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PREFACE TO THE THIRD EDITION 

During the past few decades there has been virtually a revolution 
in the electroplating industry. The rapid increase in the large- 
scale application of plating, notably in the automobile industry, 
has led to the employment of many chemists and engineers. These 
persons, as well as many platers, soon realized the need for more 
exact knowledge of the principles of electroplating and of methods 
for controlling the processes and products. 

This need has been largely met through researches conducted 
in plant, government, and educational laboratories. During the 
period from 1930 to 1940, over 500 significant papers on electro¬ 
plating were published in American and English journals and about 
an equal number in French, German, and Russian journals. Dur¬ 
ing the Second World War fewer publications appeared, but exten¬ 
sive researches were conducted on military applications of plating, 
many of which are now being published and which will undoubtedly 
influence postwar plating practice. 

Simultaneously, there was rapid progress in commercial plating, 
not so much in the development and application of entirely new 
methods as in the more intelligent and consistent use of existing 
knowledge. Electroplating engineering has come to be a recog¬ 
nized, important profession. The American Electroplaters^ 
Society, the American Society for Testing Materials, and the Elec¬ 
trodepositors' Technical Society have developed numerous specifi¬ 
cations for plated products and for materials used in plating. The 
net result has been a greatly increased use of plating of improved 
quality. 

Among the important American developments were the publica¬ 
tion of the authoritative summary “Modem Electroplating" by 
the Electrochemical Society in 1942 and the researches sponsored 
by the American Electroplaters' Society. These researches are 
still active and expanding and will no doubt furnish a sound factual 
and theoretical basis for still greater progress in this industry. 

It is manifestly impossible to include in a single text of moderate 
length the details of all these developments. There is a field for 
more comprehensive texts on both the theory and the practice of 
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electroplating. This book does not attempt to cover either of 
these exhaustively. Instead, an effort has been made to summar¬ 
ize and digest the available knowledge in both fields and to present 
it in a form that will benefit both platers and chemists. No 
attempt has been made to give exhaustive bibliographies or to cite 
references for each statement made. Sufficient references have 
been included, principally to papers in English that contain bibliog¬ 
raphies, to permit the reader to become familiar with the extensive 
literature. All the papers that appeared in ^'Modern Electro¬ 
plating” were also published in volume 80 of the Transactions of 
the Electrochemical Society, Because this volume is available in 
libraries and *‘Modem Electroplating” is now in process of revi¬ 
sion, references have been given only to the Transactions, 

Some important changes have been made in the scope and 
arrangement. Although numerous articles and books have been 
recently published on chemistry for electroplaters, the modest 
chapter on this subject has been retained for reference and review, 
especially by those without a formal scientific education. Such 
individuals should extend their knowledge of chemistry by study 
of appropriate texts, preferably in classes conducted for platers. 
Wherever new terms or those with special meanings in this field 
are introduced, explanatory notes are included throughout the text. 

Instead of the analytical methods being distributed according to 
the specific baths, they have been assembled into one chapter, 
which will be more convenient for those persons engaged princi¬ 
pally in analyses. 

It has been pointed out by several authors in recent years that, 
through the periodic system of the elements, relations between the 
conditions for deposition of different metals can often be predicted. 
Therefore instead of treating the metals in the order of their appar¬ 
ent importance in electrodeposition (as in the previous editions), 
they have been discussed in groups according to the periodic 
system. This arrangement will permit the empirical use of any 
data presented and at the same time may stimulate new lines of 
thought by investigators in this field. 

This edition is more scientific and technical than previous edi¬ 
tions, for the obvious reason that the electroplating industry is 
becoming more scientific. By presenting new developments in 
simple terms, it is hoped that they can be more readily assimilated 
and applied by those directly engaged in plating operations. 

The authors are indebted for helpful criticisms and suggestions 
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received from many persons regarding the drafts of specific chapters 

and especially to G. Byron Hogaboom, Jr., Nathaniel Hall, J. 

Homer Winkler, Clarence L. Buck, John McLean, Arthur Logozzo, 
George Dubpernell, Karl Schumpelt, Walter R. Meyer, and 

Guerin Todd. 

The cordial reception and wide use of the earlier editions of this 
text lead to the hope that this new edition will serve to meet the 

needs of an even greater number of individuals, firms, and institu¬ 

tions. If so, our efforts will have been fully rewarded. 

William Blum 

Geoboe B. Hogaboom 
Wabhinqton, D.C., 
New Britain, Conn. 

June, 1949 





PREFACE TO THE FIRST EDITION 

During the past several years the authors have been associated 
with the investigation of electrotyping and electroplating processes 
at the Bureau of Standards. These studies have been carried out 

not alone to assist wherever possible other branches of the govern¬ 
ment service, but also to secure information useful to the manu¬ 
facturing industries. In this field the Bureau has worked in close 
cooperation with the American Electroplaters' Society and the 
International Association of Electrotypers. In general, the 
results of specific investigations have been made public from time 
to time, through government publications and by presentation in 
appropriate journals. 

Through the close association thus gained with persons con¬ 
nected with the above industries, the authors have become con¬ 
vinced that before there can be any extended industrial application 
of the results of research work, there must be a more general recog¬ 
nition and application of the established and fundamental prin¬ 
ciples of the related sciences. This book has therefore been 
prepared not so much for the purpose of presenting the results of 
research as of assisting those in the industry to understand and 
apply the results that have been or may be secured in various 
research and educational institutions. 

A new word, electroforming^ has been employed in this book. 
It may be defined as ^‘the production or reproduction of articles 
by electrodeposition." It is suggested as a substitute for th(' 
term galvanoplasty, which has been occasionally used in English 

or American texts. It includes electrotyping, the reproduction 
of phonograph record matrices, and the manufacture of tubes 
and other objects by electrodeposition. The whole field of com¬ 
mercial electrodeposition is, then, covered by the four analogous 
terms, electrorefining, electrowinning,^ electroplating, and electro¬ 
forming. 

* Electrowinning is a term frequently used for the electrolytic recovery of 
metals from solutions obtained by leaching ores, e.(7., in the production of 
electrolytic sine. 

ix 



X PREFACE TO THE FIRST EDITION 

For the information regarding general principles and processes 
the authors have drawn freely from various texts and journal 
articles. No attempt has been made to give a specific reference 
for each statement made, but a few important references upon 
each subject have been cited for the benefit of those desiring to 
study the literature of electrodeposition. 

The authors are especially indebted to the Bureau of Standards 
for the privilege of using subject matter and illustrations from 
articles that have appeared previously from that Bureau and of 
using in a few cases their unpublished data. The authors wish 
also to thank the American Electrochemical Society for the loan 
of cuts of illustrations that have appeared in their transactions. 

For many of the facts and formulas of commercial processes, 
the authors are indebted to niunerous electrop'laters and electro¬ 
typers, especially the members of the American Electroplaters’ 
Society and of the International Association of Electrotypers. 
To their colleagues at the Bureau of Standards they are indebted 
for helpful advice and suggestions. 

William Blum 

Gkorge B. Hooaboom 
Washington, D.C. 

Jantutry, 1924 
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CHAPTER I 

METHODS OF EXPRESSING CONDITIONS OF 
OPERATION 

GENERAL PRINCIPLES 

Reliable operation and control of any process, such as 
electrodeposition, that involves changes in the composition and 
form of matter depend upon the measurement and knowledge of 
certain conditions of operation, such as the composition, density, 
or temperature of the solutions; the capacity of the tanks; the cur¬ 
rent density and voltage employed; and the thickness of the 
deposited metal. In measuring or recording such data it is cus¬ 
tomary in most commercial work to employ the ordinary or English 
units, the Fahrenheit scale of temperature, and the Baum6 scale 
of density. In scientific work, including most of that conducted 

in works^ laboratories, the metric units, centigrade temperature 
scale, and specific gravity are generally used. It is highly desirable 
to bring about the general adoption of the more scientific units, 
which are much simpler to use. It is recognized, however, that, 
even if the metric system were actually adopted in the near future, 
a considerable period would elapse before it could come into com¬ 
mon usage. In this book, therefore, all important values will be 
expressed in both units so as to be immediately useful both to 
chemists and to platers. The latter are urged to become as famil¬ 
iar as possible with the scientific units in order that they may be 
better able to make use of the results of scientific investigations 
and of such tests as may be conducted by chemists. 

Before considering in detail the methods of expressing the results 
of any measurement, it is important to discuss at some length the 
principles of, relative accuracy and significant figuresf since a disre¬ 
gard of these principles often leads both practical and scientific 
persons to misconceptions and to waste of time and energy. The 
first principle depends upon the fact that the various measurements 
which enter directly into any final result should be made with 
approximately the same degree of relative accuracy. No measure¬ 
ments are absolutely accurate, owing to unavoidable errors in the 

1 
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calibration and use of any measuring instrument. Up to a 
certain point such errors can be reduced by definite precautions. 
The amount of care that is warranted depends entirely upon the 
use that will be made of the results. Thus, there is no advantage 
in measuring the dimensions of a plating tank to one-hundredth 
of an inch when we cannot adjust or maintain the height of the 
solution in the tank within one-quarter of an inch. Similarly, 
there is no advantage in measuring two of the tank dimensions 
with an accuracy of only 1 per cent and the third dimension with 
an accuracy of one-tenth of 1 per cent, since the final result de¬ 
sired, i.e., the capacity of the tank, will be no more accurate than 
the least precise measurement. 

For practical purposes we may assume that satisfactory results 

will be obtained if the composition of a plating solution is main¬ 
tained constant to within 2 per cent (t.e., 1 part in 50) of the actual 
concentration of each constituent. Any solutions requiring more 
accurate control than this are inapplicable for modern commercial 
plating. In the calculation of any actual result, such as the nickel 
content of a plating solution, a number of separate factors are 
involved, such as the volume of the solution (which in turn depends 
upon the length and width of the tank and the depth of the solu¬ 
tion), the volume of the sample used in the analysis, and the weight 
of nickel obtained (or the number of milliliters^ required for the 
titration). Since the accidental errors involved in some of these 
measurements may be in the same direction and therefore cumu¬ 
lative, it is desirable to make the individual measurements with 
somewhat greater accuracy than is required for the final result. 
If, for simplicity, we assume that we desire to adjust the composi¬ 
tion of a plating solution to within 2 per cent, an accuracy of 1 per 
cent (of the value concerned) is usually adequate for the separate 
measurements involved in the determination of the composition. 

In expressing the results of such measurements or of calculations 
based upon them, it is therefore useless to employ any more figures 
than are necessary to indicate an accuracy of about 1 per cent. 
Thus for the above purposes it is just as accurate and far more 
convenient to state that the volume of a plating solution is 235 gal 
as to call it 235.36 gal, even though the calculations might indicate 
the latter volume. * In other words, no more significant figures 
should be employed than are justified by the accuracy of the 

‘ The term milliliter (ml) is now most commonly used in volumetric analysis. 
For all practical purposes the milliliter and cubic centimeter (cm>) are equal. 
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measurements or by the use to which the results are to be put. 
By significant figures are meant those numerals which determine 
the relative accuracy of the value involved. Thus in the above 
illustration the value 235 gal has three significant figures, while 
235.36 gal has five such figures. The first value indicates merely 
that the true volume is nearer to 235 gal than it is to 234 or 236 gal; 
the latter value would indicate (assuming that its use were justified) 
that the true volume is closer to 235.36 gal than to 235.35 or 
235.37 gal. Similarly, a value of 28.7 oz/gal of nickel sulfate has 
three significant figures and is for practical purposes just as accu¬ 
rate as the value 28.676 oz/gal, which has five significant figures. 
In general, we may state that for this class of work it is sufficient 
to round off all the values involved to three significant figures. 
If in any given case a chemical analysis has shown that a solution 
contained (as based on the actual measurements involved) 214.47 
g/1 of nickel sulfate, it should be reported as 214 g/1. If, then, 
this value is converted to ounces per gallon (by multiplying by the 
factor 0.134), the actual result is 28.676 oz/gal, but the practical 
value is 28.7 oz/gal (not 28.6 oz/gal). Similarly, a statement that 
^10 ml of sulfuric acid is to be added to 10.0 ml of the plating solu¬ 
tion^' indicates that the measurement of the acid is only approxi¬ 
mate while that of the plating solution is accurate to at least 
1 per cent. 

In general, in calculations of such data as the composition of 
plating solutions, the additions that may be required, the current 
density, the thickness of deposits, etc., the intelligent use of a slide 
rule not only will reduce the time required in making calculations 
but will also tend to eliminate the use of superfluous figures. 
Several platers who have been initiated into the use of a slide rule 
have found it of great assistance to them. A few minutes' instruc¬ 
tion and some practice will enable any intelligent plater to use a 
slide rule. 

METHODS OF EXPRESSING TEMPERATURE 

The thermometer usually employed in scientific work is the 
centigrade thermometer, on the scale of which the freezing point 
of water is 0® and the boiling point of water (at a pressure of 
1 atmosphere) is 100®, while on the Fahrenheit scale the corre¬ 
sponding points are 32 and 212®, respectively. In general, prefer¬ 
ence will be given to the centigrade scale, but in view of the 
prevalent use of the Fahrenheit scale, the values on the latter will 
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also be included. The conversion of temperatures from one scale 
to the other can be readily accomplished by the use of simple 
formulas. 

1. To convert centigrade to Fahrenheit temperatures, multiply 
the degrees centigrade by 9/5 and add 32°. 

Example. To convert 20®C to Fahrenheit: 

0 X 20“) + 32“.- 36 + 82 - 68“F 

2. To convert Fahrenheit to centigrade temperatures, subtract 
32° from the degrees Fahrenheit and multiply the remainder by 5/9. 

Example, To convert 77®F to centigrade: 

(77“ - 32“) I = 45“ X I = 25“C' 

The relation between the two scales can be readily seen from 
Tables 1 and 2 in the Appendix. 

METHODS OF EXPRESSING DENSITY OF SOLUTIONS 

For testing the density of solutions either a Baum6 (B or B6)' 
or a specific gravity (sp gr) hydrometer can be used. By the 
specific gravity of a liquid is meant the ratio of the weight of a 
given volume of the liquid to the weight of an equal volume of 
pure water, both the liquid and the water being at a definitely 
stated temperature. Most of the hydrometers used for commer¬ 
cial work in this country are graduated for a temperature of 15.6®C 
f60®F) for both the liquid and water. Such hydrometers are said 
to be graduated for 60®/60®F. If, then, a certain solution has a 
specific gravity of 1.16, any definite volume of that solution at the 
above temperature weighs 1.15 times as much as does the same 
volume of water at that temperature. For the benefit of persons 
still using Baurn^ hydrometers, Tables 3 and 4 for the conversion 
of degrees Baurn^ to specific gravity and vice versa will be found 
in the Appendix. 

To read a hydrometer, it should be floated in a glass cylinder 
or jar sufficiently wide that the hydrometer does not touch the 
sides. The true reading is the point at which the lower edge of 
the meniacus (i.e., the curved surface of the liquid) crosses the 
hydrometer stem. This is best observed by looUng through the 
solution, with the eye just level with the meniscus. As many of 
the plating solutions are too deeply colored to permit reading 
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through the solution, it is sometimes necessary to take the reading 
from above the solution. For most purposes the results so 
obtained are sufficiently accurate, especially if the cylinder con¬ 
taining the solution is fairly wide. For greater accuracy a cor¬ 
rection can be made, based upon the difference in the readings of 
the hydrometer as viewed from above and below when immersed 
in pure water or any colorless aqueous solution of suitable density 
in a similar-sized cylinder. 

In the use of a hydrometer it should be borne in mind that the 
density should always be measured at approximately the same 
temperature (preferably that for which the hydrometer is gradu¬ 
ated). It is also important to note that only in those cases where 
but one constituent (in addition to water) is present does the 
density of a solution indicate the composition. Thus for a solution 
containing only copper sulfate, the density at a certain temperature 
defines the concentration. If, however, one or more other con¬ 
stituents, such as sulfuric acid and aluminum sulfate, are present 
in the solution, the density indicates (and then only approximately) 
merely the total concentration of material dissolved in the water. 
The use of a hydrometer is therefore not adequate to determine 
the composition of any plating solution containing more than one 
dissolved constituent. Its use is very helpful in indicating the 
extent of the losses of solution that may occur either by mechanical 
withdrawal or by leakage, provided the solution is always adjusted 
to the same level in the tank before making the measurement. In 
some cases—as in an acid copper solution (page 172)—a density 
determination, together with a simple titration, may yield 
an accurate analysis of a solution containing two dissolved 

constituents. 

METHODS OF EXPRESSING COMPOSITION OF SOLUTIONS 

Among the numerous advantages of the metric system may be 
mentioned the following: (1) The fact that the units are related 
in multiples of 10 greatly simplifies calculations; (2) the simple 
relation between the units of capacity and volume (11 is practically 
equal to 1 dm* or 1,000 cm*) facilitates the calculation of the 
capacity of tanks or vats; (3) the simple relation between the units 
of weight, volume, and capacity (1 kg is equal to the weight of 
1 dm* or 11 of water at its maximum density) renders very con¬ 
venient the calculation of the weight of a given volume of water 
or of any liquid of known specific gravity A complete list of the 
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definitions and accurate tables of equivalents of the United States 
and metric units of weight and measure will be found in Nat. Bur. 
Standards Circ. 47. The relations between the values most com¬ 
monly used in this work will be found in Table 5 in the Appendix. 

Wherever practicable, it is highly desirable to use the metric 
system in the actual plating operations. By the use of a meter 
rule (or a 60-cm fourfold rule), a set of metric weights or a platform 
scale with metric graduations, and a suitable measure, holding, 
for example, 10 1, the metric system could be installed in a plant 
in a very short time. 

In any case, if the plater is to make use of the results of analyses 
that may be made for him or of results of plating investigations, 
it is necessary for him to become familiar with some metric units, 
and the methods of converting them into ordinary units. Wher¬ 
ever such conversions are necessary, it is preferable to make an 
entire calculation in metric units and then to convert to ordinary 
units rather than to mix the units and calculations. Efforts 
toward short cuts, such as the use of an assay gallon^ (i.e., 13.4 ml 
of solution), so that the results can be obtained directly in terms 
of ounces per gallon, are likely to lead to confusion and are justified 
only when a large number of similar determinations are required, 
in which case they may be very convenient. 

The use of hybrid expressions, such as milligrams of zinc per 
square inchj grams of glue per gallon^ etc., is entirely unjustified. 
It is just as easy for a plater to obtain a conception of the magni¬ 
tude of a square centimeter as of a milligram, and any use of hybrid 
units by chemists is a reflection upon the intelligence of the plater 
or an indication of mental laziness of the chemist. 

In Table 6 in the Appendix will be found a number of simple 
conversion factors, by means of which results obtained in the 
metric system can be expressed in the ordinary units and vice 
versa. It will be noted that to convert the concentration (in 
grams per liter) to percentage by weighty we divide the concentration 
in grams per liter by ten times the specific gravity of the solution 
(or, more strictly speaking, the density of the solution, i.e.j the 
weight in grams of 1 ml). In this connection it is in place to call 
attention to the uncertainty that frequently arises through express¬ 
ing concentrations in percentage. If a solution is stated to contain 
20 per cent of copper sulfate, such an expression if correctly used 

^ Hall, E. J., MeUd Ind., vol. 12, p. 466, 1914. The assay gallon for troy 
ounces per gallon is 12.2 ml. 
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means that the solution contains in each 100 g or 100 lb of sohUiorif 
20 g or 20 lb, respectively, of copper sulfate and 80 g or 80 lb of 
water. Even when the expression is used correctly, it is of little 
value to an electroplater, who rarely if ever weighs the water or 
the solutions used by him. The term per cent is often used incor¬ 
rectly, even by persons engaged in scientific work, who sometimes 
state that a solution contains 20 per cent of copper sulfate when 

it has been prepared by dissolving 20 g of copper sulfate in 100 ml 
of water or else in sufficient water to make 100 ml of solution. 
To avoid any confusion, it is preferable to eliminate the expression 

per cent as applied to such solutions and in all cases to express 
the concentration in terms of the weight of substance present in a 
definite volume of solution, either in grams per liter or in ounces 
per gallon. In making use of such values the plater should bear 
in mind that in order to prepare 100 gal of a solution to contain 
20 oz/gal of copper sulfate, the necessary amount of copper sulfate 

(i.e., 2,000 oz, or 125 lb) should not be dissolved in 100 gal of water 
(which would produce slightly over 100 gal of solution) but in 
sufficient water to make 100 gal of solution. In other words, the 

copper sulfate should be dissolved in a volume of water slightly 
less than that required, and the solution should be finally diluted 
with water to a volume of 100 gal, as indicated by some convenient 
mark on the tank. It is important to remember that the British 
imperial gallon is about 20 per cent larger than the United States 
gallon. 

For research and investigation work, it will usually be found 
preferable to express the concentrations in terms of normality (see 
page 23), f.^., in terms of the chemical equivalents of the various 
substances present in the solution. Through failure to calculate 
the relative normalities of solutions used in investigations, errone¬ 
ous conclusions may be drawn or important deductions may be 
overlooked. When, however, such researches lead to the recom¬ 
mendation of certain solutions in commercial work, it is necessary 
that the concentrations should be expressed in grams per liter or 
ounces per gallon. 



CHAPTER II 

PRINCIPLES OF CHEMISTRY 

It is obviously impossible in a brief chapter of a book of this 
scope even to touch upon all the principles of chemistry that 
electroplaters may consciously or unconsciously apply in their 
industry. For such information, chemical texts should be con¬ 
sulted and, if possible, classes should be attended. Nevertheless, 
it is desirable to explain briefly the most important principles and 
terms likely to be employed. In doing so, the needs of electro¬ 
platers will be especially considered even though thereby the 
definitions or illustrations may be more restricted than would be 
otherwise desirable. 

