphite-reduced coatings containing less than
10% P, and with nickel-boron alloys. These deposits contain high levels of internal tensile stress and under cyclic stress
conditions tend to crack and initiate fatigue failures. Other tests have implied that this is not a significant problem with

high-phosphorus deposits (Ref 39, 40). Coatings containing 10%% or more phosphorus are compressively stressed on
steel and tend to resist cracking.

Heat treatment of electroless nickel coatings tends to exacerbate the decrease in fatigue strength. Heat-treated coatings
tend to be more highly stressed than as-deposited coatings and have a greater tendency to crack. Heat treating a high
phosphorus, compressively stressed coating can cause it to become tensilely stressed (Ref 14). Coatings heat treated at
temperatures above 340 °C (650 °F) also tend to be cracked because of the shrinkage of the alloy. These cracks act as
stress risers and further reduce fatigue resistance. Table 8 shows the effect of different 1-h heat treatments on the fatigue
strength of a 0.42% C steel (C45, Werkstoff 1.0503) coated with 30 p(1.2 mils) of borohydride-reduced el ectroless nickel
(Ref 6). Heat treatments at very high temperatures, 650 to 800 °C (1200 to 1470 °F), produce a thick diffusion zone
between the coating and the substrate, which may eliminate or at least greatly reduce the effect of the coating on fatigue
strength.

Table 8 Effect of heat treatment of an electroless nickel-5% B coating on the fatigue strength of steel

Condition Fatigue strength
MPa ksi
Not coated 350 51
As-deposited 270 39
250°C (480 °F) for 1 h | 260 38




350 °C (660 °F) for 1 h | 245 36

400 °C (750 °F) for 1 h | 270 39

The reduction in fatigue strength produced by electroless nickel depositsis also affected by the thickness of the coating.
Thicker deposits have the greatest effect on fatigue strength. This is illustrated in Fig. 19, which shows the reduction in

strength of a carbon-manganese steel (St52, Werkstoff 1.0580) produced by different thicknesses of a 5% nickel coating
(Ref 6).
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Fig. 19 Effect of coating thickness on the fatigue strength of a carbon-manganese steel
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Pretreatment for Electroless Nickel Coatings

Proper pretreatment can be as important to the successful application of an electroless nickel coating as the actual deposit.
Inadequate cleaning can result in lack of adhesion, roughness, coating porosity, and early failure. The methods used to
clean and prepare a metal surface for electroless nickel plating are similar to those used for conventional e ectroplating,
although more care and control are required. One penetrant that is unique to electroless nickel plating is the application of
a strike copper plate to alloys containing significant amounts of lead, tin, cadmium, or zinc. This ensures adequate
coverage and prevents contamination of the electroless solution.

Pretreatment for Ferrous Alloys

To prepare ferrous alloys properly for electroless nickel plating, the combination of solvent and alkaline degreasing, acid
activation, and electrocleaning are required, with intermediate water rinses. These steps are discussed in other articles in
this Volume. Recommended pretreatment procedures for different ferrous aloys are summarized below:

Carbon and low-alloy steel

agrwbdE
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Soak clean for 10 to 30 min

Rinse

Electrocleanat 5V for 60to 120 s
Rinse

Dip in 30% HCI for 30 to 60 s. Alternatives. 10 to 20% sulfuric acid avoids leaving chloride ions in
pores and thus can improve salt spray resistance. Sulfamic acid and citric acids are also used

beneficially.

Rinse

Electrocleanat 5V for 30to 60 s
Rinse

Plate to thickness

Alloy steel (Cr or Ni > 1%%)

OCOoONO~WNE

Soak clean for 10 to 30 min

Rinse

Electrocleanat 5V for 60to 120 s
Rinse

DipinHCl acid for 30to 60 s
Rinse

Electrocleanat 5V for 30to 60 s
Rinse

Dipin30% HCl for 30to 60 s

. Rinse

. Nickel strike at 2 A/dm? (20 A/ft?) for 60 s
. Rinse

. Plate to thickness

300 or 400 series stainless steel

1
2.
3

Soak clean for 10 to 30 min
Rinse
Electroclean at 5V for 60to 120 s



Rinse

Dipin30% HCI for 60 s

Rinse

Nickel strike at 2 A/dm? (20 A/ft?) for 60 s
Rinse

Plate to thickness

©ooN O A

300 series stainless steel (complex shapes)

Soak clean for 10 to 30 min

Rinse

Electrocleanat 5V for 60to 120 s

Rinse

Dipin 30% HCI for 60 s

Rinse

10% H,S0O, at 60 °C (140 °F) for 30 s. Alternative: nickel strike
Plate to thickness

NGO~ WNE

400 series stainless steel (complex shapes)

Soak clean for 10 to 30 min

Rinse

Electrocleanat 5V for 60to 120 s

Rinse

Dipin30% HCI for 60 s

Rinse

Dipin 20% HCI at 50 °C (120 °F) for 30 s. Alternative: nickel strike
Rinse with deionized water

Plate to thickness

©COoONOR~WNE

In Step 1, all akaline soak cleaners should be operated at their supplier's maximum recommended temperature, typically
60 to 80 °C (140 to 175 °F). Unless otherwise indicated, al other processes are at ambient temperature. In Step 3,
electrocleaning is with at least three reversals of current (part, cathodic/anodic, three times) at 3 to 5 A/dm? (30 to 50
A/ft?). Except for 300 series stainless steel, the final current cycle should be with the part anodic; with 300 series stainless
stedls, the fina current cycle should be with the part cathodic to minimize the formation of an oxide film on its surface.

Activation for Alloy Steels. Before electroless plating, stainless and aloy steel parts must be chemically activated to
obtain satisfactory adhesion. For this, alow pH nickel strikeis normally used. Two common strike baths are listed bel ow:

Nickel sulfamate strike

Nickel sulfamate 165-325 g/L
(22-43 oz/gdl)
Nickel (as metal) 35-75g/L

(5-10 oz/gal)




Sulfamic acid (~20 g/L, or 2.7 oz/gdl) | to pH 1-1.5

Boric acid 30-34 g/L
(4-4.5 0z/gdl)
Hydrochloric acid (20° Bé) 12 mL/L

(1.5 fluid oz/gal)

Temperature Room temperature

Cathode current density 1-10 A/dm?
(10-100 A/ft9)

Time 30-60 s
Anodes (bagged) Sulfur depolarized nickel
Operating pH 0.8-1.5

Woods nickel strike

Nickel chloride 240 g/L
(32 0z/gal)
Hydrochloric acid 250 mL/L

(32 fluid oz/gal)

Temperature Room temperature
Cathode current density 2-10 A/dm?(20-100 A/ft?)
Time 30-120 s

Anodes Rolled depolarized nickel

Caution: Insoluble anodes cannot be used. Chlorine gas would be liberated from insoluble anodes.

@

Nickel strikes should not be used to cover up improper pretreatment of plain or low-alloy steel. Nickel-strike activation
should be considered, however, when processing steel with chromium or nickel contents of over 1.5% carburized or
nitrided steels, and stainless steels. Nickel-strike processing should follow acid activation to avoid drag-in of akaline
materials into the strike (Ref 41, 42, 43, 44, 45, 46).

Pretreatment for Aluminum Alloys



Like steel, aluminum is catalytic to electroless nickel deposition and could be plated after only a simple cleaning.
Aluminum is very reactive, however, and oxides form very rapidly on its surface during rinsing or exposure to air. The
oxide films that develop prevent metallic bonds from forming between the coating and the substrate and can result in
adhesion failure. To avoid this problem, special processing procedures are required, including deoxidizing and zincating
or acid zinc immersion. Processing procedures for aluminum alloys are discussed in the article on cleaning and finishing
of aluminum alloysin this Volume.

Pretreatment for Copper Alloys

Copper-base alloys are prepared for electroless nickel plating using procedures similar to those for steel, akaline cleaning
and acid deoxidizing. Two important differences exist, however:

Copper is not catalytic to the chemical reduction of electroless nickel, and its alloys must be activated
chemically or electrolytically before they can be plated.

Lead in amounts of %to 10% is often added to copper aloysto make them easier to machine. Unless the

free lead present on the surface of the part is removed, adhesion failures and coating porosity result.

Processing procedures for copper aloys are given in the article on cleaning and finishing of copper and copper aloysin
this Volume.

Activation. Once a copper aloy surface is clean and oxide-free, it must be activated before electroless nickel can
deposit. To prevent reoxidation, this activation should be initiated without long intermediate delays. The preferred method
for initiating deposition is an electrolytic strike in the electroless nickel bath. Using a nickel anode, the parts are made
cathodic at 5V for 30 to 60 s. This applies a thin, electrolytic nickel-phosphorus coating and provides a catalytic surface.
After the current is removed, the electroless deposition can continue.

Another method for initiating electroless deposition on copper aloy surfaces is to preplate surfaces with electrolytic
nickel. One disadvantage of this method is that blind holes, internal surfaces, or low current density areas may not be
coated by the strike, resulting in incomplete coverage or unplated areas. The use of nickel chloride strikes also may result
in chloride contamination of the electroless nickel bath through drag-in.

A third method of activating copper aloys in electroless nickel solutions is to touch them with a piece of steel or with
another part already coated with electroless nickel after they have been immersed in the bath. This creates a galvanic cell,
producing an electric current to initiate the electroless reaction. Deposition spreads until the whole part is covered with
electroless nickel. However, two problems can occur with galvanic activation:

Galvanic currents do not travel well around sharp curves, such as those on threads or corners, and can
leave bare spots or areas of reduced thickness

Passivation of the copper can occur before the deposit spreads across the entire surface leading to poor
adhesion

Other methods include immersion for 15 to 30 s in dilute solutions of palladium chloride (0.05 to 0.1 g/L), and nickel-
boron nickel strike processes that use DMAB reducing agent.

Leaded Alloys. Unlike other elements added to brass or bronze, lead does not combine with copper to form an alloy.
Instead, it remains in the metal as globules. The lead exposed during cutting or machining acts as a lubricant by flowing
or smearing across the surface. Electroless nickel does not deposit on lead. Unless lead smears are removed, the applied
coating is porous with poor adhesion. Lead remaining on the surface of parts can also contaminate electroless nickel
solutions, causing arapid decline in plating rate and deposit quality.

Surface lead is best removed by immersing parts for 30 sto 2 min in a 10 to 30% solution of fluoboric acid at room
temperature. Sulfamic acid, citric acid, and dilute nitric acid have also been reported to be effective solutions for



removing lead. The removal of lead must occur before deoxidizing or bright dipping in the pretreatment cycle, and it is
not a substitute for these steps (Ref 2, 41, 47).
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Equipment for Electroless Nickel Plating

Because electroless nickel is applied by a chemical reaction rather than by electrolytic deposition, special attention to
design and construction of the tanks and auxiliary equipment is required to ensure trouble-free operation and quality
coatings.

Plating Tanks
Cylindrical or bell-shaped tanks have been used for electroless nickel plating, athough rectangular tanks have been found

to be the most convenient to build and operate. Rectangular tanks have been constructed from various materials in many
different sizes. A common electroless nickel plating system is shown in Fig. 20.




Fig. 20 Twin tank system for electroless nickel plating. Tanks are used alternately. While one tank is being
used to plate, the second is being passivated. Cylindrical tank is used to store 30% nitric acid for passivation.

Physical Dimensions. The following factors should be considered when selecting the size of an electroless nickel
plating tank:

Size of the part to be plated

Number of partsto be plated each day

Plating thickness required

Plating rate of the solution (most conventional electroless nickel solutions deposit between 12 and 25 #
m/h, or 0.5 and 1 mil/h)

Type of rack, barrel, or basket used to support parts

Number of production hours available each day to process parts

Nominal recommended work load of 1.2 dm?/L (0.5 ft*/gal) of working solution

The size of the part or the size of the supporting rack, barrel, or basket usually defines the minimum size tank that can be
used. The minimum dimension of the tank should be at least 15 cm (6 in.) greater than the maximum dimension of the
part or its support to allow proper agitation and the flow of fresh solution to all surfaces. The size of the tank may haveto
be increased, however, to accommodate the volume of the parts required or to provide a more suitable work area to
solution volume ratio.

Construction Materials. The following factors should be considered when selecting construction materials for a
plating tank:

Operating temperature of the electroless nickel plating solution usually 85 to 95 °C (185 to 205 °F)
Tendency of tank material to become sensitized to the deposition of electroless nickel
Cost of tank material, including both initial construction cost and its life in a production environment

With continued exposure to heated electroless nickel solutions, ailmost any surface eventually becomes sensitized or
receptive to deposition of the coating. The more inert or passive the material selected, the less likely that plate out can
occur. All material in contact with the plating solution must be repassivated periodically with 30 vol% nitric acid to
minimize deposition on its surface.

The most widely used materials for tank construction have been polypropylene, stainless steel, and steel or aluminum
with a 635 um (25 mil) thick polyvinyl chloride bag liner. Contamination from bleedout of oils or other plasticizers can
have harmful effects on the plating solution. Leaching linings prior to use is recommended. However, the contaminants
continue to migrate to the surface and enter the solution (Ref 48). Although all of these materials have been used
successfully, a 6 to 12 mm (0.25 to 0.5 in.) thick polypropylene liner installed in a steel or fiberglass support tank, has
proven to be the most troublefree material and has gained the widest acceptance. Polypropylene is relatively inexpesive
and is very resistant to plate out. The smooth surface of polypropylene also reduces the possibility of deposit nucleation.

When constructing a polypropylene tank, only stress relieved, unfilled virgin material should be used. Welds should be
made under an inert gas shield, such as nitrogen, to prevent oxidation of the polypropylene and incomplete fusion. All
welds should be spark tested at 20,000 V before use to ensure integrity.

Heating the Solution
Steam and electricity are the two most common sources of power for heating plating solutions. Although the capital

expenditures for steam or pressurized hot water are somewhat higher than that for electricity, the operating costs for steam
are considerably less.



Steam. Heating with steam is accomplished using immersion coils or external heat exchangers. The most common
immersion coils are those made of Teflon or stainless stedl.

Teflon heat exchanger coils are made of many small diameter Teflon tubes looped into the tank between manifolds.
Because of the poor conductivity of the plastic, a much larger coil surface area must be used than would be needed with a
metal heater. Teflon tubes are delicate, and the tubes must be protected form mechanical damage.

Stainless steel panel coils are constructed of plates joined together with internal passages for the flow of heating medium.
These coils are very efficient and economical. Their primary disadvantage is that they are easily galvanically activated
and are prone to plate out. To prevent this, coils are often coated with Teflon. This, however, reduces their heat transfer
and their efficiency.

Anodic passivation is also sometimes used to prevent stainless steel coils from plating. With this technique, a sight
positive charge is applied to the coil preventing the deposition of electroless nickel. If the work is suspended too close to
an anodically passivated coil, however, stray currents from the coil may affect the quality of the plating. Static electricity
discharges from steam coils to the work can aso cause nonuniform or pitted coatings. To avoid this, coils should be
isolated from the steam piping with dielectric couplings.