MATTER 

Kinds of Matter. Matter may be defined as that which has 
weight (or mass) and occupies space. A substance is any specific 
kind of matter, such as wood, lead, water, or sodium carbonate. 
Substances are distinguished from each other and are hence 
identified by their properties, such as color, taste, odor, specific 
gravity, solubility (in water or other solvents), melting point, 
boiling point, and electrical conductivity. Whenever two samples 
have identical properties, the samples are of the identical sub¬ 
stance. Actually, it is usually necessary to observe or determine 
only a few properties in order to identify a substance, although 
obviously the more properties are determined the more reliable is 
the identification. 

Of those substances which are homogeneous, t.e., uniform in 
composition throughout, we distinguish two classes, known respec¬ 
tively, as elements and compounds. 

Elements may for convenience be defined as substances that 
have never been decomposed or separated into simpler substances 
by chemical methods. (The discovery of radium and the study 
of radioactive changes have shown that under certain circum¬ 
stances some of the so-called ^'elements” may decompose, although 
the rate of such decomposition cannot at present be readily con- 

8 
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trolled.) Familiar examples of elements are oxygen and nitrogeni 
the gases that constitute the larger part of the atmosphere; carbon, 
sulfur, and phosphorus, all of which are nonmetallic; and the metal¬ 
lic elements, such as copper, silver, gold, lead, tin, and zinc. 

Compounds are substances that are uniform in composition 
throughout and which contain two or more elements, which ele¬ 
ments are always present in a definite and constant proportion by 
weight? Thus, for example, water is a compound that consists 
always of 88.9 per cent (by weight) of oxygen and 11.1 per cent of 
hydrogen. Similarly, sulfuric acid consists of hydrogen, sulfur, 
and oxygen, in definite proportions by weight. Invariably plating 
solutions contain one or more compounds in addition to water. 

Mixtures may be distinguished from compounds by the fact 
that they consist of two or more substances (which may be either 
elements or compounds) which are present in many variable pro¬ 
portions and which retain their original properties in the mixture. 
The classic example of a mixture, given in many chemistry texts, 
is that produced by grinding together sulfur and iron filings. From 
such a mixture the iron can still be removed by a magnet and the 
sulfur by a suitable solvent for sulfur, such as carbon disulfide, 
showing that each substance has retained its original properties. 
If, however, such a mixture is heated, a chemical change or reaction 
occurs and a chemical compound, iron sulfide, is formed, which 
has the properties neither of iron nor of sulfur. Similarly, it is 
well known that the compound called copper sulfate has entirely 
different properties, such as color, density, solubility, and taste, 
from a mere mixture of copper, sulfur, oxygen, and water, all of 
which substances are present in definite proportions in the blue 
crystals of copper sulfate. 

As is usually the case in attempts to classify nature, there is 
no sharp line of demarcation betw'een compounds and mixtures. 
Some classes of substances, especially solutions and alloys, are on 
the border line, so that from one standpoint they may be con¬ 
sidered as compounds and from another as mixtures. Certain 
properties of solutions will be discussed in detail (page 18), as 

solutions are the basis of all electroplating operations. 

Structure of Matter. The various elements are considered to 
be made up of small particles called atoms. An atom of an element 
may conveniently be described as the smallest particle of that 
element that can enter into chemical combination. Modern 
theories of chemistry and physics indicate that atoms are in turn 
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composed of much smaller particles, including electrons and protons. 
Electrons are the units of negative electricity, the movement and 
transfer of which are involved in the actual processes of electro¬ 
deposition. Protons are positively charged particles, derived by 
removing an electron from a hydrogen atom. 

It is now known that many elements exist in the form of 
isotopes, the atomic weights of which are different, although they 
have identical chemical properties. Many of these isotot)es are 
radioactive; i.c., they decompose spontaneously into simpler atoms 
and simultaneously emit energy. 

When a chemical compound is formed, we consider that a simple 
number of atoms of one element combine with a simple number of 
atoms of one or more other elements to form molecules of the com¬ 
pounds. A molecule of a compound is the smallest particle of that 
compound which can exist and retain the properties of the com¬ 
pound. Thus we consider that a molecule of water (represented 
as H2O) is formed by the union of two atoms of hydrogen and one 
of oxygen. Elements may also exist in the form of molecules, 
which usually consist of two or more atoms. Thus a molecule of 
hydrogen is represented by H2. 

CHANGES IN MATTER 

Physical Changes. Temporary changes in matter, such as a 
change in temperature or a change in physical state (as produced 
by melting or boiling), are known as physical changes. 

Chemical Changes. Permanent changes that occur in matter 
are known as chemical changes. Typical examples of chemical 
changes are as follows: (1) the combination of elements to form 
compounds, as when iron combines with the oxygen of the air to 
form rust, or iron oxide, which is a compound of iron and oxygen; 
(2) the decomposition of compounds into elements or into simpler 
compound^. Thus, when a compound known as mercuric oxide is 
heated, it is teadily decomposed into mercury (or quicksilver) and 
oxygen. A less simple decomposition occurs in every electroplat¬ 
ing operation. Thus, when a direct current is passed through a 
solution containing copper sulfate, the latter is decomposed into 
copper (which deposits upon the cathode) and a residue (or radical) 
containing sulfur and oxygen (which residue recombines with the 
anode, if the latter is copper, and forms copper sulfate); (3) double 
decomposition, in which two compounds react with each other to 
form two different compounds. Thus, when sodium chloride is 
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added to a solution of silver nitrate (such as is formed by dissolving 
silver in nitric acid), a white insoluble precipitate of silver chloride 
is formed, and there is also produced in the solution a soluble 
compound, sodium nitrate. Similarly, whenever an acid such 
as sulfuric acid is neutralized with a base or alkali, such as sodium 
hydroxide (caustic soda), a new compound (in this case sodium 
sulfate) and water are formed by double decomposition. 

Conservation of Matter. Whenever the above chemical 
changes take place, the total weight or mass of all the products 
of the change or reaction is exactly equal to the weight of all the 
substances entering into the reaction. The law of conservation 
of matter, as formerly accepted, states that matter can be neither 
created nor destroyed. Modem science has shown that under 
certain conditions it is possible for matter to be converted into 
energy and vice versa. More strictly, it may be stated that the 
total amount of matter plus energy in the universe is constant. 

ENERGY 

Forms of Energy. All chemical changes are accompanied by 
some change in the form of energy. The various forms of energy, 
such as heat, light, electricity, magnetism, chemical energy, and 
mechanical energy, can under appropriate conditions be con¬ 
verted into each other, and just as with matter, the total amount 
of energy remains unchanged. Thus, for example, coal contains 
a certain amount of chemical energy (derived originally from the 
energy of the sun). When coal burns (i.e., combines with the 
oxygen of the air), this chemical energy is converted into heat, 
which through the expansion of steam in a steam engine may 
be changed into mechanical energy. The engine may, in turn, 
be connected to a generator and thereby produce electrical energy, 
which can be reconverted to mechanical energy in an electric motor. 
Or the electrical energy can be applied to a storage cell, in which 
it is converted into chemical energy; z.c., it produces new sub¬ 
stances in the storage cell which, by reacting with each other, can 
again produce electricity. When a current of electricity is passed 
through a plating solution, most of the energy is converted into 
heat, although part may be used in decomposing the chemical 
compounds present. (In the ideal case, with anode and cathode 
of identical composition and physical properties, with no polariza¬ 
tion, and with perfect anode and cathode efficiency, all the elec¬ 
trical energy is converted into heat.) A consideration of these 
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relationa between energy and chemical changes is essential to any 
understanding of electroplating operations. 

^ CHEMICAL NOTATION 

For convenience in writing and in calculations, there are assigned 
to each element an abbreviation or symbol and a number, known 
as its atomic weight. This number represents the proportion in 
which or in some simple multiple of which that element always 
enters into chemical combination (see Table 7, Appendix). These 
numbers are only relative and are at present based upon the atomic 
weight of oxygen as 16, though originally based upon hydrogen, 
the lightest of the elements, as 1. (Considering oxygen as 16, the 
atomic weight of hydrogen is 1.008, but for most practical purposes 
we may consider it as 1.) By the appropriate arrangement of the 
symbols of the elements it is possible to indicate very concisely the 
formula or composition of any chemical compound, and by the 
combination of such formulas into equations^ the changes that take 
place in any reaction can be represented. It should be borne in 
mind that the use of symbols, formulas, and equations is simply 
a sort of chemical shorthand and, just as in shorthand, the S3anboIs 
have no significance except in so far as they represent facts. There 
is BO magic in chemical formulas or equations, and there is abso> 
lutely no justification for using them unless the underlying facts 
are understood and then only as a brief, explicit method of stating 
such facts. 

If, as an illustration, we say that the chemical formula of water 
is HfO, this formula states very explicitly certain facts, m., that 
water always consists of hydrogen and oxygen in the proportion of 
two atoms of hydrogen to one atom of oxygen or of 2 parts by 
weight of hydrogen to 16 parts by weight of oxygen in each 18 parts 
(t.6., the molecular weight) of water. Every 18 g or 18 lb of water 
contains, ^therefore, 2 g or 2 lb, respectively, of hydrogen and 16 g 
or 16 lb of oxygen, or in other words, 1/9, or 11.1 per cent, of 
hydrogen, and 8/9, or 88.9 per cent, of oxygen. 

CHEMICAL CALCULATIONS 

The use of formulas to represent chemical compounds and of 
equations to represent chemical changes is the basis of all chemical 
calculations. As the name implies, an equation is correct only if 
the quantity (t.s., number of atoms) of each element is the same 
on each side of the equation. But even such an equality is not 
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evidence of the chemical correctness of the equation. Before an 
equation can be written, it is necessary to know what reaction, 
if any, occurs between the substances used and what substances 
are produced as a result of such a reaction. Thus, if it has been 
found experimentally that, when sodium cyanide, NaCN, is added 
to a solution of silver nitrate, AgNOg, there are formed a white 
precipitate of silver cyanide, AgCN, and a solution of a salt, 
sodium nitrate, NaNOg, these facts can be represented by an 
equation such as the following: 

Sodium cyanide + silver nitrate = silver cyanide + sodium nitrate 

NaCN + AgNOg = AgCN + NaNOg 

If in this equation we introduce the atomic weights of the respec¬ 
tive elements, we obtain the molecular weights of the various 
compounds: 

NaCN -f AgN03 = AgCN -h NaNOj 
23 + 12 + 14 + 108 + 14 + (3 X 16) = 108 + 12 + 14 + 23 + 14 + (3 X 16) 

48 48 
49 170 134 85 

In other words, 49 parts by weight (e.g., grams or pounds) of 
sodium cyanide are required to react with 170 parts of silver 
nitrate, and there are formed 134 parts of silver cyanide and 
86 parts of sodium nitrate. These substances react with each 
other always in these proportions by weight. With such informa¬ 
tion, it is possible to determine by simple calculations just how 
much of each substance will be required to react with a given 
amount of another substance or to produce a desired amount of 
some other substance. 

Example. Thus, in the above illustration, suppose it is desired to know 
how much sodium cyanide is necessary to precipitate the silver from 100 oz 
of silver nitrate, to form silver cyanide, such as might be desired to prepare 
a cyanide silver-plating solution. Since, according to the above equation, 
49 oz of sodium cyanide is needed for 170 oz of silver nitrate, it requires 
49 oz of sodium cyanide for each ounce of silver nitrate, and therefore for 

49 4 900 
100 oz of silver nitrate X 100 * =* 28.7 oz of sodium cyanide is 

required. Or again, suppose we wish to know how much silver cyanide 
can be prepared from 100 oz of diver nitrate. Since 170 oz of silver 
nitrate yields 134 oz of silver cyanide, 100 oz of silver nitrate will produce 

^ 100 » « 79bz of ffllver cyanide. 



14 ELECTROPLATINO AND ELECTBOFORMINQ 

In short, all that is nece)9sary to solve such problems is to deter¬ 
mine from the equation in what proportion by weight the sub¬ 
stances,in question enter into the reaction and then to determine 
the unknown or desired quantity by the use of this same proportion. 

As a precaution against confusion in such calculations, always 
check the result by cammon-sense methods. Thus, in the first of 
the abovQ problems, simple inspection of the equation shows that 
170 parts of silver nitrate require 49 parts of sodium cyanide, or 
slightly less than one-third of the weight of silver nitrate; hence 
it is evident that the result, 28.7 oz of sodium cyanide for 100 oz 
of silver nitrate, is at least approximately correct. If, on the other 
hand, the proportion had been accidentally reversed and written 
170/40, the result obtained for 100 oz of silver nitrate would have 
been 347 oz of sodium cyanide, which is obviously incorrect. 
Similarly, in the second problem it is evident that the weight of 
silver cyanide must be somewhat less than that of the silver nitrate 
from which it is produced. 

Example. As a further illustration of the use of such an equation let us 
solve the following problem. It is desired to prepare 100 gal of silver-plating 
solution to contain 3 oz/gal of silver cyanide. (1) How much metallic silver 
must be dissolved in nitric acid to form a solution from which the required 
amount of silver cyanide can be precipitated, and (2) how much sodium 
cyanide must be used in the precipitation? (1) 100 gal of solution will 
require 300 oz of silver cyanide. From the equation we note that 170 parts 
of silver. iiHrate (containing 108 parts of silver) are required to form 134 parts 
of silyer cyanide; in other words, 108 parts of silver form 134 parts of silver 

108 
cyanide. Therefore each ounce of silver cyanide will require ^ oz of 

silver,^ and 300 oz of silver cyanide will require ^ X 300 =* ~ 242 oz 

of metallic silver. (2) Since to precipitate 134 parts of silver cyanide requires 
49 

49 parts of sodium cyanide, each ounce of silver cyanide will require oz of 

sodium cyanide, or 300 oz of silver cyanide will require for its precipitation 
* 14 700^ 

— X 900 * - “ 111 OZ of sodium cyanide.’ 

Cknifidenoe in such calculations can be gained only by practice. 
liatetB are therefore urged to make such calculations frequently, 
in each case making sure from appropriate texts that the problems 
are baaed on correct equations. 

tpor ■iiiq>Ucity all theoe calculations are made in svcMupds ounces. 
Actually the silver would be purchased in troy ounces (see Table 6). 

*It wiQ require aa equal amount of sodium cyanide to tedissolve the tilver 
cyadda 



PRINCIPLES OF CHEMISTRY 16 

CLASSES OP CHEMICAL COMPOUNDS 

In the study of chemistry it is convenient to make a distincticHi 
between organic and inorganic compounds. The original basis 
for such a distinction was the occurrence of the organic compounds 
in living organisms, i.e.j in animal and vegetable life. That dis¬ 
tinction ceased to exist, however, when it was found possible to 
produce by artificial means many of such organic compounds. 
The present distinction is therefore an artificial one, and we may 
define organic chemistry as the chemistry of the , compounds of 
carbon and inorganic chemistry as that of all other compounds. 
(For arbitrary reasons carbon itself, the oxides of carbon, and 
carbonic acid and carbonates are usually included in inorganic 
chemistry.) There are a great many classes of organic compounds, 
such as hydrocarbons, alcohols, organic acids, and carbohydrates. 
Many such compounds are used directly or indirectly in electro¬ 
plating and electroforming, such as alcohol, benzene, plastics, and 
addition agents. Since, however, they only rarely enter into the 
actual composition of plating solutions and then usually in very 
small amounts, it will not be necessary to discuss them further, 
except as they may be involved in specific applications. 

By far the greater number of compounds entering into plating 
solutions are inorganic. The simplest inorganic, compounds are 
the Unary compounds, i.e., those which consist only of two 
elements. In general, binary compounds are designated by names 
ending in ide, as oxide, sulfide, chloride, etc., preceded by the 
name of the other element, usually the more metallic of the two. 
Thus, iron sulfide is a compound of iron and sulfur; sodium chlo¬ 
ride, one of sodium and chlorine; etc. Although the names of 
such compounds usually indicate what elements are present in 
them, it is not possible to write formulas for such compounds 
without a knowledge of the relative proportions in which these 
particular elements combine—^in other words, their valence. 

Valence. By the valence of an element is meant the number 
of atoms of hydrogen with which one atom of the element wiU 
combine or which it will replace. Thus in water, H2O, one atom 
of oxygen combines with two atoms of hydrogen; therefore the 
valence of oxygen is two. Similarly, in hydrochloric acid, HCl, one 
atom of chlorine combines with one of hydrogen, and therefore in 
this compound the valence of chlorine is one. In ammonia, NHj, 
one atom of nitrogen combines with three of hydrogen; hence in 
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this compound the valence of nitrogen is three. Some of the 
elements, especially the metals, do not readily combine with 
hydrogen, but under proper conditions they may replace hydrogen. 
Thus ii is possible to replace one atom of hydrogen in hydrochloric 
acid, HCl; by one atom of sodium, Na, to form sodium chloride, 
NaCl; hence the valence of sodium is one. In sulfuric acid, 
H2SO4, it therefore requires two sodium atoms to replace the 
two hydrogen atoms, forming sodium sulfate, Na2S04. If, how¬ 
ever, instead of sodium, the metal calcium (or a suitable compound 
of calcium) is employed, it will be found that calcium sulfate, 
CaS04, is formed, in which one atom of calcium has replaced two 
atoms of hydrogen; in other words, the valence of calcium is two. 
Many of the elements exhibit several valences, according to the 
type of compound in which they are present. In each type of 
compound, however, the valence of the element remains the same. 
Thus iron has two principal valences, which are, respectively, two 
and three. All the compounds in which iron has a valence of two 
are designated as ferrous compounds, and those in which it has a 
valence of three are ferric compounds. Thus ferrous chloride is 
FeCh; i.e,, one atom of iron combines with two atoms of chlorine 
(each of which, as illustrated above, has a valence of one in hydro¬ 
chloric acid and chlorides). Ferric chloride has the formula FeCls; 
i.e., one atom of iron combines with three of chlorine. Copper has a 
valence of one in cuprous compounds such as cuprous chloride, CuCl, 
and of two in cupric compounds such as cupric chloride, CuCU. 

It is sometimes convenient to designate as positive (+) the 
valence of those elements which either are metallic or in a partic¬ 
ular case are able to replace hydrogen or to combine with oxygen 
and as negative (—) the valence of those elements which are able 
to combine with hydrogen or to replace oxygen. The valence of 
hydrogen is always considered as 4-1 and that of oxygen as —II. 
(To*avoid confusion, Roman numerals are used to indicate 
valence.) In every chemical compound the sum of the positive 
valences must always equal the sum of the negative valences; i.e., 
the algebraic sum is always zero. Thus ferric chloride may be 
written Fe'^'^^Cla”’^ from which it can be seen that there are three 
positive valences and three negative valences. For convenience, 
we confflder that a free element, such as carbon or sulfur or iron, 
existing as such, has a valence of zero. Therefore the valences 
assigned to the various elements apply only when those elements 
are pfresmt in compounds. 
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In Table 8 in the Appendix will be found a list of the valences 
of the common elements in their principal types of compounds. 
By the proper use of such tables the probable formulas of any 
binary compounds can be determined by using the simplest number 
of atoms of each element that will make the total valence of each 
element equal and of opposite sign. 

Problem. What is the formula of calcium sulfide? Since from the table 
the valence of calcium is +11 and that of sulfur in sulfides is —11, one atom 
of calcium is equivalent to one of sulfur, and the formula of calcium sulfide 
is CaS or Ca+«S--«. 

Problem. What is the formula of sodium kilfide? Since the valence of 
sodium is +I and that of sulfur in sulfides is —II, it will require two atoms 
of sodium to combine with one of sulfur, and therefore the formula of sodium 
sulfide is Na2S (i.c., Na2^* S““). 

Problem. What are the formulas of ferrous oxide and ferric oxide, respec¬ 
tively? As the valence of iron in ferrous compounds is +II and that of 
oxygen is —II, the formula of ferrous oxide is FeO. As the valence of iron 
in ferric compounds is +III and that of oxygen is —II, the simplest way to 
combine the two elements is to use two atoms of iron (having a total valence 
of +VI) and three atoms of oxygen (having a total valence of —VI). The 
formula is therefore Fe208. 

Oxidation and Reduction. Whenever by means of a chemical 
reaction the valence of an element is increased (algebraically), 
the reaction is called an oxidation} (even though oxygen as such 
may not necessarily enter into the equation), and when the valence 
is decreased, reduction takes place. Thus if ferrous oxide, FeO, is 
changed to ferric oxide, Fe203, or if ferrous chloride, FeCh, is 
changed to ferric chloride, FeClg, in each case the iron has been 
oxidized from the ferrous to the ferric condition, i.e., from a valence 
of +II to +III. In all chemical reactions involving oxidation of 
one element, there must be a corresponding reduction of some other 
element, and the total increase of valence of the one element must 
be equal to the decrease of valence of the other element. That 
compound in which the valence of the element is increased is (in 
the particular reaction involved) a reducing agents and that in 
which the valence is decreased is an oxidizing agent. As a simple 
example of oxidation and reduction (which must always occur 
simultaneously) we may take the action of stannous (tin) chloride, 
SnClg, upon ferric chloride, FeCh, to produce stannic chloride, 
SnCU, and ferrous chloride, FeCU. This reaction is often em- 

^ In a restricted sense the term oxidation is used to indicate the combina¬ 
tion of a substance with oxygen. 
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ployed in the .determination of the amount of iron in a solution. 
The above reaction may be written as follows: 

Sn+“Cla + 2Fe+i“Cl, = Sn+i^Ch + 2Fe+"Cl2 

From the numbers above the symbols Sn and Fe, indicating 
their respective valences, it will be noted that each atom of tin 
has increased in valence from +II to +IV, i.e., it has been oxidized, 
while each atom of iron has decreased in valence from +III to +11, 
or has been reduced. (For simplicity only the valences of those 
elements which are actually oxidized or reduced are introduced 
into the above equation.) In this reaction, therefore, the stan¬ 
nous chloride serves as a reducing agent and the ferric chloride 
as an oxidizing agent. Most equations representing the reactions 
that occur during oxidation and reduction are ipuch more com¬ 
plicated than the above example, but all are based on the same 
principles. 

ELECTROLYTIC DISSOCIATION 

Although a large variety of substances are soluble in water, it 
has been found that only certain aqueous solutions, viz., those 
which contain acids, bases, or salts, will conduct electricity. From 
a study of other properties of these solutions, especially their boil¬ 
ing points and freezing points, we are led to the conclusion that, 
when acids, bases, or salts are dissolved in water, they are broken 
up or dissociated, to a certain extent at least, into particles called 
ions, which consist of atoms or groups of atoms. These ions are 
electrically charged, regardless of whether a current is passed 
through the solution or not. In general, when an atom is changed 
to a.negatively charged ion, it has acquired one or more additional 
electrons. When an atom is changed to a positively charged ion, 
it has lost one or more electrons. 

When a current is passed through the solution, the charged 
particles are carried by the current and discharged at the elec¬ 
trodes. The> negatively charged particles, or anions, are carried 
to the positively charged pole or anode, and the positively charged 
particles, or cations, are carried to the negatively charged pole or 
cathode. By the discharge of the ions at the electrodes their 
charges are hence neutralized electrically. 

If a substance such as hydrochloric acid (or, more strictly, 
hydrogen chloride), HCl, is dissolved in water, its dissociation 
may be represented as follows: 

HCl fc? H+ + Cl- 
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(In this form of expression the number of plus or minus signs is 
equal to the valence of the ion.)^ In other words, each of the 
molecules of hydrochloric acid that dissociates forms a positively 
charged hydrogen ion and a negatively charged chloride ion. 
The double arrow indicates that this reaction (like all electrolytic 
dissociation) is reversible. If hydrochloric acid is dissolved in 
water, a part is dissociated or the reaction goes from left to right, 
but if, on the other hand, hydrogen ions and chloride ions are 
brought together in a solution, a certain proportion of them will 
combine to form hydrochloric acid, i.e., the reaction proceeds 
from right to left. 

With a more complex substance, such as sulfuric acid, H28O4, the 
dissociation occurs as follows: 

H2S04±=;2H+ + S04-- 

Actually the dissociation occurs in two stages, represented as 

follows: 
H2S04^H+ + HS04- 
HS04~i::?H+ + S04-“ 

The products of the second dissociation are known as hydrogen 
ions and sulfate ions. More details of the theory of electrolytic 
dissociation can be found in the regular texts on general and 
physical chemistry. With a knowledge of these simple principles 
of electroljrtic dissociation, the relation of acids, bases, and salts 
may be more clearly understood. 

ACIDS, BASES, AND SALTS 

Acids. Acids are those substances which contain hydrogen, 
which hydrogen is replaceable by metals to form salts. Acids 
are also capable of neutralizing bases to form salts. When dis¬ 
solved in water, acids are dissociated, to some extent at least, with 
the formation of hydrogen ions. Sulfuric acid, H2SO4, is a com¬ 
pound in which the two hydrogen atoms can be replaced by metals 
to form salts. When sulfuric acid acts upon zinc, a gas (hydrogen) 
is evolved and a salt (zinc sulfate) is formed in the solution. This 
may be shown by the equation 

Zn -f- H2SO4 = ZnS04 “H Ha 

^ In many textbooks, the superscripts ' and * are used to designate podtiye 
i^nd negative ions, respectively. The use of the + and —^superscripts, as 
ija the above equation, is less confusing and less subject to typographical errors. 
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from which it be seen that the zinc has taken the place of the 
hydrogen. 

When sulfuric acid is added to a base such as sodium hydroxide, 
NaOH| a reaction known as neviralization occurs, as a result of 
which there are formed water and a salt, in this case sodium 
sulfate, NaaSOi, according to the following equation: 

H2SO4 + 2NaOH = Na2S04 + 2H2O 

The extent to which an acid is dissociated when dissolved in 
water, or, in other words, the proportion of hydrogen ions formed, 
is an indication of the strength, .or acidity of an acid. Thus, if in 
equivalent concentrations it is found that hydrochloric acid is 
dissociated to the extent of 95 per cent and sulfuric acid only 90 
per cent, the hydrochloric acid is a stronger acid than the sulfuric 
acid, considered as an acid, i,e., with respect to its power to 
neutralize bases. (The corrosive actions of concentrated sulfuric 
acid or nitric acid upon organic matter, such as wood, etc., or of 
hydrofluoric acid upon glass, are specific properties, not necessarily 
connected with the acidity of the acids, and are not an indica¬ 
tion of the strength of the acids.) Hydrochloric, sulfuric, and 
nitric acids are the three principal strong acids, while acetic and 
citric acids are fairly weak acids, and boric and carbonic acids 
are very weak.^ The degree of the sour taste of acids is roughly 
proportional to their strength as measured by their hydrogen-ion 
concentration. 

In general, acids are formed from the nonmetallic elements, such 
as chlorine, sulfur, nitrogen, and phosphorus. Binary acids, 
such as hydrochloric acid, HCl, and hydrosulfuric acid or hydrogen 
sulfide, H2S, may be considered as compounds of the element 
directly with hydrogen. The acids containing oxygen, such as 
sulfuric acid, H2SO4; nitric acid, HNOs; phosphoric acid, H3PO4; 
and carbonic acid, H2CO8, may be conveniently considered as 
produced 6y the combination of water with the appropriate 
nonmetallic oxides, which oxides are then known as the anhydrides 
of the acids. Thus we may consider that 

Sulfur trioxide, 80$ + H2O = H2SO4, sulfuric acid 
Nitrogen pentoxide, N2O8 + H2O = 2HN08, nitric acid 
Phosphorus pentoxide, P2O8 + 3H2O = 2H8PO4, phosphoric acid 

^ The strong acids are often called mineral acids. This usage, in so far as 
it implies a di^nction from organic acids, is inappropriate, as many inorganic 
adds are weaker than certain organic acids. 
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Carbon dioxide, CO2 + H2O = H2CO8, carbonic acid 
Chromic anhydride,^ CrOa + H2O = H2Cr04, Chromic acid 

Acids such as hydrochloric acid, HCl, and nitric acid, HNOa, 
which contain only one replaceable atom of hydrogen in each 
molecule, are monobasic; those, such as sulfuric acid, H2SO4, with 
two replaceable hydrogen atoms, are dibasic; and with three 
replaceable hydrogen atoms, as phosphoric acid, H8PO4, are 
tribasic. wA- 

Bases. Bases are hydroxides of metallic elements, t.e., com¬ 
pounds of a metal with hydrogen and oxygen, such as sodium 
hydroxide or caustic soda, NaOH; calcium hydroxide or hydrated 
lime, Ca(OH)2; etc. In general, they have the power to combine 
with acids to form salts and water. They may be considered as 
made up of the oxide of a metal and water, thus: 

Sodium oxide, Na20 + H2O = 2NaOH, sodium hydroxide 
Calcium oxide (lime), CaO + H2O = Ca(OH)2, calcium hydroxide 

When dissolved in water they usually have an alkaline taste and 
a soapy feeling. Those bases such as sodium hydroxide, NaOH, 
and potassium hydroxide, KOH, which are readily soluble in 
water are called alkalies. Ammonium hydroxide, NH4OH, 
ordinary aqua ammonia, which is produced by dissolving ammonia 
gas, NHs, in water, is also usually classed with the alkalies, since 
it has basic properties similar to them. 

When a base is dissolved in water, it is dissociated, to some 
degree at least, with the formation of hydroxyl ions, OH", and the 
extent to which such dissociation occurs is a measure of the 
strength of the base. Thus sodium and potassium hydroxides are 
strong bases because in solution they are largely dissociated, while 
ammonium hydroxide is less dissociated and is hence a weaker 
base. (Owing to the very slight solubility of most of the metallic 
hydroxides, it is difficult to determine directly their relative 
strength as bases.) The dissociation of a strong base may be 
represented as follows: 

NaOH ±=> Na+ + OH" 

Salts. Salts may be considered as derived from acids^ either 
through the replacement of the hydrogen of the acid by a metal 
or through the neutralization of the acid by a base. If the for- 

^ The substance commonly sold as chromic acid is really chromic anhydride 
(CrO,). 
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mer l*eactiQii .takes place directly, hydrogen is given off, thus: 

Zn + H2SO4 = ZnS04 + H2 

In the latter case, i.e., whenever neutralization of an acid by a 
base occurs, water is always formed in addition to a salt, thus: 

Zn(OH)2(zinc hydroxide) + H2SO4 = ZnS04(zinc sulfate) + 2H2O 
2NaOH(sodium hydroxide) + H2SO4 = 

Na2S04(sodium sulfate) + 2H2O 

The names of salts contain, in addition to the name of the metal, 
a term derived from the name of the corresponding acid according 
to the following simple rules: 

Salts containing only two elements, i.e., derived from acids con¬ 
taining only two elements, always end in ide; thus all salts of 
hydrochloric acid, HCl, are chlorides. 

Salts of acids that contain oxygen and whose names end in ic 
always end in ate; thus salts of chloric acid, HClOs, are chlorates; 
of nitric acid, HNOs, are nitrates; of carbonic acid, H2CO8, are 
carbonates; etc. 

Salts of acids that contain oxygen and whose names end in oils 

always end in ite; thus salts of chlorous acid, HCIO2, are chlorites; 
of nitrous acid, HNO2, are nitrites; etc. 

These’principles can be illustrated by the following list of acids 
of sulfur and their corresponding sodium salts: 

Acid Salt 

Hydrosulfuric^ HsS Sodium sulfide NasS 
Hyposulfurous HjSO, Sodium hyposulfite* NesSOq 

Sulfurous H,SO, Sodium sulfite Na2S08 
Sulfuric H2SO4 Sodium sulfate Na2S04 
Persulfuric H2S2O8 Sodium persulfate NasSsOs 

The formula of a salt derived from a given acid and metal can 
be determined from the principles of valence discussed on page 15. 

If the fornaula of the acid and the valence of the metal are known, 
all that is necessary is to replace the hydrogen in the acid by the 
appropriate number of atoms of the metal. 

Problem. What are the name and formula of the potassium salt of hydro¬ 
chloric acid? Since hydrochloric acid contains only two elements, its salts 
are chlorides. The formula of hydrochloric acid is HCl, and the valence of 

^ More commonly named hydrogen svlfide. 
* The salt usually called hyposuJfiie of soda, or hypOf is erroneously desig¬ 

nated. Its formula is NasSjOt and its correct name is sodium thiosulfate. 
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potasuium, K, is +1; therefore one atom of potassium will replace one of 
hydrogen to form KCl^ or potassium chloride. 

Problem, What are the name and formula of the calcium salt of nitric* 
acid? The formula of nitric acid is HNOs, i.e.^ it contains oxygen and the 
name ends in ic; therefore its salts are nitrates. The valence of calcium is 
H-II. In order to secure the two atoms of hydrogen to be replaced with one 
atom of calcium, it is necessary to use two molecules of nitric acid* The 
formula of the salt is therefore Ca(N08)2, or calcium nitrate. 

When salts are dissolved in water they are dissociated to a large 
extent with the formation of cations (positively charged ions), con¬ 
taining the metal of the salts, and anions (negatively charged ions), 
containing the acid group present in the salt, in accordance with 
such equations as the following: 

NaCli=5Na+ + Cl- 
Na2S04 ^ 2Na+ + S04“ “ 
CuS04±=>Cu++ + S0r- 

Normal Solutions. From a consideration of the following 
equations it may be noted that one molecule of hydrochloric acid 
will combine with one molecule of sodium hydroxide (in which the 
valence of sodium is one) and that it requires two molecules of 
hydrochloric acid for one molecule of cupric hydroxide (in which 
the valence of copper is two). On the other hand, one molecule 
of sulfuric acid combines with two of sodium hydroxide and with 
one of cupric hydroxide. 

HCl + NaOH = NaCl + H2O 
36.5 40 
2HC1 + Cu(OH)2 = CuCl2 + 2H2O 

73 98 
H2SO4 + 2NaOH = Na2S04 + 2H2O 

98 80 
H2SO4 + Cu(OH)2 = CUSO4 + 2H2O 

98 98 

It is evident that a liter of sulfuric acid containing a weight in 
grams of sulfuric acid equal to the molecular weight of the sulfuric 
acid, i,e,, 98 g, would neutralize twice as much sodium hydroxide 
as would a liter of hydrochloric acid containing the molecular 
weight in grams of hydrochloric acid, i,e,, 36.5 g. In order, there¬ 
fore, to obtain a solution of sulfuric acid that would be equivalent 
to that of hydrochloric acid containing 36.5 g/1, we should require, 
not 98, but one-half that amount, or 49 g of sulfuric acid per liter. 
Such a solution of sulfuric acid is a normal solrdion, A normal 
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solution of,any substance is a solution containing in each liter a 
weight in grams equal to the equivalent weight of that substance. 
The equivalent weight of an acid is the weight of the acid equiva¬ 
lent to one atom of replaceable hydrogen, or, in other words, the 
molecular weight of the acid divided by the number of replaceable 
hydrogen atoms. Therefore a normal solution of hydrochloric 
acid (HCl) contains 36.5 g/1; of sulfuric acid, H2SO4,98/2 = 49 g/1; 
of phosphoric acid, H8PO4, 98/3 = 32.7 g/1. Similarly, the 
equivalent weight of a base is equal to its molecular weight divided 
by the number of replaceable hydroxyl groups. Therefore a 
normal solution of sodium hydroxide, NaOH, contains 40 g/1 and 
of calcium hydroxide, Ca(OH)2, 74/2 = 37 g/1. The equivalent 
weight of a salt is the molecular weight divided by the valence of 
either the total metal or acid groups in it. Thus a normal solution 
of sodium chloride, NaCl, will contain 58.6 g/1; of sodium sulfate, 
Na2S04, 142/2 = 71 g/1; and of anhydrous copper sulfate, CUSO4, 
160/2 = 80 g/1. With respect to oxidation or reduction, the 
equivalent weight of a compound is equal to the molecular weight 
divided by the number of valences that it gains or loses in the 
reaction. 

From these definitions it follows that equal volumes of all 
normal solutions are chemically equivalent to each other. Thus 
100 ml of normal sodium hydroxide solution will exactly neutralize 
100 ml of normal sulfuric acid or of any other normal acid. Solu¬ 
tions, instead of being always made normal (iNT), may have any 
definite fractional normality, thus half normal (0.5iV or iV/2), 
tenth normal (O.liV or iV/10), etc., which indicates that they con¬ 
tain in each liter the corresponding fractional part of the equiva¬ 
lent weight. 

Molar solutions are those which contain in one liter, one gram 
molecule^ or one mol of the substance, i.e,, a weight in grams equal 
to the molecular weight of the substance. Thus a molar solution 
of sulfuric add contains 98 g/1 of H2SO4, or twice as much as a 
normal solution. Molar solutions are most commonly referred to 
when dealing with substances that are not dissociated, such as 

dextrose, C6H12O6, of which a molar solution (M) contains 180 g/1. 
The term molar is also frequently applied to chromic acid (page 
179) because for it the term normal may have two meanings. 

Acid Salts. When an acid molecule is dibasic, i.e», contains 
two replaceable hydrogen atoms, it is also possible to replace only 
one of the hydrogen atoms with a metal, forming an add salt. 
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i.e.f one that possesses some of the properties of an acid and some 
of a salt. Thus, if to a given amount of sulfuric acid there is 
added just half the amount of sodium hydroxide that would be 
required to neutralize the acid completely, the following reaction 
takes place: 

H2SO4 + NaOH = NaHS04 + H2O 

The compound NaHS04 is an acid salt, known as sodium acid 
sulfate, sodium hydrogen sulfate, or sodium bisulfate (or com¬ 
mercially as niter cake, because it is formed as a by-product in the 
manufacture of nitric acid by the action of sulfuric acid upon 
sodium nitrate). That it still possesses acid properties is shown 
by its extensive use as a substitute for sulfuric acid in pickling. 
That it is not so strong as the original sulfuric acid is evident from 
the fact that when using it for pickling, it is necessary to use higher 
temperatures and longer periods than with sulfuric acid. 

Basic Salts. Similarly compounds are sometimes formed in 
which only part of the hydroxyl, OH, groups in the base are 
replaced by the acid groups or radicals. Such compounds are 
designated as basic salts. Thus aluminum hydroxide is Al(OH)3, 
and if all the hydroxyl, OH, groups are replaced with Cl (by reac¬ 
tion with hydrochloric acid), aluminum chloride, AlCla, is pro¬ 
duced. If, however, only one of the hydroxyl groups is replaced, 
we obtain Al(OH)2Cl, which is basic aluminum chloride. When 
nickel-plating solutions that contain iron become very nearly 
neutral, yellow basic compounds of iron usually separate. Such 
a compound as basic ferric sulfate might have the formula Fe'+‘“* 
(0H)S04, although these compounds are usually more complicated 
in composition. 

Indicators. In describing the properties of acids and bases, 
attention might have been called to the fact that they produced 
characteristic changes in the colors of certain organic dyes, which 
are therefore known as indicators. These substances can, how¬ 
ever, best be considered with respect to the processes of neutraliza¬ 
tion and the formation and behavior of salts. For special purposes 
a great variety of indicators may be employed, but it will be suffi¬ 
cient at this time to consider three of the most common, viz,, litmus, 
methyl orange, and phenolphthalein, the colors of which are as 

Aero Neutral Alkaline 

Litmus.Red Purple Blue 
Methyl orange.Red Orange Yellow 
Phenolphthalein.Colorless Colorless Pink 
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Formerly the most common application of indicators was in the 
neutralization of acids or bases, for the purpose of determining the 
amount of acid or base in a given sample of solution. (Now they 
are extensively used for measuring pH, see page 74.) In the 
former operation, known as a titration, a measured amount, e.g., 
25 ml, of the solution to be tested is placed in a small flask or beaker 
and a very small amount of the indicator is added. If the sample 

contains free acid, an alkaline solution {e.g., sodium hydroxide) 
of predetermined strength or concentration is run in from a burette 
or measuring tube until the indicator just changes color to the 

neutral tint. From the amount and concentration of the alkali 
added, the amount of acid present in the solution can be calculated. 
Suppose, that 25 ml of a sulfuric acid pickle required 30 ml of a 
normal sodium hydroxide solution (1 ml of which'is equal to 0.049 g 
of sulfuric acid). Then the 25 ml sample titrated must contain 
0.049 X 30 = 1.47 g of sulfuric acid, and therefore 11 (or 1,000 ml) 

will contain 1.47 X 1,000/25 = 1.47 X 40 = 58.8 g of sulfuric 
acid. Its strength is therefore 58.8 g/1, or 7.88 oz/gal, of sulfuric 
acid. The normality of the acid can be more conveniently cal¬ 

culated. If 25 ml of acid required 30 ml of normal alkali, the acid 
must be 30/25 = 1.2N. 

When relatively strong acids, such as sulfuric, nitric, and hydro¬ 
chloric, are to be titrated with strong bases, such as sodium or 
potassium hydroxide, it is practically immaterial as to which of 
the above indicators is employed, since any of them will give a 
sufficiently sharp color change, or end point. When, however, a 

weak acid, such as acetic acid, or a weak base, such as ammonia, 
is to be titrated, it is necessary to choose the indicator that will 
give reliable results. Failure to do so may yield very erroneous 

results because of the hydrolysis of salts of weak acids or weak 
bases. 

Hydrolysis. In the previous discussion it was pointed out 

that, as the result of the electrolytic dissociation of acids, hydro¬ 
gen ions are formed, and of bases, hydroxyl ions,, and also that 
whenever an acid is neutralized by a base, water is formed. The 

processes of dissociation and neutralization may therefore be 
represented as follows: 

NaOHi=?Na+-f- OH- 

HCl fc? H+ -H Cl- 

NaOH + HCl fc? NaCl -|- H,0 



PRINCIPLES OF CHEMISTRY 27 

or 
(Na+ + OH-) + (H+ + C1-) fc? Na+ + Cl' + H,0 

Since in the last form the Na"*" and Cl~ ions are present on both 
sides of the equation, we may consider that the only change which 
has taken place as a result of neutralization is that hydrogen ions 
of the acid have combined with hydroxyl ions of the base to form 

water, a substance that is practically undissociated. With strong 
bases and acids, i.e., those which are highly dissociated and whose 
salts are highly dissociated, the principal reaction that occurs 

during neutralization is therefore 

H+ + OH-1:? HsO 

As compared with strong acids or bases, water is practically 
undissociated. Actually, however, it has been found that pure 
water is dissociated to a very slight extent; t.c., it contains a very 
small number of both hydrogen and hydroxyl ions. In pure 
(therefore neutral) water at 25°C (77®F) the concentration of 
hydrogen and hydroxyl ions is each equal to about 1/10,000,000 

normal, usually written lO'W. At any given temperature in 
water and in all aqueous solutions, the product of the hydrogen- and 
hydroxyl-ion concentrations is always the same; thus at 25°C it 

IS 10-“ ^or, 10,000,000 ^ 10,000,OOo)’ 

dissociation constant of water at 25°C. It therefore follows that 
if to pure water an acid containing hydrogen ions is added, the 

hydrogen-ion concentration is increased and the hydroxyl-ion con¬ 
centration correspondingly decreased, but both kinds of ions are 
always present in some amount. Thus in a O-OliV" solution of 

hydrochloric acid we may assume that the hydrogen-ion concen¬ 
tration [H+] is also O.OliV, or 10“^, and therefore the hydroxyl-ion 
concentration [OH“] must be 10”‘^/10“* = 10~^W. 

Certain salts, such as sodium carbonate, Na2C08, when dissolved 
in water have an alkaline reaction, which is evidence that the 
solution contains an excess of hydroxyl ions. In the above equa¬ 

tions for neutralization the reversible sign was used, indicating 
that a salt may be decomposed, to a very slight extent at least, 
by the action of water. Such decomposition, which is known as 

hydrolysis, does not occur to any appreciable extent if the base 
and acid are both strong, since they would, if liberated, readily 
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fonn hydrogea and hydroxyl ions, which would recombine and 
form water. However, with a salt, such as sodium carbonate, 
derived from a weak acid (carbonic acid), there are not so many 
hydrogen ions produced by hydrolysis from the carbonic acid as 
there are hydroxyl ions from the sodium hydroxide. Conse¬ 
quently, the solution of the salt contains an excess of hydroxyl 
ions; in other words, it is alkaline to indicators, slightly so to 
phenolphthalein, and greatly so to litmus or methyl orange. 