Steamn can a'so be used to heat the plating solution through a heat exchanger, which is mounted outside the tank. The heat
exchangers are usually of shell and tube or plate coil design and are constructed of stainless steel. The solution is pumped
through exchangers and returned to the tank, often through afilter. To prevent the inside of the exchanger from plating,

the solution velacity must be maintained above 2% m/s (8 ft/s).

Electric. Heating with electricity is usually accomplished with tube immersion heaters. The resistance heating elements
are sheathed in quartz, titanium, or stainless steel. Stainless stedl is the most economical material and is usually preferred.
Either type 304 or 316 stainless steel is acceptable. Occasionally electropolished stainless steel or Teflon-coated heaters
are also used. The cost of these additions, however, cannot usually be justified for most applications. An electric
immersion heater isshownin Fig. 21.

Fig. 21 Electric immersion heater. Heater mounted in a 200 L (50 gal) electroless nickel plating tank. A bag
filter is mounted on the filtration pump discharge. 1000x



Pumps

Pumps are used in electroless nickel plating systems for solution transfer and filtration. The following factors should be
considered when selecting pumps for electroless nickel plating systems:

Operating temperature of the plating solution, usually 85 to 95 °C (185 to 205 °F)

Chemicals being handled in both the electroless nickel plating solution and the 30% nitric acid solution
used for passivation

Volume flow rate (liters per minute) required to alow the total tank volume to be filtered approximately
ten times each hour

Two materials, CPVC plastic and type 304 stainless steel, have been proven to be satisfactory for electroless nickel
pumps. CPVC plastic is more resistant to plate out than stainless steel and is less expensive. However, large plastic pumps
lack the capacity and mechanical strength needed to provide proper filtration in electroless nickel systems. Accordingly,
plastic pumps are used for flow rates less than 300 L/min (80 gal/min), whereas stainless steel is used for higher flow
applications.

Vertical Pumps. Vertical centrifugal pumps are now the most commonly used pumps for electroless nickel systems.
These pumps can be mounted so only the impeller is below the solution level and shaft sedls are not required.
Conseguently, maintenance of this pump is minimized. Some vertical pumps can also be mounted outside the tank,
providing the maximum areafor plating.

With CPVC plastic pumps, the impeller should be machined or molded; glued impellers should not be used. All gaskets
and O-rings for electroless nickel systems should be fluorocarbon rubber.

The velocity of the solution through the pump should be at least 2% m/s (8 ft/min) to prevent the solution from plating

out on the pump housing, especially when stainless steel is used. To accomplish this, a pump speed of 1750 rev/min is
required.

Piping and Valves

Piping and valves available for electroless nickel systems are of four principal types. stainless steel, polyvinylidene
fluoride, CPVC plastic, and polypropylene. The advantages and disadvantages of each of these materials are summarized
inTable9.

Table 9 Comparison of piping and valve materials for electroless nickel plating systems

Material Resistance Resistanceto | Relative | Availability
to plating | plate out cost
temperatures

Piping

Stainless steel | High Low High Good

Kynar High High Moderate | Poor

CpPvVC Moderate Moderate Low Good

Polypropylene | Low High Low Limited




Valves

Stainless steel | High Low Moderate | Good
CpPvVC Moderate Moderate Moderate | Good
Polypropylene | Moderate High Moderate | Good

Piping components in electroless nickel plating systems are used for air agitation spiders, tank outlet, pump inlet, and
discharge pipes, solution manifolds, and deionized water fill lines. These pipes must be sized to minimize restrictions and
provide proper agitation and filtration. The diameter of the tank outlet piping should be at least as large as the pump inlet
connection to avoid cavitation and increased pump wear. CPVC plastic is normally used for pipe exposed to the plating
solution.

Although CPVC or other plastic pipe may be joined by solvent welding, threaded joints are preferred. Threaded
connections are easier to make and more trouble-free, alowing repairs or modifications to be accomplished quickly.
When threading plastic pipe, a plug should be inserted inside the pipe end to support the pipe and prevent collapse or
thread breakage. Threads should be wrapped with Teflon tape before joining to prevent potential |eakage from the galling
of the plastic.

Valves. Almost al of the valves used for electroless nickel systems are a ball and seat design. Because of prolonged
exposure to stagnant plating solutions, inertness or resistance to deposit plate out is of primary importance with these
valves. Accordingly, polypropylene is used most often. The reduced strength of polypropylene at plating temperatures is
not a problem with valves, because of their compactness and greater thickness.

CPVC plastic valves are aso used occasionally for electroless nickel systems, athough their reduced resistance to deposit
plate out makes them more prone to seizure and failure due to deposit buildup than polypropylene. Because of their
somewhat higher cost and tendency to activation and deposition, stainless steel valves are not normally used. For valves
in agitation air supply lines, plain PV C plastic valves may be used if they are mounted at least 200 mm (8 in.) away from
hot plating solution. Valves and piping for steam services should be steel or stainless stedl.

Agitation

Agitation of parts and solution is necessary during electroless nickel plating to provide a fresh supply of solution to the
part and to remove the hydrogen produced during deposition. Without consistent renewal of plating solution, localized
depleted areas can occur, resulting in nonuniform coating thickness. Hydrogen bubbles, if allowed to remain on the
surface of the part, tend to mask plating and can cause pitting or fisheyesin the coating.

Agitation is accomplished by moving the part mechanically through the solution, by solution movement (preferably by
discharge of solution from a suitable filter and distributed by a sparger throughout the tank), or by bubbling air through
the bath to move the solution past the part. A typical air agitation spider is shown in Fig. 21. For air agitation, a clean low-
pressure air source, such as is provided by centrifugal blowers, is preferred. High-pressure air from compressors can
introduce oil or other contaminants into the bath and affect deposit quality.

Filtration

Two types of filtration are used for electroless nickel systems, cartridge filters and filter bags. Both require the use of an
external circulation pump, and both should be capable of removing particles larger than 5 um (0.2 mil) in size. Wound
cartridge filters are supported in CPVC or polypropylene chambers located outside of the tank. The installation cost of
these filtersis high, however, and replacement of the cartridges is a large maintenance cost. Also the added back pressure
of the filter can significantly reduce the flow of the pump and oftenitslife.



Woven polypropylene bags are now being used to filter electroless nickel solutions. These bags are mounted above the
plating tank itself, alowing the solution to flow through the bag by gravity. Filter bags are relatively inexpensive and
result in only a minimum restriction on the discharge of the pump. When bags become soiled or begin to plate out, the
change is obvious to the operator, and the bags can be quickly and easily replaced. Filter bags with stainless stedl support
rings rather than plated steel rings should be used. Plated rings can introduce cadmium or zinc into the bath and slow or
stop deposition. A filter assembly isshown in Fig. 21.

Filter cartridges and bags should be washed using hot water prior to use for electroless nickel. Antistatic agents often
found in these filter media can be harmful to the plating solution.

For extremely critical applications such as memory disks, filtration should be through a1 uM filter cartridge followed by
a 0.2 uM cartridge using flow rates sufficient to turn over the volume of plating solution 10 to 20 times per hour. Filter
discharge is best done through a sparger to distribute the solution uniformly in the tank, and not impinge on the parts
being plated.

Racking for Electroless Nickel Plating

Because eectroless nickel is applied by chemica reduction, anode to cathode area relationships and current density
considerations, usually of concern in electrolytical applications, are usually not important. This ssimplifies rack design.