Similarly, certain salts, such as ammonium chloride, NH4CI, 
formed from ammonium hydroxide, a weak base, and hydrochloric 
acid, a strong acid, have an acid reaction. This also is the result 
of hydrolysis and is an evidence that there are more hydrogen ions 
produced from the small amount of hydrochloric acid set free than 

there are hydroxyl ions from the (necessarily) equivalent amount 
of ammonium hydroxide. Most of the hydroxides of the heavy 
metals, such as copper, zinc, tin, lead, iron, and nickel, are weak 
bases; consequently their salts are slightly hydrolyzed with the 
formation of free acid. Hence we find that solutions of such salts 
as copper sulfate, zinc sulfate, tin chloride (stannous or stannic), 

lead fluoborate, ferric-chloride, and nickel sulfate all have an acid 
reaction when tested with an indicator such as litmus, the color 
of which changes at approximately 10~', the true neutral point. 
This fact has an important bearing on the behavior of certain of 

these solutions upon electrolysis. 
If, then, solutions of certain salts are alkaline because of hydroly¬ 

sis and others are acid, it follows that in titrating an acid or alkali 

imder conditions that will form such salts or in titrating the free 
acid or base present in solutions containing these salts, it is neces¬ 
sary to employ an indicator which will produce a definite color 
change or end point when the base and acid are equivalent to each 
other and not at the true neutral point, [H+] = 10“'^. For sim¬ 
plicity we piay state that titrations of the total acidity of a weak 

acid or in the presence of a weak acid, such as acetic or carbonic 
acid, should be made with an indicator such as phenolphthalein, 
which changes to pink only when the solution is appreciably 
alkaline, i.e., contains a slight excess of hydroxyl ions. For titra¬ 
tions of a weak base, such as ammonium hydroxide, or of an acid 
in the presence of ammonium salts or in the presence of salts such 
as copper sulfate, zinc sulfate, etc., an indicator such as methyl 
orange should be employed, which changes color when the solution 
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is appreciably acid. Consideration of these principles will explain 
the failure to get reliable results when the wrong indicator is used. 
Unfortunately the colors of many plating solutions may mask 
those of the indicators, but in such cases, with some care, an 
approximate end point may often be obtained. Thus it is possible 
to titrate the free sulfuric acid in a copper sulfate solution by 
using methyl orange, in the presence of which the solution under¬ 
goes, at the end point, a color change from purple to green instead 
of the customary red to yellow (page 172). 



CHAPTER III 

PRINCIPLES OF ELECTRICITY AND 
ELECTROCHEMISTRY 

ELECTRICAL UNITS AND TERMS 

In spite of certain limitations, the time-honored analogy of the 
flow of water and of d-c electricity may be helpful, especially to 
beginners in this field. The following brief discussion applies 
primarily to direct current, which is normally employed in electro¬ 
deposition. Because, however, alternating current is applied to 
operate most motor-generator sets and all rectifiers, and because 
in recent years there have been numerous proposals to superimpose 
alternating current (ac) on direct current (dc) in certain plating 
processes, brief references will be made to the principles of 
alternating current. 

In any hydraulic system the rate of flow of water depends upon 
(1) the pressure, or head that is produced either by a difference in 
elevation of the two parts of the system or by means of a pump and 
(2) the resistance of the pipes, which, in turn, depends upon their 
diameter and length and to some extent upon the inner surface of 
the pipes. These relations may be expressed by a simple equation. 

Rate of flow is proportional to 

^ ^ feet (head) 
Gallons per minute = —r--v 

^ resistance^ 

The rate of flow, e.g,, in gallons per minute, is directly proportional 
to the pressure; i.e., twice the pressure will produce twice the flow. 
The rate of flow is inversely proportional to the resistance of the 
system; hence if the resistance is doubled, the rate of flow is 
reduced to one-half. The resistance of a pipe can be increased by 
increasing its length or by reducing its cross section. The quantity 
of water (in gallons) that flows will be equal to the product of the 
rate and the time of flow. Thus a flow of 10 gal/min for 10 min 
will yield 100 gal of water. 

^ There is no simple unit for expressing the hydraulic resistance of a pipe. 

30 
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Direct Current (dc). In a d-c circuit, the potential or electro-^ 
motive force (emf, or voltage), usually expressed in volts, corresponds 
to the pressure. The obstruction that a wire or other conductor 
introduces to the flow of current is known as the resistance of that 
part of the circuit and is measured in ohms. The rate of flow of 
electricity is defined as the current and is expressed in amperes. 
The same relations exist as in hydraulic systems; hence 

Current is proportional to 
potential 
resistance 

7* = ^ 
R 

. volts 
Amperes = -r— 

ohms 

This relation, known as Ohm's law, is the fundamental expression 
of current flow; i,e, in any circuit or part of a circuit the current 
is directly proportional to the potential and inversely proportional 
to the resistance. This law may be expressed in three equivalent 
equations, which can be used to solve specific problems. 

' = i 
Problem. If a potential of 6 volts is applied to a plating tank having a 

total resistance of 0.02 ohm, what current will flow? 

E = IR (2) 

Problem. If a current of 600 amp passes through a bus bar having a 
resistance of 0.003 ohm, what will be the potential drop (or IR drop) through 
the bar? 

= //i = 600 X 0.003 = 1.8 volts 

R = f (3) 

Problem. If a potential drop of 0.1 volt is observed across a contact 
through which 500 amp is flowing, what is the resistance of the contact? 

« = j = ^ = 0.0002 ohm 

It is important to distinguish between the current, i.e. the rate of 
flow of electricity, and the quantity of electricity, just as in 

* The symbol 7, commonly used for current, is derived from intenfsUy of 
the current flow. 
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hydraulic systems. The unit of current is the ampere, while the 
unit of quantity is the coulomb, which is the quantity of electricity 
delivered when one ampere flows for one second. 

Both for scientific and for industrial applications, the numerical 
values of the electrical units must be accurately defined. Because 
the three primary units are related by Ohm^s law, it is necessary 
to define only two primary units, from which the other one is 
derived. 

Until recently the so-called '^international’ units were employed, 
which were defined in terms of material standards. Since Jan. 1, 
1948, the "absolute” units of electricity have been adopted 
internationally.^ 

These two sets of standards differ by less than 1 part in 2,000; 
hence this change in standards has no effect on measurements 
made in connection with commercial plating. 

The absolute units are defined in terms of the centimeter-gram- 
second system of electromagnetic units. The primary absolute 
units are the ampere and the ohm, and the volt is defined by their 
relation. 

For practical measurements it is also desirable to employ 
concrete standards of reference, which may then be defined as 
follows: 

Ampere. An absolute ampere is equivalent to that unvarying 
current which, when passed through a solution of silver nitrate 
under specified conditions, deposits 0.0011182 g of silver per second. 

VoU. An absolute volt is equivalent to the potential difference 
derived from the potential of a Weston normal cell of 20°C, of 
which the assigned value is 1.0186 volts. 

Ohm. An absolute ohm is equivalent to the resistance through 
which a potential of one volt produces a current of one ampere. 
(As noted above, the ohm is now legally defined as one of the two 
primary standards, but for practical purposes, it may be defined 

in terms of standard resistances, the values of which are determined 
by comparison with absolute standards.) 

Coulomb. A coulomb is that quantity of electricity which 

flows when a current of one ampere is passed for one second. An 
instrument that is used to measure the quantity of electricity and, 
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accurate form, used for work of high precision, is the silver coulom- 
eter, in which the weight of silver deposited from a silver nitrate 
solution under specified conditions is a direct measure of the 
quantity of electricity passed. In practice, an acid copper solution 
is often used in a coulometer, and the weight of copper deposited 
is used as a measure of the quantity of electricity. To measure 
and to control the quantity of electricity in plating processes, e.gr., 
in silver plating, an ampere-hour meter is used. This is a form of 
coulometer. 

The power involved in the flow of electricity is equal to the 
product of the emf and the current, i.e., to the number of volts 
multiplied by the number of amperes. The unit is the watt, which 
is the power involved when a current of one ampere is passed 
through a circuit by the application of one volt. The commercial 
unit is the kilowatt (kw), equal to 1,000 watts. One horsepower is 
equal to 746 watts, or 1 kw equals 1.34 hp. 

The energy consumed in the passage of current is equal to the 
product of the power and the time, e,g,, watts multiplied by 
seconds. One joule is the energy involved in applying one watt 
for one second. The commercial units are the watt-hour (3,600 
joules) and the kilowatt-hour (1,000 watt-hours). The kilowatt- 
hour is the usual basis of payment for electrical energy. 

Alternating Current (ac). In the passage of alternating 
current, the electricity flows first in one direction and then, after 
a short interval of time, in the other direction. The number of 
reversals per second is known as the frequency. In the 60-cycle 
a-c circuit that is commonly used for lighting, 60 complete cycles 
occur per second. Much higher frequencies are involved in radio 
circuits. During each cycle the current increases from zero to a 
maximum in one direction, then decreases to zero, and again 
increases to the same maximum in the other direction. The 
variation of current with time is usually expressed by a sine wave 

(Fig. 1). 
A d-c ammeter cannot be used to measure alternating current, 

because it merely indicates the algebraic average of the current in 
the two directions, which is zero. An a-c ammeter is deflected 
according to the actual current regardless of its direction and hence 
yields the average value of the current, which varies from zero to a 
mftYimiim. If the current follows a sine wave, the average value 
of an alternating current is equal to 0.707 times its maximum 

value. 
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If the only obstacle to the flow of alternating current was the 
resistance of the circuit, Ohm’s law would still apply. However, 
two other factors, known as inductance and capacity, enter into 
the flow of altematii^ current. 

The inductance is the result of the fact that, when current flows 
at a varying rate (as in alternating current), it produces a poten¬ 
tial in any adjacent circuit or part of a circuit, which potential 
hinders the flow of alternating current in the primary circuit and 
thus acts as an increased resistance. 

Fia. 1. Sine wave. This represents the usual variation of the current with time 
in an a-o circuit. Two successive loops, t.e., 360 deg, constitute 1 cycle. In the 
United States, commercial alternating current usually involves 60 cycles/sec. 

The capacity of a circuit is related to the fact that a condenser, 
consisting of two separated plates, may be so charged as to store 
electrical energy according to their capacity. In an a-c circuit 
some part may act momentarily as a condenser; t.e., it stores up 
energy. In general, the presence of a condenser effect, i.e., a capac¬ 
ity, in an a-c circuit assists the flow of current or is equivalent to 
a reduced resistance. 

The net effect of the inductance and capacity in an a-c circuit is 
known as the reactance, which represents an increased resistance. 
The combined effect of the resistance and the reactance is known 
as the impedance of the circuit. 

The ratio of the resistance to the impedance is known as the 
power factor. A circuit containing resistance and no reactance 
has a power factor of 1, which represents the most economical use 
of alternating current. In practice the power factor is always less 
than 1 but is kept as high as possible in a given operation. 

The presence of inductance or capacity in an a-c circuit causes a 
delay in the production of current by the applied potential. This 
is illustrated in Fig. 2, in which it is seen that the maximum 
current flows, not when the potential is at a maximum, but at a 
shortly later interval of time. The whole distance on the sine 
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curve corresponding to one complete cycle is considered as 360 deg. 
The difference in phase^ i.e.y in the corresponding points for 
maximum potential and maximum current, is defined in terms of 
the portion of a cycle. For example, in Fig. 2(a) the current and 
potential are in phase, t.e., they coincide, and the phase angle is 

Fig. 2. Relation of current A and potential B in a-c circuits, (a) The current 
and potential are in phase; i.e., the maximum values of each occur at the same time. 
(6) The current and potential are (mt of phase by 45 deg; i.e., the phase angle 
is 46 deg. (c) The current and potential are out of phase by 180 deg; i.e., the 
phase angle is 180 deg. In this case the maximum value of the current occurs 
when the potential is a minimum, and vice versa. 

zero. In Fig. 2(6) the difference of phase is one-eighth of a cycle, 
hence is 45 deg. In Fig. 2(c) the emf and current phases differ 

by 180 deg. 
In recent years various electroplating processes have been 

proposed in which an alternating current is superimposed on a 
direct current, e.g., in order to decrease the anode or cathode 
polarization. This method, known as the WohlwiU process, has 
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long been employed in the refining of gold. In such an arrange¬ 
ment several types of curves that represent the relation of time to 
current or potential may result, as shown in Fig. 3. 

The potential of the direct current is represented as a straight 
line, even though there are always some slight fiuctuations in the 
voltage derived from a generator or a rectifier. If, as in Fig. 3(a), 
the maximum potential of the alternating current is less than that 

Fiq. 3. Effect of euperimposing an alternating current on a direct current, 
(a) The maadmum value of the alternating current is less than the value of the 
direct current. Hence, the current always flows in the same direction, but its 
intensity fluctuates with time. (6) The maximum value of the alternating cur¬ 
rent exceeds the value of the direct current. Hence, during less than one-half 
the time, the direction of the current is reversed. 

of the direct current, the current always flows in the direction of 
the direct current but its value fluctuates because in part of the 
cycle the arC potential is added to the d-c potential and part of 
the time it is substracted. The net result is essentially the same 
as if the direct current had been interrupted or reduced at small 
intervals. 

If, as in Pig. 3(6), the potential of the alternating current exceeds 
that of the direct current, an unbalanced alternating current 
results, in which, for example, a larger current may flow in one 
direction than in the other. In effect, the article to be plated, 
instead of being continuously cathodic, is alternately anodic and 
cathodic, but the cathodic current exceeds the anodic; otherwise 
no depoffltion would usually occur. It should be noted that any 
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advantage gained by the use of an alternating current in deposition 
must be sought in some change in the resultant polarization, 
which may influence the anode or cathode efficiencies. Apart from 
such changes the use of alternating current cannot result in 
increased deposition, since the two portions of the a-c cycle 
neutralize each other electrically. 

The shapes and positions of the curve for potential and current 
when alternating current is involved are most conveniently 
studied by means of a cathode-ray oscillograph, in which many 
advances have been made in recent years. 

ARRANGEMENTS OF TANKS AND ELECTRICAL SOURCES 

(a) PARALLEL ARRANGEMENT OF TANKS 

Fiq. 4. Arrangement of tanks, (a) Parallel arrangement of tanks. (6) Series 
arrangement of tanks. 

It is possible to connect two or more plating tanks to a source 
such as a generator so that electrically the tanks are in parallel or in 
series, represented in Fig. 4(a) and (6), respectively. 

In the parallel arrangement, most commonly used in plating, 
the anode and cathode bars of each tank are connected directly to 
the source or to the bus bars leading from the source. Under these 
conditions the current that flows in each tank depends simply upon 
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the tota^ resistance of the existing circuit in that tank, and pro¬ 
vided the potential on the bus bars remains constant, the current 
in a given tank is independent of that in other tanks that are in 
parallel. 

Problem. If in Fig. 4(o) a potential of 6 volts is maintained on the bus 
bars and the total resistances of tanks A, B, and C are, respectively, 0.01, 

0.02, and 0.03 ohm, what current will pass through each tank? 

A. 

B. 

C. 

6 volts 

0.01 ohm 

6 volts 

0.02 ohm 

6 volts 
0.03 ohm 

= 600 amp 

= 300 amp 

« 200 amp 

The total current drawn from the generator will be 600 -h 300 H- 200 =* 1,100 

amp. If in each tank the cathode area is 20 ff^, the current densities will be 

A. ^ = 30 amp/ft* 

B. ^ = 15amp/ft> 

C. ^ = 10 amp/ft* 

If, as in Fig. 4(6), the tanks are arranged in series, the anodes of 
one tank are connected to the cathodeKS of the next tank and only 
the first anode and the last cathode are connected to the generator. 
In this case no current can pass unless the anodes and cathodes in 
each tank are so connected. The same current flows through all 
the tanks, and the value of this current is determined by the sum 
of the resistances. 

Problem. If a potential of 6 volts is applied and the series tank resistances 

are 0.01, 0.02, and 0.03 ohm, what current will flow? 

6 volts 6 

0.01 -f 0.02 + 0.03 ohm ” 0.06 
= 100 amp 

If the cathode area in each tank is 20 ft^, the current density in 
each will be the same; i.e. 

^ = 5 amp/ft* 

If, however, the cathode areas in each tank are different, the 
current densities and hence the rates of deposition will be different. 

The potential drop in each tank will be proportional to its 
resistance. In the above case, the total drop of 6 volts is the sum 
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of the IR drop of 1, 2, and 3 volts in tanks A, 5, and C, in which 
the resistances are 0.01, 0.02, and 0.03 ohm. 

In copper electrotyping, two tanks are often connected in series 
to a 6-volt generator. This is practicable because the cathode 
plates have about the same areas, and it is convenient to keep 
the same total cathode areas in each tank. In electroplating, 
especially with articles of various shapes, it is not practicable to 
use tanks in series. 

The same principles apply to the arrangement of electrical 
sources, such as generators, rectifiers, or batteries, either in series 
or in parallel. In such cases the potentials are added together if 
they are connected in series, while the current capacities are added 
if they are in parallel. Arrangements of generator circuits are 
discussed in Chap. IX. 

FARADAY'S LAW 

In electrolysis, such as occurs in electrodeposition, current is 
passed through a solution known as the electrolyte^ between two 
(conducting electrodes known as the anode and cathode. The 
changes occur principally at the electrodes. In electrolysis of 
aqueous plating solutions, metal is dissolved from anodes or 
oxygen is liberated upon them and metal or hydrogen is deposited 
upon the cathodes. 

The fundamental principle of electrolysis is known as Faraday^s 
law, which is commonly expressed in the following statements. 

1. The quantity of any element (or radical, i.e., group of 

elements) liberated at either the anode or cathode during elec¬ 
trolysis is proportional to the quantity of electricity that passes 
through the solution. 

2. The quantities of different elements or radicals liberated by 
the same quantity of electriccity are proportional to their equivalent 

weights. 
In a more general statement of this law, the change in valence 

may be substituted for the quantity of an element. This then 
includes electrolysis in which no elements are discharged at the 
electrodes but oxidation or reduction of ions occurs there. 

^ The term electrolyte is now used in two senses, viz., (1) as the conducting 
medium, e.g., a solution of copper sulfate, and (2) as the eohde or dissolved 
substance, e.g., the salt copper sulfate. The term iomgen has been sug¬ 
gested for the latter usage but is not extensively applied. In this text the 
term electrolyte will l)e used to define the solution through which current is 
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If 1 couloitb (1 amp-sec) deposits 1.118 mg of silver, then 
10 coulombs will deposit 10 X 1.118 = 11.18 mg of silver. It is 
immaterial whether a current of 1 amp flows for 10 sec or of 2 amp 
for 5 sec, or any other current and time that yield 10 coulombs. 

The equivalent weight of an element is its atomic weight divided 
by its valence in the compound present. For several common 
elements the values are given in Table 9 (Appendix). 

Since 1 coulomb deposits 0.0011182 g of silver, it requires 
107.88/0.0011182 = 96,488 coulombs to deposit the equivalent 
weight in grams of silver or of any other element. This quantity 
of electricity (often rounded off to 96,500 coulombs) is known as 
one Faraday, It is equivalent to about 26.8 amp-hr or about 
1.1 amp-days. It is sometimes convenient to remember that the 
equivalent weight in grams of an element is deposited in about 
1.1 amp-days. 

Current Efficiency. Any aqueous solution of a metal salt con¬ 
tains positively charged ions of the metal and also of hydrogen. 
If the solution is acid, it contains a larger concentration of hydrogen 
ions. Thus an acid copper solution made from copper sulfate and 
sulfuric acid contains cupric ions, Cu+ +, and hydrogen ions, H+, 
and also sulfate, SO4" ”, ions and OH" ions. These result from 
the dissociation of copper sulfate, sulfuric acid, and water. 

CuS04^Cu++ + SO4-- 
H2SO4 2H+ + SO4” ” 

H2O ^ H+ + OH- 

When a current is passed through such a solution, the positively 
charged ions, or cations, in this case Cu"*” and H"*", move toward 
the cathode where they may be discharged, and the negative ions, 
or anions, in this case SO4— and OH"”, move toward the anode. 
There the SO4”” may combine with copper from the anode to 
form copper sulfate or may be discharged and react with water to 
form oxygen and sulfuric acid. 

Cu + SO4” ” - 2 © CUSO4* 
SO4” ” - 2 0 -h H2O ^ H2SO4 + 0 

At either the cathode or anode the total reaction, i,e., the sum of 
all possible reactions, corresponds to the quantity of electricity 
passed, in accordance with Faraday's law. If, however, as in 
copper plating, we are concerned primarily with dissolving copper 
from the anode and depositing copper at the cathode, any current 

♦ The sign © represents an electron, or unit negative charge. 
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used in other reactions may be considered as wasted. From this 
standpoint the efficiency of the current is defined as the proportion 
of the current that is used in a specified reaction. (With respect 
to the sum of all possible reactions the anode or cathode efficiency 
is always 100 per cent.) 

For example, if in the electrolysis of a copper sulfate bath 
90 per cent of the current were used to deposit copper and the 
balance to liberate hydrogen, the cathode efficiency of copper 
deposition would be 90 per cent. Similarly if at the anode 
80 per cent of the current served to dissolve copper and 20 per cent 
to liberate oxygen, the anode efficiency would be 80 per cent. 

In order to determine the cathode efficiency of a given electrolysis 
it is necessary to measure accurately the quantity of electricity 
that is passed. If this is done by merely measuring the current 
with an ammeter and the time with, for example, a stop watch, 
errors may arise from the fact that the current is likely to vary 
during the electrolysis. It is therefore preferable to measure the 
total quantity of electricity by means of a silver or copper coulom- 
eter (page 32) in series with the cell studied. The cathode efl5- 
ciency of the process studied is then the ratio of the weight of 
metal actually deposited to the maximum that could be deposited 
by that quantity of electricity in accordance with Faraday^s law. 

Problem, Suppose that a certain current was passed for a given time 

through three baths connected in series, viz.j (1) an acid copper bath, used 

as a coulometer and assumed to have an efficiency of 100 per cent, (2) a 
nickel bath, and (3) a zinc bath. The respective weights of the three metals 

deposited were 35.6 g of copper, 29.2 g of nickel, and 34.8 g of zinc. What 

are the cathode efficiencies of the nickel and zinc deposition? 
According to Table 9 (Appendix) 1 amp-hr deposits 1.186 g of copper. 

Hence in this experiment, the quantity of electricity that passed was 

35.6/1.186 = 30 amp-hr. At 100 per cent cathode efficiency 30 amp-hr 
will deposit 30 X 1.095 = 32.8 g of nickel. If, therefore, in this test only 

29.2 g of nickel was deposited, the cathode efficiency was 

29.2 on ♦ 
^ ■= 89 per cent 

Similarly, 30 amp-hr at 100 per cent efficiency will deposit 

30 X 1.22 « 36.6 g of zinc 

If only 34.8 g was deposited, the cathode efficiency was 

95 percent 

In principle, the anode efficiency can be determined by weighing 
the anode at the beginning and end of electrolysis to determine the 
loss in weight and comparing this value with that corresponding to 
100 per cent anode eflBciency for that quantity of electricity. 
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Practically, it is difficult to employ this direct method, because 
even when pure metals are used as anodes, some metal particles or 
metal compounds may be detached and carried into suspension. 
If the anodes contain insoluble impurities, such as carbon or 
nickel oxide in nickel anodes, these particles may be detached and 
lead to erroneous results. 

For this reason it is more practical to estimate the anode 
efficiency by indirect means, usually involving a comparison with 
the cathode efficiency, which can be determined directly. If the 
anode and cathode efficiencies are exactly equal and no solution is 
lost by drag out or other causey, the metal content of the solution 
will remain constant. If, however, the anode efficiency exceeds 
the cathode efficiency, the metal content of the solution will 
increase and vice versa. From the change in metal concentration 
of a given volume of bath produced by a definite quantity of 
electricity, the relative anode and cathode efficiencies can be 
computed. Then if the cathode efficiency is known, the anode 
efficiency can be computed. 

An even more sensitive indication of any difference between 
anode and cathode efficiencies in nearly neutral solutions is the pH 
of the solution (page 74), which is not directly affected by drag 
out. If the anode efficiency is greater than the cathode efficiency, 
the pH of the solution will increase and vice versa. In order to 
compute the actual anode efficiency from the change in pH, it is 
necessary to have available a titration curve of that solution, 
which indicates the amount of acid or alkali (or of metal) that is 
necessary to produce a given change in pH. Therefore although 
the direction of change of pH is a valuable means for determining 
whether the anode efficiency is greater or less than the cathode 
efficiency, it is seldom used to estimate the anode efficiency. 

The total weight of metal lost by an anode during electrolysis 
may consi^ of (1) metal actually dissolved to form soluble salts, 
(2) metal attacked to form insoluble basic compounds that may 
adhere to the anode or may pass into suspension, and (3) particles 
of metal or of impurities in the anode that become detached but 
remain insoluble. From a practical standpoint only the metal 
represented by (1) represents true anode efficiency. 

ELECTRODE POTENTIALS 

In electrolysis it is necessary to know not only the effects of 
passing current through a bath, such as the dissolving and deposi- 
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tion of metal, but also what potential is required to cause the 
current to pass through the bath. As previously noted, the 
resistance of a bath determines the current that flows when a 
certain potential is applied, in accordance with Ohm^s law. In 
an ideal electrolysis, in which exactly the same (but reversed) 
process takes place at the anode and cathode, respectively, the 
passage of current takes place in accordance with Ohm^s law. 
However, in all electrolysis carried out at an appreciable current 
density, the potentials of the anodes and cathodes change as a 
result of polarization and hence affect the passage of current apart 
from Ohm’s law. 

Single Potentials. Before attempting to explain polarization, 
it is necessary to discuss the potential existing between a metal 
and the adjacent solution when no current is passed. Whenever 
a metal is dipped into a solution that contains salts and ions of 
that metal, e.g., a piece of copper into a copper sulfate solution, 
a certain potential difference is set up, known as the single 
potential or solution potential of that metal in that solution. This 
potential can be measured in relation to some accepted reference 
potential by means of a potentiometer. 

The practical reference potential is that of a calomel electrode, 
but for purposes of record, the potential of a hydrogen electrode 
in a solution that is normal in hydrogen ions (i.e., has a pH of 0) 
is employed as the basis of reference, to which a value of zero 
potential is assigned. 

Now if different metals such»as copper and zinc are immersed 
in their respective salt solutions and their potentials are measured 
(directly or indirectly) against the potential of a standard 
hydrogen electrode, it will be found that the metal zinc is more 
negative than the adjacjent zinc sulfate solution, while the copper 
is more positive than the copper sulfate solution. Study of the 
behavior of these metals shows that the zinc has become negative 
because a small amount of it has dissolved to produce positively 
charged zinc ions. Conversely, the copper has become positive 
because some of the positively charged copper ions in the solution 

have deposited on the copper. 
According to this very simple view of the electrode potentials, 

these serve to measure the relative tendencies of the various 
metals to pass into solution to form positively charged ions of each 
metal. It is well known that zinc is much more readily dissolved 
by dilute acids, such as sulfuric or hydrochloric acid, than is copper. 
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Whea the^no dissolves, it displaces hydrogen from the acid, thus 

Zn + HjS04 = ZnS04 + Ha 

Zn + 2H+ + SOr- = Zn++ + SOr" + Ha 

(The solution of a metal by a strongly oxidizing acid, such as of 
copper by nitric acid, depends on its oxidizing action, and not on 
direct replacement of hydrogen by the metal.) 

Any given metal will have a greater tendency to pass into a 
solution that contains very few ions of that metal than into one 
with a high concentration of those metal ions, just as a salt dis¬ 
solves more readily in a dilute than in a concentrated solution of 
that salt. The potential of any metal in a solution containing ions 
of that metal is therefore a measure of the concentration (or more 
strictly the activity) of the metal ions in that solution, just as the 
potential of a hydrogen electrode is a measure of the hydrogen-ion 
concentration or pH of the adjacent solution. In general, the 
potential of a metal electrode becomes more positive when the 
concentration of the ions of that metal increases and vice versa. 

In order to compare directly the potentials of different metals, it 
is convenient to express them in terms of the normal or standard 
potential, i.e., the potential of that metal in a solution of a metal 
salt that contains one equivalent of the ions of that metal. 
Because most metal salts are incompletely dissociated, it would 
require a high (or impossible) concentration of the salt to yield 
a normal solution of the metal ions. For this reason, the normal 
ion solutions are usually hypothetical, and the values of the normal 
potentials are computed from measurements made in less con¬ 
centrated salt solutions. 

When the normal potentials of metals are arranged in order as 
in Table 10 (Appendix), we obtain what is commonly known as 
the electrochemical or electromotive series of the metals or, more 
strictly, of the specified reactions. In such an arrangement each 
metal will displace from solutions of equal ion concentration any 
metal that is lower down in the series. Thus, as is well known, 
zinc or iron will displace copper, silver, or gold from their simple 
salt solutions. Correspondingly, it is easier to dissolve zinc or 
iron anodically than copper, silver, or gold, while it is easier to 
deposit copper, silver, and gold than to deposit zinc or iron. The 
metals above hydrogen in this series are commonly referred to as 
hose metals, while those below hydrogen are nohU metals. 
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In Table 10 it will be noted that the upper metals such as zinc 
and iron have negative potentials while copper, silver, atid gold 
have positive potentials. Unfortunately, exactly the opposite signs 
have been used in many books on physical chemistry, and much 
confusion has resulted. The system used in this text, i,e,, the 
negative sign for zinc and the positive for copper, has been adopted 
by many scientific organizations. 

It should be emphasized that the order of replacement of metals 
shown in Table 10 applies only in solutions having at least approxi¬ 
mately equal ion concentrations, e.gf., in solutions of sulfates and 
chlorides. In solutions containing complex ions, e.gr., the cyanide 
baths, the metal-ion concentrations are very low and may differ 
enough to reverse the order in simple salt solutions. Thus it is 
possible in a suitable cyanide bath to make copper displace zinc. 
For many purposes, however, the electromotive series is a valuable 
guide to the behavior of metals in electrodeposition. 

Polarization. Before electrolysis starts in a solution such as 
copper sulfate between a copper anode and a copper cathode, the 
single potentials of the two copper electrodes are alike, having a 
value that depends upon the copper-ion concentration of the 
electrolyte. As electrolysis proceeds, it will be observed that the 
potential of the anode becomes more positive and that of the 
cathode more negative than the initial, or equilibrium, potential. 
The change in potential of an electrode as a result of electrolysis 
is known as the polarization of that electrode. One obvious 
explanation of such a change in potential is the change in con¬ 
centration that occurs near an electrode as a result of electrolysis. 

In the bath considered, copper is dissolved from the anode, and 
hence the solution next to the anode tends to become more con¬ 
centrated in copper salts and copper ions than the body of solution. 
Conversely, at the cathode, copper is deposited, and the adjacent 
solution tends to become less concentrated in copper sulfate and 
copper ions. Certain processes such as diffusion, ion migration, 
and convection (natural or through agitation) tend to equalize the 
concentration at the electrodes and in the bath but never produce 
entirely uniform concentrations. 

The polarization at either electrode that is caused by the 
changes in local concentration of metal salts and ions is known as 
concentration polarization. Such a change in potential corresponds 
to the change in concentration of the film of solution at the elec¬ 
trode surface. For example, a cathode polarization of 0.029 volt 
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in an acid copper bath corresponds to a decrease of the cupric 
(Cu“^ ■^) copper-ion concentration to one-tenth of its original value, 
while in a cyanide bath, in which the copper is cuprous (Cu*^), a 
polarization of 0.0S9 volt corresponds to a decrease to one-tenth 
the original cuprous-ion concentration. 

A special form of concentration polarization occurs when 
insoluble products are formed on the anode. These may consist 
of normally soluble compounds, such as copper sulfate crystals on 
a copper anode when the anode film is saturated, or of insoluble 
compounds, such as cuprous cyanide in a cyanide bath. The 
presence of the latter compound results from, an inadequate local 
supply of the alkali cyanide to dissolve the cuprous cyanide. In 
either case the polarization and also the resistance at the anode 
surface are increased; hence a higher voltage is required for 
passage of a given current. 

Although some concentration polarization is always present 
when electrolysis is conducted at an appreciable rate, it usually is 
not sufiicient to account for the entire polarization, which in some 
baths, nickel, may be relatively large. The term chemical 
polarization has been used to cover all forms of polarization that 
cannot be adequately explained by changes in metal-ion concen¬ 
tration. In general, the chemical polarization is believed to result 
from the differences in the rates of the various processes that may 
occur at an electrode, including hydration or dehydration of ions, 
their discharge at the electrodes, and the combination of the atoms 
to form crystals or molecular gases. 

Measurement of Polarization. As previously noted, the 
static potential of an electrode with respect to the adjacent solu¬ 
tion is commonly measured against a standard electrode, or half 
celly usually a calomel electrode. The potential when current is 
flowing and hence the change in potential or polarization can be 
similarly measured. In that case it is necessary to have the tip 

of the calomel electrode as close as possible to the surface of the 
cathode in order to minimize the IR drop between the two. On 
the other hand, the reference electrode should be so constructed 
and inserted that it does not interfere with the passage of the 
electrolyzing current to that part of the electrode surface. At 
best there are certain limitations to this method of measurement 
that may reduce the accuracy of individual measurements. As will 
be shown, however, we are usually more concerned with the shapes 
of the resulting curves than with their exact values or positions. 
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One ingenious approximate method of measuring polarizations 
during electrodeposition was devised by H. E, Haring.* A box 
or cell is constructed (Pig. 5), which is divided into three parts by 
means of intermediate gauze electrodes. It has been shown that, 
in general, there is a negligible polarization upon such electrodes. 

Fia, 6. Haring cell developed for polarization and resistivity measurements. 

If, then, during passage of current, the total potential drop in 
each of the three compartments is measured with a potentiometer 
(or a very high resistance voltmeter), the polarizations at the 
anode and cathode can be computed as follows, based on Fig. 5. 

The total potential drop in the section A consists of the IR drop 
plus the anode polarization. In M there is an equal IR drop with 
no polarization. The potential in C includes the same IR drop 
plus the cathode polarization. Hence, 

Potential A — M = anode polarization 
Potential C — M — cathode polarization 

Example, Suppose that a current of 1 amp/dm* was passed through the 

cell and the measured potentials were, resp<^ctively, 

Volts 

In A, anode section. 1.15 

In middle section. 0.95 

In C, cathode section. 1.25 

Then 
A — 3/ » 1.16 — 0.95 * 0.20 volt, anode polarization 

and 

C — 3f “ 1.25 — 0.95 - 0.30 volt, cathode polarization 

1 Trane, Am, Electrochem. Soc., vol. 49, p. 417, 1926. 
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This method has been shown to yield results that closely approxi¬ 
mate those obtained with a reference electrode. There is a need 
for a more critical study of this and other methods for measuring 
polarization during electrolysis. 

If the polarization at the cathode is plotted against the current 
density (as in Fig. 6), it will be observed that the resultant curves 

POIARIZATIQN, (voitt) 

Fig. 7. Anode and cathode polarizations in copper sulfate. Curve 1: Solution 
A, 1.5N CuS04 -h 1.5N H2SO4. Curve 2: Solution A 4“ 0.002 g/1 of glue. Curve 
3: Solution A -f- 0.02 g/1 of glue. {Derived from H, E. Haring, Trans. Am. 
Eledrochem. Soc., vol. 49, p. 417, 1926). 

fall roughly into three classes. In all cases the cathode polariza¬ 
tion increases with an increase in current density. In certain 

simple baths, such as lead nitrate and silver nitrate, the curves 
are nearly vertical; i.e., the polarization increases but slightly with 
the current density. In such baths the polarization is principally 
the result of concentration changes. In salts of this type the 
relatively large decrease in specific gravity of the bath when the 
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metal is deposited causes a rapid upward movement of solution 
on the cathode face, which tends to reduce the change in concen¬ 
tration and hence in polarization that would otherwise occur. 

In baths with .an intermediate cathode polarization such as an 
acid copper sulfate bath, the change in potential probably results 
from a combination of concentration and chemical polarization. 

In cyanide baths the polarization is relatively large and is caused 
principally by chemical polarization, probably associated with the 

Fig. 8. Anode and cathode polarizations in a nickel bath. Curve 1: Solution 
/). N NiS04, 0.25i\r NH4CI and 0,25M HtBOi. Curve 2: Solution D 2N Na*S04. 
(Derived from H, E, Haring^ Trans. Am. Electrochem. Soc., vol. 49, p. 417, 1926.) 

slowness of dissociation of the complex metal cyanide ions to 
produce metal ions (or other cations containing metal). 

At the anode there are also several types of polarization (Figs. 7 
and 8). With a soluble anode that dissolves readily, e.^., a copper 
anode in an acid copper bath, the polarization curve is similar to 
the cathode polarization in such a solution. If, however, the 
anode tends to become passive^ as does nickel in a sulfate bath 
free from'chlorides, the anode potential rapidly increases (becomes 
more positive) and tends to approach the curve for evolution 
of oxygen in that solution. If an entirely insoluble anode is 
employed, e.g., a platinum anode in an acid copper bath, the 
resultant curve represents the anode polarization for oxygen 

evolution on such a surface. 
Overvoltage. When hydrogen is evolved at a cathode or 

oxygen at an anode, the potential required is almost always greater 
than that corresponding to the pH of the solution, i.e., to the 
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equilibrium potential of a hydrogen or oxygen electrode in that 
solution. This difference in potential, known as the overvoltage 
for the evolution of hydrogen or oxygen, varies with the composi¬ 
tion and structure of the electrode surface and increases with the 
current density. Overvoltage, as most commonly defined, is 
simply the polarization involved in the evolution of a gas, such as 
hydrogen, upon a specified electrode surface. A more restricted 
use of the term overvoltage refers to the minimum polarization, 
i.e,f the excess potential (above the equilibrium potential) at which 
visible gas Evolution first occurs. In this sense the overvoltage 
corresponds to a specific but not always well-defined point on the 
polarization curve, approximately the point where there is a sharp 
upward break in the curve. (The total potential required to 
initiate gas evolution or any other process is designated as the 
decomposition potential) Less coqfusion would result if the term 
overvoltage were used only in the latter sense and the term polar¬ 
ization were used to cover the whole curve for gas evolution. 

Typical hydrogen overvoltages, or, more strictly, hydrogen 
polarizations at specified current densities on various metals, are 
listed in Table 11, Appendix. Most of the polarization or over¬ 
voltage in gas evolution may be designated as chemical polariza¬ 
tion, although the exact causes have not been clearly defined. It 
involves such factors as the potential necessary to initiate dis¬ 
charge of hydrogen ions on a surface having a particular composi¬ 
tion and space lattice, and a smooth or rough surface, the time 
necessary for the initially discharged hydrogen atoms to form 
hydrogen molecules (H2), and the time required for bubbles to 
form and to be released from the surface. Similarly, the over¬ 
voltage of chlorine on nickel determines if it is evolved on a nickel 

anode. 
Effects of Polarization and Overvoltage on Electrodeposition. 

1. In all cases, polarization at an anode or cathode represents an 
increase in the potential required for the passage of a given current. 
This is illustrated in Fig. 9, in which the total voltage required in 
electrodeposition is plotted against the current density. As there 
illustrated, this total voltage may consist of three parts. 

a. The reaction potential, i.e., the difference in the equilibrium 
potentials of the anode and cathode when no current is flowing. 
In a cell for electrolysis of water, discharging only hydrogen and 
oxygen, this difference in the potentials of an oxygen and a hydro¬ 
gen electrode in any aqueous solution is 1.23 volts. If a lead 
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anode is usec^ in an acid copper bath, the products are oxygen at 
the anode and copper at the cathode, and the minimum theoretical 
potential for electrolysis is the difference between the equilibrium 
potentials of a copper electrode and an oxygen electrode in that 
solution. The actual or decomposition potential will be greater 
than the equilibrium potential by the sum of the minimum anode 
and cathode overvoltages. If, as is usual in copper plating, both 

Fio. 9. Total potential drop of cell during nickel deposition. Solid lines repre¬ 
sent a standard solution containing N NiS04, 0.25i\r NH4CI, and 0.25^ HtBOi. 
Dotted lines for standard plus ZN NaaS04. {Derived from H. E, Haring, Trans. 
Am. Electrochem. Soc., vol. 49, p. 417, 1926.) 

the anode and cathode are of copper, they have the same equilib¬ 
rium potentials and no difference in potential is required to start 
electrolysis. 

b. The IR drop through the solution. This depends upon the 
shapes and positions of the electrodes, e.g., the distance between 
them, and the resistivity of the solution. This potential drop is 
proportional to the current density; hence the lines representing 
its magnitude are straight lines whose slope is determined by the 
above factors. 

c. The sum of the anode and cathode polarization. In Fig. 9 
these curves are plotted beyond the sides of the IR lines. 



ELECTRICITY AND ELECTROCHEMISTRY 63 

For any given current density the required bath potential is 
represented by the length of a horizontal line that includes the 
three factors listed. The equilibrium potential is fixed by the 
process. The IB drop is determined by the size, shape, and posi¬ 
tion of the electrodes and is proportional to the current density. 
The polarization curves at the anode or cathode may vary widely, 
according to the type of bath and the surface of the electrodes. 

2. In general, the polarization affects the throwing power of the 
bath (page 89) in such a way that the greater the slope of the 
polarization curve (t.e., the more nearly horizontal) the better is 
the throwing power. This difference is illustrated by comparison 
of acid copper and cyanide copper bath (Fig. 6). 

3. An increase in cathode polarization tends to produce finer 
grained deposits (page 65). 

4. An increase in hydrogen overvoltage retards evolution of 
hydrogen and thus fosters metal deposition. The most familiar 
illustration of this effect is the fact that zinc can be deposited with 
good efficiency from acidified baths. If the hydrogen were dis¬ 
charged at its equilibrium potential, the current would be used 
principally in depositing hydrogen. Because of the high over¬ 
voltage of hydrogen on zinc, the latter is deposited along with 
some hydrogen. In general, the overvoltage curves for hydrogen 
and oxygen in a given bath influence the anode and cathode 
efficiencies, especially of metals less noble than hydrogen. 

These few illustrations show that polarization and overvoltage 
are important factors in all metal deposition. More study is 
required to understand polarization and the possibility of con¬ 
trolling it to achieve desired results in electrodeposition. 

The above principles explain the relation of the voltage used in 
electrodeposition to the quantity and quality of the deposit 
obtained. Strictly speaking, these results are determined largely 
by the cathode polarization. If a convenient means existed for 
measuring and controlling the cathode polarization, regardless of 
the IR drop and the anode polarization, such measurements might 
serve better to control the product than the present control of 

current density. 
In practice, a plater can adequately control his processes by 

means of the voltage only, without reference to current density, 
provided that such factors as the arrangement and spacing of the 
electrodes and the composition and temperature of the bath are 
nearly constant, because then the IR drop and the anode polariza- 
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tion either al^ nearly constant or are directly related to the over¬ 
all bath potential. In effect, the plater who controls his operations 
by regulating the bath voltage is really controlling the cathode 
polarization, which, in turn, governs the cathode current density 
and efficiency. The principal advantage of controlling plating 
directly by means of the current density is that this is more closely 
related to the cathode polarization and is not much influenced by 
large changes in electrode shape and spacing, such as may occur 
in plating widely different articles. With experience it is possible 
to achieve equally good results, whether the current density or the 
bath voltage is controlled, provided that the results with a partic¬ 
ular setup have shown that the two are closely related. 