Construction Materials. Racks for plating ferrous and copper alloys should be capable of carrying 3 to 6 A/dm? (30 to
60 A/ft?) of part surface during electrocleaning and striking without overheating or excessive voltage loss. Suitable
materials for racks include steel, stainless steel, copper, and titanium. Of these, steel or plastic coated stedl is most often
used. Stainless steel and titanium can be cleaned easily in the nitric acid, but are rarely used because of high cost and
limited current carrying capability. The cost of copper racks is reasonable and current capacity is excellent. With copper,
however, all submersed surface, except the contact points, should be coated to avoid copper contamination of the cleaning
and plating solutions and to minimize stripping of the coating from the frame.

Because electrolytic steps are not required when processing aluminum alloys, plastics as well as metals can be used to
support parts. The materials used for racks for aluminum alloys include polypropylene, CPVC, auminum, and stainless
steel. Polypropylene and CPVC are especialy useful, because they are easily constructed, inexpensive, and highly
resistant to plating. Iron, nickel, or copper aloys are not suitable, because they are rapidly attacked by the oxidizing and
desmutting solutions used for aluminum alloys.

Coatings for racks and fixtures used in electroless nickel plating have only limited life. The high temperatures and harsh
chemicals used during pretreatment and stripping can cause rapid degradation of vinyls, epoxies, and phenolics. Coatings,
however, do reduce current requirements during cleaning and striking operations and can reduce unwanted deposition on
the racks.

Fixturing. When fixturing and positioning a part, the following factors should be considered:

Hydrogen evolution: During the deposition of electroless nickel, hydrogen gas is evolved at the surface
of the part. As the hydrogen bubble grows and rises, it should be able to free itself from the part. If
hydrogen becomes trapped in any area of the part, such as an inverted hole, it masks the surface and can
reduce or prevent plating.

Electrical contact: Good contact is needed between the support and the part to ensure adequate and
uniform current for electrocleaning and striking. Proximity to anodes is not usually very important with
these operations, although in extreme cases, such as deep holes, internal anodes may be required.
Rinsing: Easy rinsing is necessary to minimize dragout of the pretreatment cleaners and to prevent drag-
in of contaminants to the electroless nickel bath.

A rack should be designed to allow blind holes to drain easily or to alow holesto be rinsed thoroughly with a hose. Some
racks are designed to be tipped or turned upside down to ensure rinsing and to control dragout. During plating, these holes
must be positioned vertically to alow hydrogen gas to escape.
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Bulk and Barrel Plating

The uniform plating thickness of electroless nickel coatings allows many parts that would have to be racked if they were
finished electrolytically to be bulk plated. Because of the resulting labor savings, coatings such as chromium can
sometimes be replaced with electroless nickel at alower overall finished cost, although the chemical cost is higher. Four
principal types of bulk plating are used:

Soldier-style racking: Parts are placed so close together that complete coverage would be difficult, if not
impossible, with an electrolytic process.

Baskets: Many bulk plating jobs can be run efficiently in baskets made of polypropylene or stainless
steel, especialy in smaller electroless nickel tanks. Baskets occupy much less space than barrels and
allow more loads to be run. When compared to using barrels, baskets have the disadvantage of not
mechanically agitating parts during plating. Accordingly, baskets should be shaken and moved
periodically to allow fresh plating solution to circulate around parts.

Trays: Many jobs, such as small shafts and bars, can be run most easily using egg crate or test tube rack
trays. In addition, many parts, because of their finish or design, must be separated during processing to
keep them from touching or nesting. Separated trays accomplish this successfully and alow good
solution transfer, minimizing the labor required for fixturing. Trays are most often constructed of
polypropylene, steel, or stainless steel.

Barrels. Where very large volumes of parts are to be plated or continuous mechanical agitation is
necessary, barrels usually provide the most efficient and economical methods of processing.

Barrels for electroless nickel plating should be made from nonfilled, nonpigmented polypropylene. If added strength is
required, glass-filled polypropylene construction is preferred. Polypropylene gears, rather than a belt drive, should be
used to turn the barrel. Plastisol-coated steel barrels are not successful for electroless nickel plating, because they are
prone to coating failures, plate out, possible contamination by bleedout of plasticizers or preplate preparation solutions,
and occasional drive failures. For electroless nickel plating, the barrel speed should be 1 to 2 rev/min. Higher-speed
barrels may be required, however, where the solution must be pumped through internal passages or holes in a part. The
drive mechanism should allow the barrel to rotate, both in the processing tanks and in transfer stages, to ensure free
rinsing and minimize dragout. To alow adequate solution transfer in and out of the barrel, the hole size should be as large
as possible and should be just capable of containing parts.

All racks, baskets, trays, and barrels used for electroless nickel plating should be used exclusively for this operation. The
use of equipment from other plating systems can result in contamination of the electroless nickel plating solution, in
decomposition, or in reduced deposit quality.

Solution Control

To ensure a quality deposit and consistent plating rate, the composition of the plating solution must be kept relatively
constant. This requires periodic analyses for the determination of pH, nickel content, and hypophosphite and
orthophosphite concentrations, as well as careful temperature control. With modern premixed solutions, only checks of
nickel content and pH are required. The frequency with which these analyses should be made depends on the quantity of
work being plated and the volume and type of solution being used.

Hydrogen Embrittlement Relief

Hydrogen embrittlement is the failure that results from the absorption of hydrogen into metals. Hydrogen embrittlement
usually occurs in combination with residual or applied stresses in a part, happening most frequently in high-strength steels
and occasionally in other high-strength alloys.



Hydrogen can be introduced into a metal by processes such as pickling, €lectrocleaning, acid activation, electroplating, or
electroless deposition. Although the hydrogen produced by electroless nickel plating is much less than that produced by
an electrolytic process, such as cadmium or hard chrome plating, it can be enough to cause cracking of high-strength
steels. To prevent this, components are baked at 200 + 10 °C (390 + 18 °F) to diffuse the absorbed hydrogen out of the
stedl. This usually restores the mechanical properties of the steel amost completely, helping to ensure against failure.

The time required to remove hydrogen from a steel and avoid embrittlement depends on the strength of the steel. Longer
relief treatment periods or higher temperatures are needed as the strength of the steel increases. Recommendations for
embrittlement relief of steels on different strength levels are summarized in Table 10. Longer times may be require for
parts with deposit thickness greater than 1 mil. Deposits are amorphous, thus there are no grain boundaries for the
hydrogen to follow. Shorter times may be used if unplated areas are present. Temperature ramp-up times should be longer
than for hydrogen relief of other metal deposits. Hydrogen embrittlement relief treatment should begin within 4 h of the
completion of electroless nickel plating (Ref 2, 49, 50).

Table 10 Heat treatment of steels to relieve hydrogen embrittlement

Maximum specified | Heat treatment

tensile strength at 190to 210 °C
(375 t0 410 °F),
h

MPa ksi

£1050 £152 Not required

1051-1450 | 152-210 | 2

1451-1800 | 210-260 | 18
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Electroless nickel is applied for five different applications: corrosion resistance, wear resistance, lubricity, solderability,
or buildup of worn or overmachined surfaces. To varying degrees, these properties are used by all segments of industry,
either separately or in combination. Applications of these coating are given in Table 11.



Table 11 Applications of electroless nickel plating

Application Base metal Coating Reason for use
thickness®
pm mils
Automotive
Heat sinks Aluminum 10 04 Corrosion resistance, solderability, uniformity
Carburetor components Steel 15 0.6 Corrosion resistance
Fuel injectors Steel 25 1.0 Corrosion and wear resistance
Ball studs Steel 25" 1.0” | Wear resistance
Differential pinion ball shafts Steel 250 1.0® | Wear resistance
Disc brake pistons and pad holders | Steel 25® 1.0” | Wear resistance
Transmission thrust washers Steel 250 1.0 | Wear resistance
Syncromesh gears Brass 30 12 Wear resistance
Knuckle pins Steel 3g® 1.0” | Wear resistance
Exhaust manifolds and pipes and | Steel 25 1.0 Corrosion resistance
mufflers
Shock absorbers Steel 10 04 Corrosion resistance and lubricity
Lock components Steel 10 0.4 Wear and corrosion resistance and lubricity
Hose couplings Steel 5 0.2 Wear and corrosion resistance
Gears and gear assemblies Carburized steel 25¢ 1.09 | Buildup of worn surfaces and wear resistance
Fuel pump motors Steel 12 0.5 Corrosion, wear resistance
Aluminum wheels Aluminum 25 1 Corrosion resistance
Water pump components Steel 20 0.8 Corrosion resistance




Application Base metal Coating Reason for use
thickness®
pm mils
Steering  column  tilt  wheel | Powdered metal 15 0.6 Ease of movement
components
Air bag hardware Steel 10 04 Ease of movement
Air  conditioning  compressor | Steel 25 1 Low friction
components
Decorative plastics Plastics (ABS, etc) 2 0.1 Base coat
Slip yokes Steel 15 0.6
Aircraft/aer ospace
Bearing journals Aluminum 389 1.59 | Wear resistance and uniformity
Servo valves Steel 18 0.7 Corrosion resistance, uniformity and lubricity
Compressor blades Alloy steel 250 1.09
Hot zone hardware Alloy steel 25 1.0 Corrosion and wear resistance
Piston heads Aluminum 25 1.0 Wear resistance
Engine main shafts and propellers Stedl >38 >15 Buildup of worn surfaces and wear resistance
Hydraulic actuator splines Steel 25 1.0” | Wear resistance
Seal snaps and spacers Steel 20© 0.8® | Wear and corrosion resistance
Landing gear components Aluminum >125 >5.0 Buildup of mis-machined surfaces
Struts Stainless steel >25 >1.0 Buildup of mis-machined or worn surfaces
Pitot tubes Brass/stainless steel | 12 05 Corrosion and wear resistance
Gyro parts Steel 12 0.5 Wear resistance and lubricity




Application Base metal Coating Reason for use
thickness®
pm mils
Engine mounts 4140 Steel 25 1.0 Wear and corrosion resistance
Oil nozzle components Steel 25 1.0 Corrosion resistance and uniformity
Turbine front bearing cages Alloy steel 25 1 Corrosion, wear resistance
Engine mount insulator housing Alloy stedl 25 1 Corrosion resistance
Flanges Alloy steel 20 0.8 Corrosion, wear resistance
Sun gears Alloy steel 25 1 Wear resistance
Breech caps Alloy steel 15 0.6 Corrosion, wear resistance
Shear bolts Alloy steel 50 2 Corrosion resistance
Engine oil feed tubes Stedl, stainlesssteel | 10 04 Corrosion resistance
Flexible bearing supports Steel 25 1 Corrosion resistance
Break attach bolts Alloy steel 25 1 Corrosion resistance
Antirotational plates Alloy steel 25 1 Wear resistance
Wing flap universal joints Alloy steel 20 0.8 Corrosion, low friction
Titanium thruster tracks Titanium 25 1 Wear and corrosion resistance, low friction
Printing
Printing rolls Steel/cast iron 38 15 Corrosion and wear resistance
Press beds Steel/cast iron 38 15 Corrosion and wear resistance

Textiles




Application Base metal Coating Reason for use
thickness®
pm mils
Feeds and guides Steel 50® 2.0 | Wear resistance
Fabric knives Steel 120 0.5 | Wear resistance
Spinnerettes Stainless steel 25 1.0 Corrosion and wear resistance
Loom ratchets Aluminum 25 1.0 Wear resistance
Knitting needles Steel 12 0.5 Wear resistance
Moldsand dies
Zinc die cast dies Alloy stedl 25 1.0 Wear resistance and part release
Glass molds Steel 50 20 Wear resistance and part release
Plastic injection molds Alloy steel 15 0.6 Corrosion and wear resistance and part release
Plastic extrusion dies Alloy stedl 25 1.0 Corrosion and wear resistance and part release
Military
Fuse assemblies Steel 12 05 Corrosion resistance
Mortar detonators Steel 10 0.4 Corrosion resistance
Tank turret bearings Alloy steel 30 12 Wear and corrosion resistance
Radar wave guides Aluminum 25 1.0 Corrosion resistance and uniformity
Mirrors Aluminum/beryllium | >75 >3.0 Uniformity and reflectivity
Firearms
Commercia and military firearms Steel 8 0.3 Corrosion and wear resistance and lubricity




Application Base metal Coating Reason for use
thickness®
pm mils
Marine
Marine hardware Brass 25 1.0 Corrosion resistance
Pumps and equipment Steel/cast iron 50 20 Corrosion and wear resistance
Electronics
Heat sinks Aluminum 10 04 Corrosion resistance and solderability
Computer drive mechanisms Aluminum 18 0.7 Corrosion and wear resistance
Memory drums and discs Aluminum 25 1.0 Corrosion and wear resistance and uniformity
Terminals and lead wires Alloy steel 2 0.1 Solderability
Chassis Aluminum/steel 12 0.5 Corrosion resistance and solderability
Connectors Steel/aluminum 25 1.0 Corrosion and wear resistance and solderability
Diode and transistor cans Steel 5 0.2 Corrosion resistance and solderability
Interlocks Steel/brass 12 0.5 Corrosion and wear resistance
Junction fittings Aluminum/plastic 10 04 Corrosion and wear resistance, solderability and
conductivity
Printed circuit boards Plastic 5 0.2 Solderability and weldability
Railroad
Tank cars Steel 90® 35" | Corrosion resistance
Diesdl engine shafts Steel >25 >1.0 Wear and fretting resistance and buildup of worn
surfaces
Car hardware Powder iron 20 0.8 Corrosion and wear resistance




Application Base metal Coating Reason for use
thickness®
pm mils
Electrical
Motor shafts Steel 12 0.5 Wear and corrosion resistance
Rotor blades Steel/aluminum 250 1.0® | Wear and corrosion resistance
Stator rings Steel/aluminum 25 1.0 Wear and corrosion resistance
Chemical and petroleum
Pressure vessels Steel 50 20 Corrosion resistance
Reactors Steel 100" 4.0" | Corrosion resistance and product purity
Mixer shafts Steel 38 15 Corrosion resistance
Pumps and impellers Cast iron/stedl 75 3.0 Corrosion and erosion resistance
Heat exchangers Steel 75 3.0 Corrosion resistance
Filters and components Steel 25 1.0 Corrosion and erosion resistance
Turbine blades and rotor assemblies | Steel 75 30 Corrosion and erosion resistance
Compressor blades and impellers Steel/aluminum 1259 | 509 | Corrosion and erosion resistance
Spray nozzles Brass/steel 12 0.5 Corrosion and wear resistance
Ball, gate, plug, check and butterfly | Steel 75 3.0 Corrosion resistance and lubricity
valves
Valves Stainless steel 250 1.0” | Wear and galling resistance and protection against
stress-corrosion cracking
Chokes and control valves Steel/stainless steel 75 3.0 Corrosion and wear resistance and protection against
stress-corrosion cracking