RESISTANCE OP SOLUTIONS 

Definitions. Frequent reference has been made to the resistance 
offered to the passage of current through a conductor such as an 
electrolyte. The resistance of a given conductor with a uniform 
cross section, e.(f., a length of wire or a portion of a plating solution, 
depends upon (1) the resistivity of the material, which is a property 

of that substance, and (2) the dimensions, e.g., the length and 
cross section of the conductor. It should be emphasized that 
resistivity and its reciprocal conductivity are properties of a material 
while resistance and conductance are properties of a particular 
portion or assembly of materials.^ The resistance of any portion 
of a homogeneous substance with a uniform cross section is directly 
proportional to the resistivity of that substance, and to the length 
and is inversely proportional to the cross section. This relation 
may be expressed thus: 

Resistance {R) = 
resistivity (r) X length 

area of cross section 

In the metric system, the usual units are 
It 

Ohms 
ohm-cm X cm 

cm* 

In all such expressions the terms resistance and conductance and 
resistivity and conductivity can be used reciprocally. An increase 
in resistance or resistivity corresponds to a decrease in conductance 
or conductivity. In this text the terms resistance and resistivity 

1 In some texts the terms specific resistance and specific ctmdvctance are 
used for resistivity and conductivity as here defined. 
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will be principally used because they are more directly related to 
Ohm’s law and to practical computations. 

The resistivities of most metals are low, especially those of 
silver, copper, and aluminum, which are hence used as conductors, 
e.flf., as bus bars. Alloys usually have higher resistivities, and 
certain alloys, such as those of nickel and chromium (ni-chrome), 
are used as resistors^ e.gr., in rheostats, when it is desired to interpose 
resistance or to produce heat by passage of current. 

The resistivities of aqueous solutions of strong acids and bases 
are relatively low (but much higher than those of most metals). 
The resistivities of salt solutions such as may be used in plating 
(Table 12) are fairly high, and hence 
when feasible, acids or alkalies are added 
to decrease their resistivities. 

The resistivity of a solution is usually 
expressed in ohm-centimeters^ or in ohms ^ 
per centimeter cube. (Occasionally the 
unit ohms per inch cube is employed.) 

The meaning of the metric unit can be fio. 10. Unit of resistivity, 

illustrated by a simple diagram such as ^ cube, i.e., a cube i cm 

Fig. 10. If two metal electrodes, each 1 
by 1 cm, are placed at opposite faces of a cube and the space 
between is filled with the medium whose resistivity is unity, the 
resistance R of the cell will be one ohm per centimeter cube^ or one 
ohm-centimeter. The latter expression is derived from the 
equation 

R = rX 
1 cm 
i cm^ 

r 
1 cm 

hence 

r — RX = ft X cm 
1 cm 

The same relation exists if the English units are employed, in 
which case the unit is one ohm per inch cube or one ohm-inch. In 
these expressions it should be emphasized that the unit of resis¬ 
tivity is one ohm per centimeter cube, i.e.f the resistance of a cube 
one centimeter on a side, and not one ohm per cubic centimeter 
(which volume might have any shape). 

Measurement of Resistivity. In principle, all that is necessary 
to measure the resistivity of a solution is to observe the relation 
between the voltage and current when a direct current is passed 
through the solution contained between two plane parallel elec- 
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trades that completely fill the crass section and on which there is 
no polarization. Such an arrangement is involved in the Haring 
cell (page 47). In this apparatus the resistance R of the body of 
solution between the two gauze electrodes is equal to 

Ohms = 
volts 

amperes 

The resistivity r of the solution is then calculated: 

_ R X area 
^ ~ length 

If in a cubical compartment 5 cm on a side a current of 2 amp 
passes when a potential of 5 volts is applied, 

f? = I = 2.5 ohms 

and 
_ 2.5 X (5 X 5) 
r-5- 

25 
= 2.5 X -=- = 2.5 X 5 = 12.5 ohm-cm 

o 

Practically, if plane electrodes are used, this method is subject to 
errors caused by polarization at the electrodes. In the Haring cell 
this polarization is reduced to nearly zero by the use of the two 
center gauze electrodes, and approximately correct values are 
obtained for the resistivity. 

For more accurate measurements of resistivity an alternating 
current is used, preferably with a high frequency such as 500 to 
1,000 cycles, although fairly accurate results can be obtained with 
60-cycle alternating current. By the use of alternating current 
the polarization at the electrodes is practically eliminated. Plat¬ 
inum electrodes coated with black spongy platinum are employed 
because they further reduce polarization, especially of hydrogen 
and oxygen evolution. Instead of using a cell with exactly defined 
dimensions, a cell of any convenient size and shape is used, and the 
ceB constant is determined by measuring its resistance when filled 
with a solution of accurately known resistivity, e.p., a normal solu- 
riem of potasrium chloride. 
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Such measurements are usually made by means of a WheaisUme 
bridge, shown diagrammatically in Fig. 11. By means of a suitable 
battery E a definite emf is 
maintained between F and H. 
Part of the current will then 
flow through the path FIH 
and part through FKH. A 
galvanometer G is then con¬ 
nected from a point I on FIH 
to some point K on FKH, so 
adjusted that no current flows 
through the galvanometer. 
The resistances in the two 
parts of each branch are then proportional, i.e.. 

Fig. 11. Diagram of Wheatstone bridge. 

84 a 

L? 

A 
B 

C 
D 

If the unknown resistance to be meas¬ 
ured is placed in branch A, the reds1>- 
ance of A may be computed because 

A = 
BC 
D 

A - Platinum electrodes 

coated with 
platinum black. 

B-Tubes filled with 

mercury, for 
connectors to 

electrodes. 

Fig. 12. 
ceU. 

Simple conductivity 

as follows: The resistivity 
Hence the cell constant (z.c. 

With alternating current, a d-c gal¬ 
vanometer cannot be used. Instead, 
a sensitive telephone receiver is used 
to detect the point at which no current 
flows, t.e., when the bridge is balanced. 

A form of cell that is convenient for 
taking a sample of a plating bath and 
measuring its resistivity is shown in 
Fig. 12. The cell should be immersed 
in a constant-temperature bath, e.g., 
at 25°C {irY). 

If the resistance of the cell when 
filled with N KCl solution was 210 
ohms and when filled with an acid 
copper solution was 150 ohms, the 
resistivity of the latter is computed 
of N KCl at 26®C is 8.94 ohm-cm. 

, the resistance of the cell when filled 
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with a solution of unit resistivity) is 210/8.94 = 23.6 ohms. 
The resistivity of the copper solution is 150/23.5 = 6.4 ohm-cm. 

In Table 12 in the Appendix are listed the approximate resis¬ 
tivities of solutions related to electroplating. The strong acids and 
alkalies have the lowest resistivities; next are the salts of sodium, 
potassium, and ammonium; and then of the heavy metals. These 
values permit one to estimate the relative resistivities of typical 
plating baths. They do not, however, permit computations of 
the actual current densities produced by a given voltage, because 
the total resistances of the plating baths depend also upon the sizes, 
shapes, and positions of the electrodes and of the plating tanks. 

In general, the resistivity of most aqueous solutions decreases by 
about 2 per cent for an increase of 1®C or about 1 per cent for each 
degree Fahrenheit. Hence a lower voltage is required to produce 
the same current density at a higher temperature. 

Heat Produced by Electrolysis. In an ideal electrodeposition 
cell, with identical but reversed processes at the anode and cathode, 
no evolution of hydrogen or oxygen, and no polarization, all the 
energy consumed by the passage of current would be converted 
into heat. 

Energy (joules) = electromotive force (volts) X current (amp) X 
time (sec) 

= Elt 
Since E = 7fl, 

Elt = PRt 
As 1 joule = 0.239 cal. 

Heat produced in calories = 0.239PRt 

Hence the rate of heating, i.e., the heat produced per second, is 
proportional to the resistance and to the square of the current. 
This relation permits computation of the relative quantities of heat 
produced under specified conditions. 

Problem. A certain bath A has a resistance R of 0.1 ohm, so that when a 
potential of 5 volts is applied, the current « 5/0.1 «« 50 amp. By the addi> 
tion of some substance, such as an acid, the resistance of the bath (now 
bath B) is reduced to 0.05 ohm; f.e., the conductance is doubled. What will 
be the relative heating effects in the two baths if (1) the potential is kept at 
5 volts or (2) the current is kept at 50 amp? 

In A, the heat produced * PR = 50* X 0.1 = 250 joules/sec. 
In B, (1) with 5 volts 

Heat » 100* X 0.05 « 500 joules/sec 
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(2) with 50 amp (which will require only 2.5 volts) 

Heat « 50® X 0.05 = 125 joules/sec 

Therefore, decreasing the resistance of a bath, e.gf., by adding 
more sulfuric acid to an acid copper solution, increases the evolution 
of heat if the same voltage is applied, but decreases the heating if 
the same current is passed. 

The increase in temperature produced in the bath by a given 
evolution of heat cannot be readily calculated. It depends on the 
volume of the bath and the rate at which heat is carried away. 
The latter rate depends upon (1) the relative temperature of the 
room and the bath; (2) the thermal conductivity of the tank walls 
(metal is a better conductor than stoneware, and metal is better 
than wood); the use of rubber or plastic linings, which decrease the 
thermal conductivity; (3) the rate of evaporation, which depends 
on the temperature and humidity of the air; and (4) the heat in¬ 
troduced or carried away by heating or cooling coils, bus bars, 
and racks. 



CHAPTER IV 

FACTORS THAT GOVERN THE CHARACTER AND 
DISTRIBUTION OF ELECTRODEPOSITS 

INTRODUCTION 

In commercial electroplating it is not sufficient merely to coat 
the object completely or even with relative uniformity. In addi¬ 
tion it is necessary to produce deposits of a given metal that have 
those properties, such as smoothness, brightness, hardness, or 
ductility, which may be required for a particular purpose. The 
successful application of electroplated coatings depends largely 
upon the ability of the plater to control the character of the 
deposits by making appropriate changes in the composition of the 
baths or in the conditions of operation. To do so, it is not neces¬ 
sary that the causes of all such effects be understood, desirable as 
that may be, or even that the exact magnitude of a given effect 
be predictable. The most important consideration is to know the 
direction of the effect produced by a change in a certain variable. 
Most of these directions are fairly well known, although it may 
be difficult to predict the change that will occur when two or 
more factors are varied simultaneously. 

MECHANISM OF ELECTRODEPOSITION 

If the actual process by which a dissolved metal ion is converted 
into a solid crystalline deposit were more fully understood, the 
effects of various changes could be more reliably predicted. It is 
not yet possible to explain this process in terms of the modern 
theories of physics and chemistry, although progress is being made 
in that direction.^ The following very elementary description 
merely gives a picture of the process in terms of the accepted 
simple theories. Only the reactions at the cathode will be dis¬ 
cussed. In general, the reactions at a soluble anode will be the 
reverse of those at the cathode. In a solution of a metal salt such 
as copper sulfate, the salt is dissociated to a considerable extent 
to form positively charged cations, in this case Cu+ +, and nega- 

' Hxtnt, L. B., /. Fhya, Chem,, vol. 35, p. 1006,1932, and Trans, Ekctrochem, 
See,, vol. 65, p. 413, 1934. AMo S3rmposium, Electrode Processes, Trans, 
Fsuaday Soe., No. 1,1947. 

60 
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tively charged anions, SO4"The water present is slightly dis¬ 
sociated to form hydrogen ions, H+, and hydroxyl ions, OH“. Any 
sulfuric acid present is dissociated into hydrogen ions, H+, and sulf¬ 
ate ions, either HSO4" or S04“ Most of these ions are hydrated; 
i.e.f they are combined with one or more molecules of water. 

When a potential is applied between two electrodes in such a 
solution, the positively charged cations, in this case Cu‘‘‘ + and 
H"**, ‘‘migrate^' toward the cathode and the negatively charged 
anions, OH“ and SO4—, move toward the anode. In an acidified 
solution the concentration of hydrogen ions is relatively high and 
of hydroxyl ions is very low. Because the hydrogen ions move 
more rapidly than the copper ions, most of the current is carried 
to the cathode by the hydrogen ions. As, however, it is easier to 
discharge copper ions than hydrogen ions at the cathode, prac¬ 
tically all the current is used at the cathode in depositing copper. 
Consequently, the cathode efficiency of copper deposition from an 
acid bath is close to 100 per cent. Because less copper is brought 
to the cathode by migration than is deposited, the layer of solu¬ 
tion at the cathode surface, known as the cathode filmy becomes 
weaker in copper ions. This is one cause of the cathode polariza¬ 
tion, i.e,y of the increased potential required to deposit the copper 
at a higher current density. 

However, as soon as the concentration of copper in the cathode 
film decreases, copper ions start to diffuse into this film from the 
adjacent, more concentrated body of solution. If the solution is 
agitated, fresh solution is brought mechanically toward the cathode 
surface. This process reduces the thickness of the cathode film 
and thereby facilitates diffusion to the cathode surface. In gen¬ 
eral, the reduction in the metal content of the cathode film lowers 
its specific gravity, and the depleted solution tends to rise along 
the cathode surface. Hence there is some upward movement 
(convection) even in solutions not otherwise agitated. 

It is difficult to picture the process involved in the actual deposi¬ 
tion of metal at the cathode. The cathode is negatively charged; 
i.e., it has a relatively high concentration of electrons. When 
these have an opportunity to combine with positively charged 
ions, neutral (uncharged) metal atoms are formed, thus: 

CU++ + 2© = Cu 

The crystals of which all electrodeposited metals consist are made 
up of atoms arranged in a lattice consisting of geometrical forms, 
most commonly cubes. Many of the deposited metals are in the 
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form of face-centered cubes. Each of these cubes has a total of 
14 atoms, of which 8 are located at the corners of the cube and 6 
are located at the center of each side of the cube. The smallest 
crystal unit therefore consists of 14 atoms, the distances between 
which are very small and are characteristic for each metal. The 
actual crystals in a deposit are made up of large numbers of these 
lattice units, usually in layers. 

When there is a sufficient difference in potential between the 
negatively charged cathode and the adjacent positively charged 
ions, some of the latter are discharged to form metal atoms. 
According to certain theories these atoms are discharged in hap¬ 
hazard order, t.6., amorphous or without orientation, and after¬ 
ward rearrange themselves into crystals. According to another 
theory they are preferentially discharged at those points on the 
cathode where they are needed to make up a crystal. There is 
also evidence that in certain cases the potential builds up until 
suddenly one whole layer of atoms is deposited, each in its proper 
orientation with respect to existing crystals. Regardless of the 
exact procedure, the net result is that metal atoms are produced 
and are arranged in the geometrical forms characteristic of that 

THE COMPOSITION OP CATHODE FILMS 

Because deposition of metal takes place from a film of solution 
whose composition is different from the body of solution, increased 
knowledge of the composition and properties of that film may 
throw light on the actual processes involved in deposition. Three 
methods have been proposed for sampling this cathode film prior 
to its analysis. 

Drainage Method, This method was suggested by H. E. Haring^ 
and used by him to show that in nickel deposition the cathode film 
has a higher pH than the body of solution. It merely involves 
the quick removal of a vertical plane cathode during electrolysis 
and analysis of the solution that adheres to the surface after a 
short period of drainage. This residual film is about 0.001 in. 
thick, and has approximately the composition of the cathode film 
up to that thickness. 

Pinhole Method. This procedure was used by A. E. Graham 
and associates.^ It depends upon drawing a sample of the solution 

> Trans. Am. Electrochem. Soc.^ vol. 41, p. 351, 1922. 
’ Graham, A. K., HsiBiAN, S., and Read, H. J., Am. Eledroplaters* /Sfoc., 

Proc,f p. 96, 1939. Read, H. J., and Graham, A. K., Trans, Electrochem. 
Soe.y vol. 78, p. 279,1940. 
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through a small hole in the cathode during electrolysis into an 
appropriate container. 

Freezing Method. This method, devised by A. Brenner,^ 
depends upon the use of a hollow cylinder as the cathode, into 
which, during electrolysis, a freezing mixture is suddenly intro¬ 
duced. This freezes the film of solution on the cathode surface. 
The cylinder, still filled with a freezing mixture, is then placed on 
a lathe, and successive thin layers are turned off, collected, and 
analyzed. 

Too few data have yet been published to evaluate fully the 
advantages and limitations of these methods. The results 
obtained by Brenner indicate that the freezing method gives the 
most complete information for those solutions to which it is 
applicable. It yields not only the solution composition very close 
to the cathode but also the concentration gradient^ z.e., the rate 
at which the concentration changes in passing from the cathode 
to the body of solution. The drainage method 3delds, for the film 
composition very close to the cathode, results that are in fair agree¬ 
ment with those by the freezing method. The pinhole method, 
however, yields much lower changes in film concentration than 
are obtained by the other two methods. This discrepancy is to 
be expected because it is not possible to withdraw through a hole 
a sample of the cathode film without removing with it considerable 
of the body of solution. 

Typical results by the fiieezing method for an acid copper solu¬ 
tion are shown in Fig. 13(a) and (6). Figure 13(a) shows that the 
effective thickness of the cathode film is from 0.006 to 0.010 in. 
(0.15 to 0.25 mm). The copper content at the cathode surface is 
about 25 per cent lower than in the body of solution. Figure 13(6) 
shows that in this bath the content of sulfuric acid in the cathode 
film is higher than in the rest of the solution. In a more nearly 
neutral nickel bath, the pH of the cathode film is higher than the 

body of solution. 

STRUCTURE OF ELECTRODEPOSITS 

As previously indicated, electrodeposited metals consist of 
crystals, each of which, in turn, is made up of a large number of 
lattice units. The properties of metal deposits are determined 
principally by the size and arrangement of the individual crystals 

^ Proc, Am» Electroplaters' Soc.y p. 95, 1940. 
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MICRONS 

DISTANCE FROM CATHODE (thousandth inch) 

MICRONS 

DISTANCE FROM CATHODE (thouMndth Inch) 

Fio. 13. Concentration gradients in the cathode film in an acid copper bath. 
Measured by the freesing method, (a) Copper concentrations at different distances 
from the cathode, (h) Concentrations of sulfuric acid at different distances 
from the cathode (A. Brenner,) 
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or in some cases of the still larger crystal aggregates that make up 
the deposits. It has frequently been pointed out that the type of 
crystal structure produced under given conditions depends largely 
upon the relative rates of (1) formation of nuclei, from which new 
crystals proceed, and (2) growth of existing crystals. In general, 
conditions that favor (1) will 3rield finer grained deposits, which 

(1) Symmetrical (2) Acicular (1) Columnar (2) Fibrous 

(a) Isoiated (b) Contiguous 

GROUP I 

(a) Conical (b) Twinned 

GROUP II 

(a) Broken (b) Arboreal (c) Powdery 

GROUP III 
Fio. 14. Diagrammatic representation of principal crystal types. 

contain more'but smaller crystals, while conditions that favor (2) 
will result in fewer but larger crystals. Some of the simple types 
of crystals are represented diagrammatically in Fig. 14. As a 
rough (but not infallible) guide, it has been found that any factors 
which increase the cathode polarization tend to decrease the 
crystal size and to change the type of deposit from those of Group I 
to those of Groups II and III. These and many of the other 
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principles of crystal structure were predicted by W. D. Bancroft' 
in his ‘^axioms^^ of electroplating. 

It will require much more extensive research to determine fully 
the relation between (1) the structure and properties of deposits 
and (2) the operating conditions and the types of structure pro¬ 
duced. In the following summary only the important and well- 
defined conclusions will be considered. 

RELATIONS BETWEEN THE STRUCTURE AND PROPERTIES OF 
DEPOSITS 

The normal range of values of such properties as hardness, 
strength, and ductility for a given metal (Chap. V) is characteristic 
of that metal. For example, lead is always softer than copper, 
and copper is usually softer than nickel, in spite of the fact that 
the hardness of each of these metals may vary over a wide range 
with the conditions of deposition. In general, for a given metal, 
fine-grained deposits are smoother, brighter, harder, stronger, but 
less ductile than coarse-grained deposits. Some of the apparent 
exceptions can be explained. For example, treed (arboreal) 
deposits, produced at high current densities, are really very fine 
grained, fc., they consist of small individual crystals, but these 
are united to form coarse aggregates, which are rough and usually 
dull. Specific effects, such as the brightness of certain nickel 
deposits, may be caused by the arrangement as well as by the size 
of the crystals and especially by the formation of successive bands 
or layers of crystals.* 

EFFECTS OF OPERATING CONDITIONS UPON THE STRUCTURE 
OF DEPOSITS 

The two obvious methods by which an operator can change the 
structure of deposits are (1) by altering the bath composition and 
(2) by changing the conditions of deposition. As the latter pro¬ 
cedure is u&ially more convenient, it may well be considered first. 

The three principal changes that can be made in the operation 
of a given bath are (1) in the current density, i.e., the rate of 
deposition; (2) in the method or degree of agitation; and (3) in the 
temperature. In the following discussion, reference is made to 
the effect of a change in that particular variable while all other 
conditions are kept constant. 