Application Base metal Coating Reason for use

thickness®

pm mils
Oil field tools Steel 75 3.0 Corrosion and wear resistance
Oil well packers and equipment Alloy steel 75 3.0 Corrosion and erosion resistance
Oil well tubing and pumps Steel 50 20 Corrosion and wear resistance
Drilling mud pumps Alloy steel 75 3.0 Corrosion resistance and protection against stress-

corrosion cracking
Hydraulic systems and actuators Steel 75 3.0 Corrosion and wear resistance and lubricity
Blowout preventers Alloy steel 75 3.0 Corrosion and wear resistance
Medical and phar maceutical®
Disposable surgical instruments and | Steel/aluminum 12 0.5 Corrosion resistance and ease of operation
equipment
Sizing screens Steel 20 0.8 Corrosion resistance and cleanliness
Pill sorters Steel 20 0.8 Corrosion resistance and cleanliness
Feed screws and extruders Steel 25 1.0 Corrosion and wear resistance and cleanliness
Food®
Pneumatic canning machinery Steel 25 1.0 Corrosion and wear resistance and cleanliness
Baking pans Steel 25 1.0 High temperature resistance, cleanliness, and ease of
release

Molds Steel 12 0.5 Cleanliness, corrosion resistance and ease of release
Grillsand fryers Steel 12 05 Cleanliness, corrosion resistance and ease of release
Mixing bowls Steel 25 1.0 Cleanliness and corrosion and wear resistance




Application Base metal Coating Reason for use
thickness®
pm mils
Bun warmers Steel 12 0.5 Cleanliness and ease of release
Feed screws and extruders Steel 25 1.0 Cleanliness and corrosion and wear resistance
Material handling
Hydraulic cylinders and shafts Steel 25 1.0 Corrosion and wear resistance and lubricity
Extruders Alloy steel 750 3.0” | Wear and corrosion resistance
Link drive belts Steel 12 0.5 Wear and corrosion resistance and lubricity
Gears and clutches Steel >25 >1.0 Wear resistance and buildup of worn surfaces
Mining
Hydraulic systems Steel 60 24 Corrosion and abrasion resistance
Jetting pump heads Steel 60 24 Corrosion and erosion resistance
Mine engine components Steel/cast iron 30 12 Corrosion and wear resistance
Piping connections Steel 60 24 Corrosion resistance
Framing hardware Steel 30 1.2 Corrosion resistance
Wood and paper
Knife holder corer plates Steel 30 12 Corrosion and abrasion resistance
Abrading plates Steel 30 1.2 Corrosion and abrasion resistance
Chopping machine parts Steel 30 12 Corrosion and abrasion resistance

Miscellaneous




Application Base metal Coating Reason for use

thickness®

pm mils
Chain saw engines Aluminum 25 1.0 Wear and corrosion resistance
Drill and taps Alloy steel 120 05 | Wear resistance and ease of use
Precision tools Alloy steel 12 0.5 Wear resistance and cleanliness
Shaver blades and heads Steel 8 0.3 Wear resistance and smoothness
Pen tips Brass 5 0.2 Corrosion resistance

(@) Many components are heat treated at 190 to 210 °C (375 to 410 °F) for 1 to 3 h to improve adhesion or to relieve hydrogen embrittlement.

(b) Heat treated for 1 h at 400 °C (750 °F) for maximum hardness.

(c) Heat treated for 6 h at 135 °C (275 °F) for hydrogen embrittlement relief.

(d) Heat treated for 10 h at 290 °C (550 °F) for maximum hardness.

(e) Cadmium plated after electroless nickel and then heat treated for 2 h at 340 °C (640 °F) to diffuse cadmium into the nickel.

(f) Heat treated for 1 h at 620 °C (1150 °F) to diffuse coating into basis metal.

(g) For medical, pharmaceutical, and food applications, coatings must be free of toxic heavy metals such aslead, cadmium, mercury, or thallium.

Applications for electroless nickel-boron deposits in the electronics industry include wire bonding for IC chips, soldering,
brazing, laser welding, low €electrical resistivity, and as a diffusion barrier.

Specifications

The published specifications for el ectroless nickel-phosphorus currently available in the United States include:

AMS 2404, Electroless Nickel Plating (Ref 51)
ASTM B 656, Autocatalytic Nickel Deposition on Metals for Engineering Use (Ref 43)
Military Specification Requirements for Electroless Nickel Coatings (Ref 52)




In addition, an international standard has been drafted by the International Standards Organization (Ref 50). Published
standards for electroless nickel-boron coatings for engineering purposes are not available.

Although these standards are good guidelines for testing and quality control, none include any real requirements for
structural quality, corrosion resistance, or wear resistance. The standards consist primarily of a visual examination and
simple tests for thickness and adhesion. Often this forces industrial users to develop their own internal specifications for
coating quality. These in-house specifications can be reatively simple with requirements for only a few desired
properties, or very detailed with requirements for substrate pretreatment, bath operation, equipment design, deposit
chemistry, and properties.
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Electroless Nickel Composite Coatings

Composites are one of the most recently developed types of electroless nickel coatings. These cermet deposits consist of
small particles of intermetallic compounds, fluorocarbons, or diamonds dispersed in an electroless nickel-phosphorus
matrix. These coatings have a high apparent hardness and superior wear and abrasion resistance.

Chemistry. Most composite coatings are applied from proprietary baths. Typicaly, they consist of 20 to 30 vol% of
particles entrapped in an electroless nickel containing 4 to 11% P. Most commonly silicon carbide, diamond particles,
fluorinated carbon powders and PTFE are used, athough calcium fluoride is also occasionally codeposited. The particles
are carefully sized and are normally 1 to 3 um in diameter (Ref 53, 54, 55) for silicon carbide and diamonds and 0.35 um
for PTFE. A micrograph of atypical silicon carbide composite coating is shown in Fig. 22 (Ref 56). The baths used for
composite plating are conventional sodium hypophosphite reduced electroless nickel solutions, with the desired particles
suspended in them. These baths, however, are heavily stabilized to overcome or inhibit the very high surface area
produced by the particles. The baths otherwise are operated normally and the nickel-phosphorus matrix is produced by the
traditional hypophosphite reduction of nickel. The particles are merely caught or trapped in the coating as it forms. Their
bond to the coatings is purely mechanical.

Fig. 22 Cross-sectional view of a typical silicon carbide composite coating.



Hardness and Wear. The primary use for electroless nickel composite coating is for applications requiring maximum
resistance to wear and abrasion. The hardnesses of diamond and silicon carbide are 10,000 and 4500 HV, respectively. In
addition, the coatings are normally heat treated to provide maximum hardness (1000 to 1100 HVq) of the electroless
nickel matrix. The resulting apparent surface hardness of the composite is 1300 HV 190 or more (Ref 53, 56).

The wear surface of a composite coating consists of very hard mounds separated by lower areas of hard electroless nickel.
During wear, the mating surface usually rides on the particles and slides over the matrix. Thus, the wear characteristics of
these coatings approach that of the particle material (Ref 53). Typical wear test results for a silicon carbide composite
coating are shown in Table 12 (Ref 56).

Table 12 Comparison of the Taber abraser resistance of silicon carbide composite coatings with other
engineering materials

Material Hardness Taber wear
index, Mg
11,000 cycles

400-C stainless steel 57 HRC 5.6

A2 tool steel 60-62 HRC 5.0

Electroless nickel (hardened) 900-1000HV | 3.7

Hard chromium 1000-1100 HV | 3.0

Tungsten carbide 1300 HV 20

Electroless nickel and silicon carbide composite | 1300 HV 0.18-0.22

Note: Taber wear index determined for an average of three 5000-cycle runs with 100 g load and CS17 abrasive test wheels

Frictional properties of composite coatings are similar to those of other electroless nickels. Typically, the coefficient of
friction of these materials is about 0.13 in the lubricated condition and 0.3 to 0.4 in the unlubricated condition (Ref 53,
54).