‘ TroM, Am. Electrochem. Soc.t vol. 6, p. 27. 1904, and vol. 23, p. 266,1913. 
•Pot X-ray evidence, see Read, H. J., Plating, vol. 36, p. 366, 1949. 
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Current Density. In general, it is desirable to use as high cur¬ 
rent densities as practicable and thereby to increase the rate of 
production from a given unit. Within certain limits an increase 
in current density decreases the crystal size, as illustrated in 
Fig. 16, in which a has a typical conical structure (Group IIo) 
and 6 has a broken structure (Group IIIo). When, however, the 
current density exceeds the limiting value for that bath and 
temperature, there is a tendency to produce rough or treed 

(a) ® 
Fio. 15. Effect of current density on copper deposits (300 diam.). (o) 4wnp/din« 

(37 amp/tt‘). (&) 10 amp/dm« (93 amp/ft»). 

deposits. A still further increase in current density yields spongy 
or burnt deposits, which usually contain inclusions of hydroxides 

or basic salts. 
All these changes are consistent with the fact that, when the 

current density is increased, the concentration of metal (and of 
metal ions) in the cathode film decreases and the polarization 
increases. The limiting current density in a given solution has 
been used to compute the composition and thickness of the cathode 

film and vice versa. 
AgdtatiftTi. In general, agitation of the solution brings up a 

fresh supply'of metal salts or ions to the cathode, reduces the 
thickness of the cathode film, and thus facilitates replenishment 
of the metal ions or compounds at the cathode surface. Another 
advantage of agitation is that it sweeps away gas bubbles, which 
may cause pits. Agitation is also desirable because it mixes the 
solution and prevents stratification of heavier solution toward the 
bottom of the tank. The net result is that agitation permits a 
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higher current density to be used to produce a deposit with a given 
structure and it increases the limiting current density for dense 
deposits. W. M. Phillips^ showed how the current density in 
acid copper baths Can be increased by vertical movement of the 
cathodes. A. C. Simon and J. T. Lumley^ used current densities 
up to 200 amp/ft* (20 amp/dm^) in rapidly circulated silver baths, 
which were later exceeded in the commercial silver plating of 
airplane engine bearings (page 299). These and other studies 
show that, to permit an appreciable increase in current density, 
it is necessary to have a relative motion of the cathode and solu¬ 
tion equal to at least 10 ft (3 meters) per minute and preferably 
much higher. Conveyor tanks usually produce a relatively slow 
movement of the cathodes and do not greatly increase the per¬ 
missible current density, unless a transverse or'rotary movement 
is also provided. 

In principle it is immaterial whether the relative motion is 
obtained by horizontal, vertical, or rotary movement of the 
cathodes or by moving the solution by a stirrer, a pump, or a jet 
of air. Two general types of agitation are possible, in which, 
respectively, the resultant flow of solution is (1) lamellar^ i.e., in 
layers, or (2) turbulent, i.e., in all directions. The former type, 
sometimes designated as mass flow, has been found to yield the 
most beneficial and consistent method of agitating plating baths. 
It is especially adapted to regular shapes, such as strips, wires, 
and cylinders. 

Air agitation is universally used in America in copper and nickel 
electrotyping baths and in England in many nickel-plating baths. 
One reason that rapid agitation is not more extensively used is 
because it detaches particles from the anode and stirs up sludge 
and hence causes rough and porous deposits. The use of anode 
bags and of frequent or continuous filtration permits an increase 
in agitation. Agitation of cyanide baths, especially by air, 
increases their decomposition with the formation of carbonates. 
Rapid agitation decreases the polarization and may reduce the 
throwing power. 

Temperature. In general, an increase in the temperature of 
deposition causes an increase in the crystal size. This is illustrated 
in Fig. 16. In this figure a illustrates twinned crystals (Group II6), 
which are often intermediate between the conical and broken 

' Proc, Am, EUdroptaiers* Soc,, p. 87,1940. 
* Proc, Am, EUctroplatera* Soc,, p. 91, 1940. 
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types. The importance of such a change in structure, especially 
in electrotyping, is shown by the fact that the deposit in a had a 
tensile strength of 2,800 kg/cm* (40,000 Ib/irf) while that in h had 
a strength of only 1,400 kg/cm^ (20,000 Ib/in®) and was much 
softer and more easily abraded. This increase in crystal size cor¬ 
responds to a decrease in polarization at the higher temperature. 

That fine-grained, smooth deposits are often produced in inten¬ 
tionally heated solutions is caused by the fact that, at higher 

(a) (6) 
Flo. 16. Effect of temperature on copper deposits (300 diam.). (a) 25°C (77°F). 
(ft) 40°C (104‘’F). 

temperatures, higher current densities are possible and customary. 
The higher current density counteracts the effect of the higher 
temperature. The influence of temperature is caused by a greater 
solubility and dissociation of the metal salt, which, in turn, leads 
to a higher conductivity of the solution. A high temperature 
increases the mobility of the metal ions and decreases the viscosity 
of the solution, so that the cathode film is more rapidly replenished. 
This reduces the tendency toward treeing and also increases the 
current density obtained with a given voltage. Another advan¬ 
tage of high temperatures is that there is usually less absorption 
of hydrogen in the deposits and less stress and tendency toward 
cracking, especially of iron, nickel, or cobalt. 

EFFECTS OF THE BATH COMPOSITION AND PROPERTIES 

Most of the metals that are used in plating can be deposited 
from more than one type of bath, each of which may be best 
suited for certain applications. In each type of bath there is a 
fairly wide range of composition and concentration. The task of 
the plater is to select (1) the type of bath and (2) the composition 
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best suited .for his purpose. After that it may be necessary to 
decide what additions or changes should be made to modify the 
character of the deposits or to correct some defect. In the follow¬ 
ing presentation,‘an effort is made to indicate the direction of 
the effects of such changes. 

Bath Compositioii. MeUd Concentration. Because metal can 
be deposited only from solutions that contain some dissolved com¬ 
pound of that metal, it might appear advisable to have the highest 
possible concentration of that salt, e.g., a saturated solution. 
Among the advantages of using a strong solution are (1) a higher 
conductivity, (2) a higher permissible current density, and (3) a 
higher cathode efficiency. Its disadvantages include (1) its 
increased cost, both for initial preparation and to replace the drag 

out (which is relatively greater in stronger and more viscous solu¬ 
tions); (2) the tendency to crs^stallize out if evaporation occurs or 
the temperature is lowered; and (3) a probable decrease in anode 
efficiency. In practice, intermediate concentrations are used, but 
the present tendency is to employ as strong solutions as feasible. 
An increase in metal concentration under given conditions decreases 
the cathode polarization and, as predicted, increases the crystal 
fflze. Just as with an increase in temperature, the higher current 
density that can be used with more concentrated solutions may 
effectively counteract the effect of concentration on the crystal size. 

For any given operating conditions, certain concentrations of 
the bath constituents represent the optimum for obtaining results. 
When such optimum conditions have been defined, they should be 
maintained as closely as feasible. It is entirely possible, however, 
especially for other conditions of operation, that other concentra¬ 
tions may be superior. When, e.g., in this text, a certain range of 
concentration is stated for a given bath, this does not justify a 
variation of that magnitude during its operation. It means 
merely that within that range a specific composition can be 
selected which will meet the requirements. In most cases, the 
concentrations of the different bath constituents should be varied 
proportionally. 

Metalrion Concentration. Because metal deposition is the result 
of discharge of the metal ions, the concentration of the latter is 
more important than that of the metal compounds from which 
they are derived. In general, a decrease in metal-ion concentra¬ 
tion increases the cathode polarization, decreases the crystal size, 
and improves the throwing power. If the desired low metal-ion 
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concentration were obtained by merely using a dilute solution of 
a simple metal salt, the supply of metal at the cathode would be 
very quickly exhausted and the limiting current density would be 
so low as to be impractical. This difficulty can be overcome by 
using solutions that have a high concentration of metal compounds 
but a low metal-ion concentration. The metal compound then 
serves as a reservoir that replenishes the supply of ions as they 
are discharged. 

The two principal ways of reducing the metal-ion concentration 
are (1) addition of a compound with a common ion and (2) forma¬ 
tion of complex compounds and ions. The first effect is illustrated 
by the addition of sulfuric acid to a copper sulfate solution, of 
sodium sulfate to a nickel solution (as in the high-sulfate bath), and 
of calcium chloride to a ferrous chloride bath. By this means it 
may be possible to reduce the effective metal-ion concentration to 
about 10 per cent of that present in that concentration of the 
metal salt alone. While the resultant effects on polarization and 
crystal size are appreciable, they are much less than those obtain¬ 
able by the formation of complex compounds. 

The most important complex compounds used in plating are the 
double cyanides of sodium or potassium with such metals as 
copper, silver, gold, zinc, and cadmium. In general, these are 
formed by dissolving the metal cyanide (which is nearly insoluble 
in water) in a solution containing sodium or potassium cyanide. 
(Except for silver and gold plating, sodium cyanide was always 
used, but recently potassium cyanide has been used in copper 
baths.) The formation of the soluble double cyanides may be 
represented by such equations as the following: 

AgCN + KCN = KAg(CN)2 
silver cyanide + potassium cyanide = potassium argentocyanide 

CuCN + 2NaCN = Na2Cu(CN)8 

cuprous cyanide + sodium cyanide = sodium cuprocyanide 

In solutions of these compounds the principal dissociation is as 
follows: 

KAg(CN)2 + Ag(CN)2~ 
Na2Cu(CN)8 ^ 2Na+ + Cu(CN)8- “ 

It is important to note that, as a result of such dissociation, the 
heavy metal (silver or copper) is in the negatively charged anion 
and not in a positively charged cation, such as is formed by the 
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dissociation * of a simple metal salt. Consequently, upon elec¬ 
trolysis these complex ions which contain the metal move toward 
the anode and not toward the cathode. No entirely satisfactory 
explanation has been proposed to account for the deposition of 
metal on the cathode from' such solutions. The constitution and 
behavior of complex cyanide baths is further complicated by the 
fact that ammonia may be formed in them or intentionally added, 
thereby giving rise to other complex compounds. 

In a summary of the constitution of cyanide plating baths^ 
the following theories are discussed, as illustrated with silver 
deposition: 

1. The sodium is first discharged at the cathode, and the result¬ 
ing metallic sodium reduces the complex silver compounds or ions 
to form metallic silver by secondary displacement. This theory 
is not very plausible because the potentials employed are too low 
to cause discharge of sodium. 

2. The complex ion dissociates to a very slight extent to form 
positive silver ions, thus 

Ag(CN)2-;:±Ag+ + 2CN“ 

Tlu^ silver ions are then discharged in the usual way. Potential 
measurements with a silver electrode indicate that there are some 
silver ions in a cyanide solution, but their concentration (or 
activity) is so very low that it is improbable that they can account 
for the deposition of the silver at appreciable current densities. 

3. The complex anions may split up to form complex cations 
that are then reduced to silver at the cathode. 

2Ag(CN)2- ^ Ag2CN+ + 3CN- 
Ag2CN+ + © = Ag -h AgCN 

4. Direct reduction of anions may occur at the cathode. 

Ag(CN)2" + 0 = Ag -h 2CN- 

The latter two processes are plausible, but it is difficult at present 
to demonstrate what is the actual mechanism. This situation 
shows that it is not uncommon for platers to make extensive suc¬ 
cessful use of processes which are not at present understood. 

Other complexes may exist in certain plating baths. For 
example, in an ammoniacal nickel bath, sometimes used to plate on 
zinc die castings,^ the nickel is present in complex ions with 

' Thompson, M. R., Trans. Electrochem, 8oc., vol. 79, p. 417, 1941. 
* Hxbsch, a., Trans. Electrochem. Soc., vol 63, p. 135, 1933. 
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ammonia. Citrates and tartrates are likely to form complex ions 
in certain metal baths. Rochelle salt (sodium potassium tartrate), 
used in the Rochelle salt copper bath (page 296), probably forms 
certain complexes in addition to those already present in the 
cyanide. The recent increased use of fluoborates and pyro¬ 
phosphates in plating baths probably involves the presence of 
complex salts and ions. 

Nature of the Anions and Cations, In almost all plating solutions 
the metal is introduced as a salt, i.e., a compound of the metal 
with some acid. (One of the few exceptions is the use of chromic 
acid, CrOs or H2Cr04, as the source of metal in chromium plating.) 
Salts of other metals than that to be deposited are often added and 
thereby introduce other cations. The common additions are the 
chlorides and sulfates of sodium, potassium, ammonium, and 
magnesium. While specific advantages are often found for a 
particular cation, such as ammonium salts in a nickel bath or 
potassium cyanide instead of sodium cyanide, there is at present 
no clear basis for predicting their relative behavior. It is possible 
that these cations migrate into the cathode film to different 
degrees and that they influence the behavior of any colloidal 
materials there present. The soluble salts of the simple strong 
acids, sulfuric, hydrochloric, and nitric acid, are usually similar 
in many properties. Sulfates and chlorides are the most common¬ 
ly used in plating baths. Nitrates are seldom used because 
the nitrate ion, NOa"", may be reduced at the cathode to form am¬ 
monia, NHa, and thus change the composition and pH of the bath. 
[The use of a nitrate in a silver cyanide bath (page 299) 
depends upon the fact that silver is more readily reduced than 
nitrate.] 

If the metal-ion concentration were the only consideration, we 
should expect to get very similar results with chlorides and 
sulfates of a given metal such as iron, nickel, or tin. Actually it 
is found that there are often marked differences in the behavior of 
chloride and sulfate baths, e,g,, of nickel, which cannot be 
accounted for by their solubilities or their dissociations and 
resultant metal-ion concentrations. These differences are espe¬ 
cially marked when certain addition agents are used. It is 
necessary, therefore, to conclude that the anions in a bath may 
affect its operation, c.g., by affecting the form of colloids in the 
cathode film. Little knowledge is available regarding the behav¬ 
ior and effects of either foreign cations or of any anions in the 
cathode film, and no sound predictions can be made. 
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This lack ‘of knowledge regarding effects of specific ions is 
illustrated by the introduction in recent years of new types of 
plating baths. For example, fluoborates, formerly confined to 
lead and tin bath^, are now used for copper, nickel, and other 
metals. Sulfamate lead baths and pyrophosphate copper and 
zinc baths are now in commercial use. Until much more knowl¬ 
edge is gained regarding the constitution and mechanism of such 
baths, their use for any given purpose must depend upon 
demonstrable advantages and not on predictions of their 
performance. 

Hydrogen-ion Concentration (pH), Principles. All aqueous 
solutions contain some hydrogen ions. Perfectly pure water dis¬ 
sociates to a slight degree to form hydrogen ions and hydroxyl 
ions. 

H2O H+ + OH- 

If an acid is added, the concentration of hydrogen ions increases, 
and if an alkali is added, the concentration of hydroxyl ions 
increases. Because the hydrogen ions are positively charged, on 
electrolysis they migrate toward the cathode, where they may be 
discharged to form hydrogen gas. The cathode efficiency (page 
40) depends principally upon what proportions of the current are 
used, respectively, in depositing metal and hydrogen. A 100 per 
cent cathode efiSciency (for metal deposition) means that no 
hydrogen is discharged, while a zero efficiency may mean that only 
hydrogen is discharged. Because this efficiency is partly deter¬ 
mined by the concentration of hydrogen ions, it is important to 
know and control these concentrations, especially in the nearly 
neutral baths, such as those of nickel. 

In water and aqueous solutions the product of the concentrations 
of hydrogen and hydroxyl ions is constant and is equal to about 
1 X JV, read as ‘‘one times ten to the minus fourteenth 
normal,’^ t.c., 0.000,000,000,000,01iNr. In pure water or a neutral 
solution the concentrations of hydrogen and hydroxyl ions are 
alike, and each is equal to IQr^N. If sufficient acid is added to 
make the hydrogen-ion concentration [H+] equal, for example, to 
lOr^Nf the hydroxyl-ion concentration [OH-] automatically 
becomes 10-‘W. 

In order to avoid the use of cumbersome decimal fractions to 
express hydrogen-ion concentrations, a simple method known as 
the pH system was devised and is now in nearly universal use. The 
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pH of a solution is equal to the numerical value of the exponent in 
the denominator of the fraction that expresses the hydrogen-ion 
concentration. (In more mathematical language the pH is the 
negative logarithm of the concentration of hydrogen ions; i.e., 
pH = —log ch+.) For example, in a neiUrcd aqueous solution, 
in which the hydrogen-ion concentration is 10~W or 1/lOW, the 
pH is 7. The relations between these different forms of expression 
is illustrated in the following table. 

Methods of Expressing Hydrogen-ion Concentration in Terms of 
Normality 

Fraction Decimal Exponential pH 

1 1 1/10» = 10« 0 

1/10 0.1 1/10' = 10-' 1 

1/100 0.01 1/10* = 10-* 2 
1/1000 O.OOl 3 

1/10,000 0.000,1 \/W = 10-‘ 4 

1/100,000 0.000,01 5 
1/1,000,000 0.000,001 1/10* = 10-* 6 
1/10,000,000 0.000,000,1 1/10’ = 10-’ 7 

1/100,000,000 0.000,000,01 1/10« = 10-< 8 

1/100,000,000,000,000 0.000,000,000,000,01 14 

In the pH system, used throughout this book, an increase in 
pH represents a decrease in acidity and vice versa. Actually the 
scale represents both acidity and alkalinity, the customary divid¬ 
ing line between which is a neutral solution, having a pH of 7. 
Solutions with a lower pH than 7 are said to be acid, and those 
with a higher pH than 7 are alkaline. The acid copper, chromic 
acid, acid zinc and acid tin baths and most nickel baths have pH 
values below 7, and all cyanide baths are alkaline, i.6., have pH 

values above 7. 
It is important to distinguish between the concentration of acid 

in a solution and the concentration of hydrogen ions. The latter, 
measured in terms of pH, expresses the degree of acidity. (A 
closely analogous relation is that between the quantity of heat, 
e.g.y in calories, in a given volume of solution and the temperature 
or degree of heat of that solution.) This distinction is illustrated 
by the properties of two normal solutions containing, respec¬ 
tively, hydrochloric acid, HCl, and acetic acid, HC2H8O2. A 
given volume of each solution will neutralize the same volume of 
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a normal solution of sodium hydroxide to form, respectively, 
sodium chloride, NaCl, and sodium acetate, NaC2H802. In that 
sense the solutions^ are equal in their concentrations of acid. If, 
however, the pH of each of these solutions is measured, the N 
HCl will have a pH of approximately 0 corresponding to a normal 
hydrogen-ion concentration, while the N acetic acid will have a 
pH of about 3. In other words, the hydrochloric acid is a much 
stronger acid than the acetic acid of equivalent concentration. 
Most organic acids, including hydrocyanic acid, are weak acids. 

Methods op Measurement. 1. Hydrogen electrode. The 
primary standard for measuring pH is the hydrogen eUctrodey 
which usually consists of platinum coated with spongy platinum 
black, which is saturated with hydrogen gas that bubbles over it. 
The potential of this electrode, measured, for example, against a 
saturated calomel electrode, serves as a direct measure of the pH, 
or hydrogen-ion concentration. This method is generally used 
to determine the pH values of standard buffer solutions that serve 
to check other electrodes. The hydrogen electrode is not com¬ 
monly used to measure the pH of plating solutions because it is 
troublesome to use and is likely to be “poisoned^^ by oxidizing 
agents and by cyanides. 

2. Quinhydrone electrode. This involves measuring the poten¬ 
tial of a gold electrode in a sample of the solution to which 
quinhydrone has been added. It is more easily applied than the 
hydrogen electrode and is used to some extent for measuring the 
pH of nickel baths. 

3. Glass electrode. This consists of a thin-walled glass tube 
within which is a reference electrode such as a calomel electrode. 
This is immersed in the solution sample, and its potential is 
measured against another reference electrode. This potential is a 
measure of the pH. The glass electrode is not much affected by 
metallic or oxidizing agents and can therefore be used in 
almost all types of plating solutions. Corrections must be made, 
however, for the effects of alkaline solutions, in which the direct 
readings are too low. By the use of a special glass in the electrode 
this error is so reduced as to be negligible for pH values up to about 
12. Because of the wide applicability of the glass electrode, it is 
the most generally used electrometric method for measuring pH. 

4. Colorimetric methods. The colorimetric methods for 
measuring pH all involve the use of indicatorSy i.e., substances 
whose colors change with the pH. It is therefore necessary to 
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standardize the colors of a particular indicator by means of 
buffered solutions (page 78) whose pH has been measured 
electrometrically. Color standards corresponding to definite pH 
values are then prepared and used to compare with the color of the 
solution to be tested. 

These color standards may consist of (1) sealed tubes containing 
buffer solutions and the appropriate indicator, (2) colored glass 
that reproduces the indicator colors, or (3) colored papers with 
which the color produced on a similar strip of indicator paper 
can be compared. 

One objection to colorimetric measurements is that they are 
affected by salt errors, depending on the concentrations of the salts 
in the solution. For most nickel-plating baths this error amounts 
to about 0.5 pH, which should be subtracted from the observed 
value to get the true pH. (In certain commercial pH sets for use 
with nickel baths this average correction has been applied to the 
pH values of the standards.) 

The most common colorimetric method for pH involves the use 
of sealed standard tubes whose colors correspond to successive pH 
values for a given indicator (usually at intervals of 0.2 pH). In a 
suitable device the colors are compared in such a way that any 
color of the plating bath is compensated. For example, in some 
procedures the comparison involves six tubes, arranged as follows: 

ABC 
T T T 
DBF 

A and C = standard indicator pH tubes 
D and F = bath sample with no indicator 

B = bath sample plus indicator 
E = water 

« 

The total color in each pair of tubes represents the sum of equal 
thicknesses of water, bath sample, and indicator. When the color 
ofB + E matches A + DorC + F, the pH is equal to that of the 
standard tube A or D. If the color is intermediate, the pH is 
usually reported as the mean of the two standards. The standard 
color tubes are usually stable for considerable periods, especially 
if kept away from direct sunlight. 

The choice of indicator depends upon the pH range to be 
measured. Most of the pH indicators have a useful range of 
about two imits, as shown in Table 13 (Appendix). When 
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observed values come near the extremes of a given indicator, they 
are less accurate and should be checked with another indicator. 
With care, colorimetric measurements can be made to ±0.1 pH, 
while electrometric h^easurements can easily be made to ± 0.06 pH. 

Control of pH. When experience has shown that a certain pH 
value (or range) yields the desired performance and a measure¬ 
ment of the pH shows that it is too high or too low, it can readily 
be adjusted to the desired value. This is accomplished by adding 
acid if the pH is too high and alkali if it is too low. In general, 
these additions should be selected so as to make no other marked 
change in the composition of the bath. If the latter contains 
chlorides or sulfates, addition of hydrochloric or sulfuric acid, 
respectively, will merely change slightly the content of chloride 
or sulfate; hence these acids are most commonly used, for example, 
in nickel baths. If the bath contains sodium or ammonium salts, 
additions of sodium or ammonium hydroxide are logical. In many 
cases a basic compound of the principal metal salt, e.gf., nickel 
carbonate or hydroxide, is used to raise the pH, as thereby no new 
salts are formed. In such cases it is preferable to use freshly pre¬ 
cipitated compounds, which should be kept moist till used, as these 
dissolve more rapidly and completely than the dried compounds. 