Corrosion Resistance. In general, the corrosion resistance of composite coatings is significantly less than that of other
electroless nickel coatings. The electroless nickel matrix contains large amounts of codeposited inhibitor, which reduces
the alloy's passivity and corrosion resistance. Also, heat treated coatings are less protective than are as-applied coatings,
both because of the conversion of the amorphous deposit to crystalline nickel and NisP and because of cracking of the
coating (Ref 53, 56). With composites, this problem is amplified because of the presence of the diamond or intermetallic
particles. The mixture of phosphides, nickel, and particles creates a very strong galvanic couple accelerating attack. For
applications requiring good corrosion resistance, electroless nickel composite coatings are not normally used.
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Plating on Plastics

Except for ferrous aloys, plastics are probably the substrate most commonly electroless nickel plated. The coating is
typically applied to nonmetallics as a conductive base for subsequent electroplating of both decorative and functional
deposits. Occasionally, electroless nickel is used by itself for applications requiring resistance to abrasion or
environmental attack (Ref 2). Because plastics are nonconductive and are not catalytic to the chemical reduction of nickel,
special processing steps are required to ensure adequate adhesion and to initiate deposition. With synthetics, metallic
bonds cannot form between the coating and the substrate. Thus, adhesion results only from mechanical bonding of the
coating to the substrate surface. To improve adhesion, plastics are typically etched in acidic solutions or organic solvents
to roughen their surface and to provide more bonding sites.

In order to initiate electroless nickel plating on plastics (or other nonmetals) their etched surfaces must first be catalyzed
with stannous chloride and palladium chloride and then accelerated in acid. This produces palladium nucleation sites on
the surface for deposition. A typical pretreatment sequence for plasticsis:

Degreasing

Etching

Neutralization

Catalyzation

Acceleration

Electroless nickel deposition

Thorough rinsing after each processing step is essential. After the electroless nickel layer has been completed, the part
may be plated conventionally with any desired electrolytic coating (Ref 2, 57).

Degreasing. When necessary, light soil or fingerprints can be removed from plastic parts by immersion in a mildly
alkaline soak cleaner for 2 to 5 min. A typical degreasing solution contains 25 g/L each of sodium carbonate and
trisodium phosphate and is operated at 50 to 70 °C (120 to 160 °F). Alkaline cleaning is not always required, provided the
plastic is carefully handled after molding and is not allowed to become excessively soiled. Fingerprints and loose dust or
dirt are normally removed by the etching solution.

Etching solutions for plastics are typicaly strongly oxidizing acids that cause a microscopic roughening of the part's
surface. These solutions also alter the chemical character of the surface and cause it to become hydrophylic. Etching not
only improves mechanical bonding and adhesion of the coating to the plastic substrate, but also improves access of
subsequent processing solutions to the surface. Most commercially used etching solutions are formulated with either
chromic acid or mixtures of sulfuric acid and chromic acid or dichromate salt. These solutions are typically operated at 50
to 70 °C (120 to 160 °F) with immersion times of 3 to 10 min. Chromic acid based solutions are particularly effective
with ABS plastics, but are also used for polyethylene, polypropylene, PV C, polyesters, and other common polymers.

Neutralizing. After the plastic has been properly etched and rinsed, it should be neutralized to remove residual
chromium ions, which may interfere with subsequent catalyzation. Neutralizers are rinsing aids and are typically dilute
acid or akaline solutions, often containing complexing and reducing agents. lonic surfactants are sometimes added to
increase the absorption of the catalyst on the surface. Neutralizing solutions are normally operated at 40 °C (105 °F) with
immersion times of 1to 2 min.

Catalyzing. In order to initiate deposition of the electroless nickel coating on plastics, their surfaces must be catalyzed.
Thisis normally accomplished by chemically depositing small amounts of palladium. The original commercial catalyzing
procedures required two processing steps. In the first step, stannous chloride was absorbed onto the surface from a
solution of SnCl, and HCI. After rinsing, the part was immersed in a solution of PdCl, and HCI, and palladium chloride
was absorbed onto the surface. The stannous ions then reduced the palladous ions leaving discrete sites of metallic
palladium. Currently, a one-step catalyzing procedure is normally used. For this, a solution of stannous chloride and
palladium chloride in hydrochloric acid is used. The solution consists of tin/palladium complexes and colloids stabilized
by excess stannous chloride. The chloride content of the solution is critical and must be carefully controlled. During



immersion, globules of tin/palladium colloid absorb onto the plastic surface. After rinsing, nuclel of metallic palladium
surrounded by hydrolyzed stannous hydroxide, are left attached to the surface.

Acceleration. With one-step catalyzation, a further step is required to remove excess stannous hydroxide from the
surface and to expose the palladium nuclei. This step is called acceleration and is accomplished by immersing the part in a
dilute solution of hydrochloric acid or an acid salt. The acid reacts with the insoluble stannous hydroxide forming soluble
stannous and stannic chloride. After rinsing, there surface is free of tin and active catalytic sites are present. Acceleration
solutions are typically operated at a temperature of 50 °C (120 °F) and are agitated with air. The parts are normally
immersed for 30to 60 s.

Electroless Nickel Deposition. Most electroless nickel solutions operate at too high a temperature for plastics. High
temperatures may cause plastics to warp. In addition, the large difference in coefficient of thermal expansion between
plastics and electroless nickel may cause adhesion failures during cooling from bath temperatures. Electroless nickel
solutions for plating on plastics, thus, are formulated to operate at low temperatures--typically 20 to 50 °C (70 to 120 °F).
These solutions are normally alkaline and reduced with sodium hypophosphite, although some DMAB solutions are also
used. Ammonia-based plating baths are preferred because of their ability to complex excess palladium dragged in with the
part and to avoid spontaneous decomposition. While most of these solutions are proprietary, some typical formulations
(Ref 2) are:

Composition Bath 1 Bath 2
g/L | oz/gal | g/L | oz/gal

Nickel chloride 119 | 15

Nickel sulfate S 50 | 6.5

Sodium hypophosphite 106 | 14 50 |65

Sodium pyrophosphate AU 100 | 13

Ammonium citrate 65 |8

Ammonia, mL/L (fludoz/gal) | ... | ... 45 |58

Sodium hydroxide TopH

Operating conditions Bath 1 Bath 2

pH 10 10

Temperature, °C (°F) 30-50 25
(85-120) (77)




Typical plating rate, um/h (mils/h) | 3-11 3
(0.12-0.44) | (0.12)

Plastic parts are normally immersed in the electroless nickel solution for 5 to 10 min to provide a uniform metal film
about 0.25 to 0.50 um thick. This coating is sufficient to cover the surface of the plastics and to make them conductive for
subsequent electroplating. These deposits typically contain 2 to 6% P. After proper treatment the peel strength of 25 mm
(1in.) width strips of these coatings on plastics like ABS and polypropylene is on the order of 50 to 100 N (Ref 2, 57).
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Electroless Copper Plating
Cheryl A. Deckert, Shipley Company, Inc.

Introduction

ELECTROLESS, OR AUTOCATALYTIC, METAL PLATING is a nonelectrolytic method of deposition from solution.
The minimum necessary components of an electroless plating solution are a metal salt and an appropriate reducing agent.
An additional requirement is that the solution, although thermodynamically unstable, is stable in practice until a suitable
catalyzed surface is introduced. Plating is then initiated on the catalyzed surface, and the plating reaction is sustained by
the catalytic nature of the plated metal surface itself. This definition of electroless plating thus eliminates both those
solutions that spontaneously plate on all surfaces (homogeneous chemical reduction), such as silver mirroring solutions,
and immersion plating solutions, which deposit by displacement a very thin film of a relatively noble metal onto the
surface of asacrificia, less noble metal.

The history of electroless plating began with the serendipitous discovery, by Brenner and Riddell, of electroless nickel-
phosphorus, during a series of nickel electroplating experiments in 1946 (Ref 1). Electroless copper chemistry was first
reported in the following year by Narcus (Ref 2). The first commercial applicability of electroless copper was reported in
the mid-1950s with the development of plating solutions for plated-through-hole (PTH) printed wiring boards. Electroless
copper solutions resembling today's technology were first reported in 1957 by Cahill (Ref 3) with the report of alkaline
copper tartrate baths using formaldehyde as reducing agent. Copper baths of the 1950s were difficult to control and very
susceptible to spontaneous decomposition. Over the years, continual advances in control and capabilities have taken place
and continue to be recorded in a variety of reviews (Ref 4, 5). At present, not only are formulations extremely stable and
predictable in behavior over long periods and under a wide variety of operating conditions, but they also provide copper
deposits having excellent physical and metallurgical properties comparable with those of electrolytic deposits.

Electroless copper plates much more slowly, and is a much more expensive process, than electrolytic copper plating.
However, electroless copper plating offers advantages over electrolytic plating that make it the method of choice in
certain cases. Electroless copper plates uniformly over al surfaces, regardiess of size and shape, demonstrating 100%
throwing power; and it may be plated onto nonconductors, or onto conductive surfaces that do not share electrical
continuity. The ability to plate large racks of substrates simultaneously is also an advantage in certain instances. These
advantages have contributed to the choice of electroless copper in the applications to be discussed herein.
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Bath Chemistry

The theoretical basis of the electroless copper deposition process has been studied on numerous occasions and has
recently been reviewed (Ref 6). As stated above, the minimum necessary components of an electroless plating solution
are the metal salt and a reducing agent. The source of copper is a simple cupric salt, such as copper sulfate, chloride, or
nitrate.

A number of common reducing agents have been suggested (Ref 7) for use in electroless copper baths: formaldehyde,
dimethylamine borane, borohydride, hypophosphite (Ref 8), hydrazine, sugars (sucrose, glucose, etc.), and dithionite. In
practice, however, virtualy all commercial electroless copper solutions have used formaldehyde as reducing agent. This
is due to the combination of cost, effectiveness, and ease of control of formaldehyde systems. It is particularly remarkable
in view of the considerable and continual pressures exerted on the plating industry by environmental and regulatory
agencies due to health concerns regarding formaldehyde exposure (see the section "Environmental and Safety Issues’ in
this article). Because of the overwhelming commercial importance, in this chapter we will confine discussion to
formaldehyde-based systems.

For Cu(ll), the rdlevant half-cell reaction for electroless deposition is:
Cu”™ +2¢ « Cu’ E°=+0.340V
For formaldehyde, the E° depends on the pH of the solution:

HCOOH + 2H' + 26
HCHO+H,O pH=0 E°=+0.056

HCOO  + 2H2+ 28
HCHO+30H pH=14 E°=-1.070

Therefore, electroless copper solutions using formaldehyde as reducing agent employ high pH, above pH 12 (typica
NaOH concentration is>0.1 N; theoretically 0.1 N = pH 13).

Because simple copper salts are insoluble at pH above about 4, the use of akaline plating media necessitates use of a
complexing, or chelating, component. Historically, complexing agents for electroless copper baths have almost always
fallen into one of the following groups of compounds:

Tartrate salts

Alkanol amines, such as quadrol (N,N,N',N' tetrakis(2-hydroxypropyl)ethylenediamine) or related
compounds

EDTA (ethylenediamine tetraacetic acid) or related compounds

Glycolic acids and other amines have also been reported (Ref 7).

Tartrates were used in the earliest baths and continue to be used, particularly for low-plating-rate (£ 0.5 pm/20 min), low-
temperature (near ambient) applications. Tartrates are more easily waste-treatable than the other two classes of chelates,
but they have not readily lent themselves to formulation of faster plating systems.



Alkanol amines came into wide use in electroless copper baths in the late 1960s, with the advent of faster plating systems.
This type of chelate made it possible to achieve "high-build" (3 2 um/20 min) electroless copper solutions, and it
continues to have wide use even today. Because quadrol and its analogs are liquids, totally miscible with water, they are
not easily removed from the waste solution, and hence they are resistant to many conventional waste treatment
procedures.

EDTA sdts are also widely used for complexing electroless copper solutions. EDTA has certain desirable characteristics
versus those of quadrol, based on waste treatability. Specifically, EDTA can be more easily separated (precipitated) from
waste solutions by pH adjustment. Starting in the late 1970s, bath additives for EDTA systems (see below) were
developed that allowed excellent control of plating rate, grain structure, and other important factors. Because of the very
high affinity of EDTA for any metal ions, even small residua amounts of dissolved EDTA can draw potentially toxic
metals into the waste stream. This has led to increased legidative efforts (notably in Germany and Japan) against use of
this chelate and its derivatives. However, at present, the most commonly used plating baths are based on EDTA.

Besides the copper salt, the reducing agent, the source of akalinity, and the chelate, other important components are
present in commercial electroless copper solutions. These components are generally considered the proprietary portion of
the formulation, and they control such parameters as initiation and plating rate, stability (versus dragged-in catalyst;
versus excessively high bath activity; versus long shutdown periods; versus Cu(l) oxide), deposit stress, color, ductility,
and so on. Prior to development of well-characterized and controlled trace additives, electroless copper baths were prone
to "triggering" (spontaneous decomposition of the bath), "plateout" (decomposition over a prolonged standing period),
"second day startup” (inability to induce a controlled plating reaction when first stored after makeup), dark deposit color,
rough deposit, coarse grain structure, and so on. Literally hundreds of papers and patents have been published relating to
these additives. Useful summaries of this data are available (Ref 9, 10).

Additives that stabilize the bath against various manifestations of undesired plateout are referred to as stabilizers.
Understanding their composition, mechanism, and optimal replenishment rate is key to successful operation of a bath.
They are usually employed at low concentrations, typically 1 to 100 ppm. Principal among the materials reported are
compounds such as mercaptobenzothiazole, thiourea, other sulfur compounds, cyanide or ferrocyanide salts, mercury
compounds, molybdenum and tungsten, heterocyclic nitrogen compounds, methyl butynol, propionitrile, and so on.
Pressure from environmental and regulatory groups over the years has led to near-elimination of cyanide- and mercury-
type additives. It is noteworthy that perhaps the most common stabilizer for electroless copper baths is a steady stream of
air (i.e., oxygen) bubbled through the solution.

Additives that increase the plating rate of the solution are variously referred to as rate promoters, rate enhancers,
exhaltants, or accelerators. This last term is particularly unfortunate and confusing in view of the use of the term
accelerator to describe a key process step in electroless copper processes (see the section "Processes' in this article).
Materials that have been reported to function as rate promoters include ammonium salts, nitrates, chlorides, chlorates,
perchlorates, molybdates, and tungstates. Rate promoters may be present in the electroless formulation at concentrations
of 0.1 M or higher.

Other additives may also be incorporated in certain cases. For example, surfactants may be used to improve deposit
characteristics (Ref 11), and incorporation of excess halide ion into