The amount of acid or alkali required to produce a given change 
in pH depends upon the bath composition and especially upon its 
buffer properties. A buffered solution is one in which a relatively 
small change in pH is caused by a given addition of acid or alkali. 
In general, this condition exists if a salt of a weak acid or base is 
present. For most bathsj especially those operated between pH 3 
and 10, a buffer salt is advantageous because then the pH of the 
bath remains more nearly constant if there is a small difference in 
the anode and cathode eflSciency. (Whenever the anode effi¬ 
ciency exceeds the cathode efficiency, the pH tends to rise and 
vice versa>). 

The use of boric acid (a very weak acid) in nickel baths operated 
around pH 5 illustrates the behavior of a buffered solution (Fig. 
17). It can be seen that between pH 4 and 6, more acid (or alkali) 
is required to make a given change in pH in a solution containing 
boric acid than in one containing only nickel sulfate. By making 
a titration curve for a given type and composition of bath, it is 
possible to compute the amount of acid necessary to bring the pH 
to the desired value. If, however, much suspended basic material 
(such as ferric hydroxide in a nickel bath) is present, it will dissolve 
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in and hence consume some of the acid that is added to reduce the 
pH. Either dissolved or suspended iron compounds may inter¬ 
fere with colorimetic pH determinations. For these and many 
other reasons it is desirable to have all plating baths frequently 
purified and filtered. 

Effects of pH. The effects of pH in acid baths, i.e., below pH 
7, are more definite and better understood than in alkaline baths, 

-ml.- 0.2 -iV- 8O4 iiiL-02-J^-Na0H-► 

Fio. 17. Buffer action in nickel solutions.* Titration curves for 60 ml. Curve 
A: N NiSO<. Curve B: N NiS04; 0.5Af HtBOt. Curve C: N NiSOt; 0.6Af 
H.BO,; 0.2Ar NaCl. Curve D: N NiSO,; 0.5M H.BO,; O.IN NaF. Curve E: 
N NiSO.; 0.m HiBOi; 0.2J\r NaF. Curve F: N NiSO.; 0.6Jlf O.liV HF. 

in which pH control is more recent. As previously noted, the pH 
of the cathode film tends to be higher than that of the body of 
solution if the cathode efficiency is less than 100 per cent. This 
and related changes in the composition and structure of the 
cathode film have a direct effect upon the cathode efficiency and 
the composition and properties of the deposit. 

The pH reached in the cathode film under otherwise uniform 
conditions depends upon the pH in the body of solution. In 

^ The pH values on these curves are uncorrected colorimetric readings and 
are probably about 0.5 pH too high. They should therefore be used merely 
to illustrate the relative buffer properties and not the exact pH of the specified 
solutions. 
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general the use of a low pH in the bath will result in a lower pH in 
the cathode film than in a bath with higher pH. This will result 
in a lower cathode efficiency and in less tendency for basic material 
to be included in the deposit, which will hence tend to be softer. 
A low pH in the bath permits the use of higher current densities 
in the bath to produce a sound deposit at a relatively high effi¬ 
ciency. These principles are illustrated by the low pH nickel 
baths used in the last fifteen years, for both plain and bright nickel 
deposits (page 372). For the latter type of bath the pH also 
affects the form and behavior of the organic addition agents or 
brighteners, especially if these are colloidal or give rise to the 
formation of colloids in the cathode film. Qualitatively it may be 
concluded that the use of low pH baths, especially of metals less 
noble than hydrogen, e.g., nickel and zinc, results in purer, softer 
deposits and permits use of higher current densities. In the more 
acid baths, such as the copper sulfate, lead fluoborate, and chromic 
acid baths, the pH (usually less than 1) is not critical and has less 
marked effects on the bath performance or the deposits. 

All cjranide baths are alkaline, with pH values from about 9 for 
those like silver which do not contain much free cyanide to about 
13 for those like cadmium and zinc which contain both free cyanide 
and free alkali. All cyanide baths contain sodium carbonate, 
formed by decomposition of the cyanide. Carbonates also hydro¬ 
lyze to form alkaline solutions. Measurement of the pH of 
cyanide baths indicates the concentration of hydroxyl ions. For 
example, in a bath with a pH of 10 the concentration of hydroxyl 
ions is about 10~^i\r, and in one with a pH of 14 the hydroxyl-ion 
concentration is about normal, N. Since the cyanides and car¬ 
bonates do not yield pH values much above 11, any higher pH 
values indicate the presence of actual free alkali, i.e., NaOH or 
KOH... 

In one of the few papers* on the pH of cyanide baths, exploratory 
tests on copper, zinc, cadmium, silver, and brass baths showed that 
the effects of pH, e.g., on anode and cathode efficiency, are highly 
specific. In brass plating, the pH also affects the ratio of copper 
and zinc in the deposits. Control of cyanide plating baths by pH 
measurements is practicable and useful, but much more study is 
required to explain, much less predict, the effects of pH in a 
particular bath. Much less is toown about the solubility and 

^Hooaboom, G. B., MorMy Bee. Am. Electrojdaiera’ Soc., voL 24, 
p. 713, 1937. 



CHARACTER OF ELECTRODEPOSITS 81 

equilibrium relations of the compounds, such as cyanides, car¬ 
bonates, and hydroxides, that are present in alkaline baths than 
about the common constitutents of acid baths. 

Addition Agents. Early in the development of electrodeposi¬ 
tion it was learned that addition of small quantities of certain 
organic substances, e.g., to acid copper baths, resulted in smoother, 
finer grained, and harder deposits. The most effective of these 
early addition agents were colloidal proteins, such as glue, gelatin, 
and albumen. Glue is still the principal addition agent used in 
copper-refining baths. These addition agents are most useful 
in acid baths of those metals, such as copper, lead, zinc, and tin, 
which in the absence of such substances tend to form very coarsely 
crystalline deposits. 

During the period up to about 1930 a very large number of 
these addition agents were employed or proposed, usually on a 
purely empirical basis. No complete or satisfactory explanation 
of their behavior was developed, although it was generally as¬ 
sumed that the addition agents or products derived from them 
were colloidal and hence (under favorable conditions) migrated 
to the cathode, where they increased the polarization and were 
adsorbed into the deposits. This theory of migration and ad¬ 
sorption is supported by the fact that almost all metals deposited 
in the presence of addition agents contain appreciable quantities 
of organic matter. 

Colloidal solutions, or, more strictly, colloidal suspensions, 
contain very fine particles of matter, which are, however, larger 
than the molecules and ions present in true solutions. Milk 
illustrates both types of medium, as it contains truly dissolved 
substances, such as milk sugar and certain salts, and materials in 
colloidal suspension, such as the casein and the fat particles. 
Colloidal particles have an electrical charge, owing to their 
adsorption of charged ions from the surrounding medium. If 
the colloids are positively charged, they move toward the cathode 
when a potential is applied and vice versa. The sign of their 
charge may depend on the pH of the solution. 

While this very simple theory of addition agents accounts 
qualitatively for some of their principal effects, it does not explain 
the specific action of a particular agent, which may have widely 
different effects in somewhat similar solutions of two different 
metals or even of two salts of the same metal. One possible 
explanation is that the presence of particular cations or anions 
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may detenhine the form and charge of the colloids and their 
behavior, including their coagulation and tendency to be adsorbed 
in a metal deposit. Another theory is that the organic substances 
or products derived from them form complex ions with the metals 
present, and when these ions are discharged at the cathode, the 
organic material is automatically included in the deposit. 

The rapid development of organic addition agents during recent 
years, especially for bright-nickel plating, has, for the time being, 
complicated rather than clarified the picture. Many of the 
brighteners now used are specific chemical compounds, and 
therefore in time we may expect to correlate their composition 
and behavior. One difficulty is that in bright-nickel baths several 
types of additions may be made for specific purposes and each 
may affect the behavior of the other. 

The types of addition agents used in bright-nickel plating will 
be discussed briefly, not so much with reference to their value in 
nickel plating as to illustrate the principles involved. 

Metallic Compounds. Additions of salts of cobalt, zinc, or 
cadmium are known to yield brighter nickel deposits. Those 
with zinc or cadmium tend to be brittle. The principal advantage 
of such additions, especially of cobalt, is that they increase the 
effectiveness of certain of the organic addition agents. 

Organic Substances. Compounds such as aryl sulfonic acids 
may not themselves produce bright deposits, but they increase 
the solubility and brightening power of other organic compounds. 

Other Organic Compounds. Such compounds as formates, 
aldehydes, and ketones and amino polyaryl amines may yield 
bright but brittle deposits unless they are accompanied by com¬ 
pounds of the second class. 

Wetting Agents. Hydrogen peroxide, which is commonly 
used to prevent pitting of nickel baths, is likely to oxidize some 
of the organic additions and thereby be reduced and rendered 
ineffective. In bright-nickel-plating baths, wetting agents are 
often added, i,e., substances that reduce the surface tension of 
the solution and hence decrease the tendency for hydrogen bubbles 
to stick to a surface (page 85). 

It is obvious that with so many possible types of additions 
(each of which has many examples) to a nickel bath, no simple 
theory will account for their effects. One property observed in 
many bright-nickel deposits (and in bright deposits of some other 
met^als) is that they consist of a large number of very thin layers 
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parallel to the surface of the deposits. These layers indicate that 
in such baths deposition does not take place continuously but in 
steps, alternated by some other process that prevents or retards 
metal deposition. The latter process probably involves migra¬ 
tion, precipitation, and adsorption of organic material upon the 
just previously deposited metal layer. Especially in the presence 
of an excessive amount of an organic addition it has been found 
that the cathode potential fluctuates in cycles approaching the 
periods corresponding to the deposition of each layer. 

The above simplified and inadequate explanation of addition 
agents emphasizes the fact that their selection and use are still 
empirical and that much more fundamental research is required 
in this field. 

Physical Properties of the Bath. Apart from but closely related 
to the chemical composition of the plating solutions are certain 
measurable physical properties, which may affect the behavior 
of the bath. Among these are the following: 

Electrical Resistivity, It is obvious that, in order for a metal 
to be electrodeposited from a solution, the latter must be a con¬ 
ductor of electricity. The most direct effect of the resistivity of 
the solution is upon the voltage required to produce a desired 
current density. Assuming that other conditions remain con¬ 
stant, the required bath voltage will be inversely proportional to 
the conductivity of the solution (or directly proportional to its 
resistivity). This relation is most important in large-scale opera¬ 
tions, where the cost of electrical energy is significant, and in 
those cases where the available potential, e,g,^ 6 volts, is barely 
suflScient to yield the desired current density. On general prin¬ 
ciples the best conducting solution that is otherwise suitable 
should be used. 

There are, however, practical limitations to the conductivity of 
many baths. Increasing the concentration of the metal salt 
usually causes the conductivity to approach a maximum; i.e., 
there is not so much proportional increase in conductivity in 
changing from 2 to 4A nickel sulfate, for example, as from 1 to 
2iV’. Hence there is no great advantage, from the standpoint of 
conductivity, in greatly increasing the metal salt concentration. 

Among the common heavy metal salts, the chlorides are better 
conductors than the sulfates (Table 12, Appendix). For example, 
an iV solution of nickel chloride has over twice the conductivity 
of N nickel sulfate. Because the solutions of most of the heavy 
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metal salts are not very good conductors, it is customary to add 
some better conducting substances to the bath. When very acid 
solutions are employed, addition of a strong acid is desirable, e.^., 
sulfuric acid to atx acid copper bath. Similarly the conductivity 
of cyanide baths can be greatly increased by the addition of 
sodium or potassium hydroxide. When it is necessary to employ 
nearly neutral solutions, well-conducting salts are commonly 
added. Chlorides are better conductors than sulfates, and am¬ 
monium salts are better conductors than sodium salts. 

Apart from the effect on the required voltage, there are not 
many direct benefits from increasing the bath conductivity. 
However, the same additions that increase the conductivity usually 
also change other properties. For example, the addition of a 
strong acid decreases the pH and may decrease the metal-ion 
concentration. The latter effect is also produced by adding a 
salt with a common ion, 6.gf., sodium sulfate to a nickel sulfate 
bath. As will be discussed shortly, an increase in bath con¬ 
ductivity does not increase the throwing power unless there is 
also a large cathode polarization. Good conductivity is desirable, 
but it may not be considered apart from associated factors. 

Viscosity of the Solution, A solution of almost any salt has a 
higher viscosity, i,e,y flows less readily, than does pure water, and 
the viscosity of most solutions increases with their concentration. 
For example, a nickel sulfate bath with a high content of sodium 
sulfate is more viscous than is the nickel sulfate solution alone. 
Few measurements have been made on the viscosity of actual 
plating baths. 

The most obvious effect of a high viscosity is that it increases the 
dro/g out of the solution, because in a given period of drainage the 
solution does not flow off so completely. This may represent a 
serious economic loss, especially in barrel plating, where the 
drainage^is poor. 

Another, more profound effect of viscosity is upon the composi¬ 
tion and behavior of the cathode film. The rate at which this 
rises along the cathode is retarded by an increase in viscosity, 
and hence the cathode film becomes more depleted, and the 
polarization increases. The viscosity also influences the rate of 
diffusion of salts (or ions) to the cathode film but does not usually 
affect the rate of their migration. To the extent that an increase 
in polarization may be desired, e.g., to improve the throwing power 
or to produce finer crystals, an increase in viscosity may be 
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desirable. It is, however, difficult to predict the exact effects of a 
change in viscosity produced by a given addition of salts or of an 
organic compound or by a change in temperature, because each 
of these changes may produce either additive or compensating 
effects. In short, there is no basis for changing or controlling the 
viscosity of a bath unless a definite benefit has been established. 

Surface Tension. On all surfaces, especially of liquids, there are 
certain attractive forces that set up a tension at the surface. The 
magnitude of this force, known as surface tension^ for a given 
liquid influences its behavior when in contact with gases, solids, or 
other liquids. One of the most common evidences of difference^ 
in surface tension is the behavior of liquids in capillary tubes. If 
two similar open glass capillary tubes are immersed, respectively, 
in mercury and in water, it will be found that the level of mercury 
inside the tube is below that outside while the level of the water 
inside is above that outside. This difference results from the facts 
that the surface tension of the mercury is much greater than that 
of the water, and that the mercury is pulled away from the glass 
and does not wet it as does the water. 

If now, e.g., by the addition of a substance like soap to the water, 
its surface tension is made lower, the resultant solution will not 
rise as high in the capillary as does pure water. This behavior is 

made use of directly in all cleaning solutions that contain alkalies, 
soaps, or other wetting agents. For present purposes a wetting 
agent, or surface-active material, may be defined as any substance 
whose addition to a solution reduces its surface tension. 

The principal applications of wetting agents in the plating 
industry are (1) in alkaline cleaning solutions to increase or 
accelerate their cleansing action, (2) in pickling solutions for the 
same purpose and to cut down spray by producing a foam blanket, 
and (3) in plating solutions to reduce or prevent pitting. The last 
application depends upon the fact that a bubble of gas, either of 
hydrogen or of air, will have less tendency to stick to a surface in a 
liquid of low surface tension than in one with high surface tension. 

Most commercial wetting agents are salts of organic sulfonic 
acids. Literally hundreds of these substances are used for such 
purposes as the application of insecticides, in which they facilitate 
wetting of the leaves. A much more limited number have been 
used in bright-nickel-plating baths and cyanide copper baths to 
reduce pitting. Because they are commonly added in low con¬ 
centrations and their content is difficult to determine by analytical 
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methods, it is customary to control their addition by measure¬ 
ments of surface tension of the solution. 

The principal methods for measuring the surface tension of a 
liquid are as follows: 

1. Measuring the rise of the liquid in a capillary tube. 
2. Measuring the size of a drop of the liquid when it just 

detaches from a horizontal glass tip. This is done by measuring 
the total volume of a given number of drops, such as 100, or con¬ 
versely by measuring the number of drops corresponding to a 
measured volume. This method is called the drop-weight method, 
and the apparatus is a stalagmometer. 

3. Measuring the force necessary to pull a ring of fine platinum 
wire from the surface of the liquid in an apparatus known as a 
tensiometer. 

In all three of these methods it is customary to standardize the 
apparatus with pure water, the surface tension of which is 
73 dynes/cm at 20®C (68®F). Method 2, using a stalagmometer, is 
most convenient for plating solutions. 

EFFECTS OF THE BASIS METAL UPON THE DEPOSITS 

■rile metal to which the deposit is applied may affect the deposit 
in numerous ways. The most obvious effect is that of the surface 
finish of the basis metal on the contours of the deposit. In 
practically all cases a given deposit produced on a rough surface 
will be less smooth than that on a finer grained surface. Hence, if 
a final bright deposit is desired, it is usually more economical to 
apply a fairly fine finish to the basis metal than to use a rough 
surface and to increase the amount of buffing or polishing of the 
deposit. The latter operations represent not only a buffing cost 
but also a reduction in the thickness and probable protective value 
of the coating. The effects of changes in crystal structure and 
surface contour of the basis metal that occur during pressing, 
drawing, and forming operations upon the quality of the plated 
coatings are explained by J. D. Jevons.^ 

In general, this effect of the basis metal finish upon the contours 
of the deposit is more marked wi^h a thin than with a thick 
deposit. Beyond a certain point, however, the roughness of the 
deposit may increase with thickness. Deposits from baths with 
good covering power or from those containing addition agents, 

* J. EledrodeposUors^ Tech, Soc.j voL 20, p. 93, 1945. 
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e.flf.i bright-nickel baths, may cover over and smooth up small 
scratches or defects in the basis metal.^ 

It has generally been assumed that a deposit produced on a 
rough metal surface will be more porous and hence have less 
protective value than a deposit on a smooth surface. In a 
research of the American Electroplaters^ Sociiety^ it was found 
that, on a good grade of cold-rolled steel, deposits of a given thick¬ 
ness of copper, nickel, and chromium yielded about the same 
protection in the atmosphere regardless of the finish of the basis 
metal. The latter ranged from that produced with a 90-grain 
abrasive to a superfinish. The mean values of the finish, measured 
with a Profihmeterj^ varied from 65 to less than 1 root-mean-square 
microinches on these extreme types of finish. 

This failure to obtain an effect of basis metal finish upon pro¬ 
tective value appears to contradict the previously reported results 
of W. L. Pinner^ and of others that roughly polished surfaces 
lead to more porous deposits. This difference can be explained 
by the fact that Lux and Blum used cold-rolled steel, which has 
fewer inclusions than hot-rolled or forged steel. Such inclusions 
may be revealed by coarser polishing and lead to pores in the 
coating. Further studies are in progress to check these conclu¬ 
sions with hot-rolled steel and with brass and zinc-base die castings. 

In interpreting the above results, it should be, borne in mind 
that the deposits applied to the coarse finishes were not polished 
or buffed to produce a smooth bright surface. If that were done, 
there would be a tendency to reduce the thickness on the peaks 
or even to cut through the deposits there and cause pores. 

Another effect of the basis metal is that any nonmetallic or 
poorly conducting particles in the surface are likely to prevent 
or retard deposition at those points and hence to cause pores in 

' Gardam, G. E., J, Electrodepositora* Tech. Soc., vol. 22, p. 155, 1948, and 
Willson, K. S., and Du Rose, A. H., Plating, vol. 36, p. 246, 1949. 

^Lux, G. A., and Blum, W., J, Research Natl. Bur. Standards^ vol. 34, 
p. 295, 1945, RP 1645. 

^ The Prohlometer is a device used to measure and compare surface finishes. 
The movement of a fine steel stylus across the surface causes the point to 
fluctuate in accordance with the irregularities of the surface. This movement 
of the stylus is converted to electrical readings on a scale. The latter values 
are expressed as the root mean square, i,e., the square root of the average of 
the squares of the values, in micr&inches, i.e,, millionths of an inch. A 
high numerical value represents a rough surface and vice versa. Similar 
measurements are made with a Brush surface analyzer. 

^ Proc. Am. Electroplaters' Soc., vol. 27, p. 137, 1940. 



Fig. 18. ^ Section of the chilled side of oast copper, upon which copper was elec- 
trodeposited (100 diam.). (a) The surface was cleaned but not pickled prior 
to the electrodeposit. (6) The surface was pickled (bright-dipped) after cleaning. 
The various sones indicated in (6) ^pply also to (o), i.s., TT, base metal; X, 
eleetrodepoeited copper (first layer); F, electrodeposited nickel; and Z, electro- 
deposited copper (second layer). 
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the deposit. This behavior justifies the use for fine plated finishes 
of dean steel, e.flN, a high grade of cold-rolled steel. Unfortunately 
there are no quantitative standards for the inclusions in 
steel. 

Another less obvious but possibly important effect of the basis 
metal is related to its actual crystal structure and grain size. In 
1916 G. B. Hogaboom^ predicted this effect of the basis metal. 

In 1921 he noticed in published photographs of deposits that 
some of the copper deposit crystals were continuations of the 
crystals in the copper basis metal. This observation was con¬ 

firmed by W. Blum and H. S. Rawdon® (Fig. 18) and by A. K. 
Graham.* Later, A. W. Hothersall^ showed that such reproduc¬ 
tion of the basis metal structure may occur even with dissimilar 

metals that may vary appreciably in lattice structure and spacing. 
The principal significance of these observations is that the struc¬ 
ture of deposits cannot be studied apart from the basis metal and 
that control of the latter may help to obtain a deposit having 
desired structure and physical properties, including adhesion 
(page 127). 

THROWING POWER AND THE DISTRIBUTION OF DEPOSITS 

General Principles. It is not sufficient for an electroplater to 

produce deposits having the desired appearance and properties. 
He must be able to apply these coatings in such a way as com¬ 
pletely to cover the article with a deposit as nearly uniform in 
thickness as practicable. The latter goal is especially important 
in view of the modern requirements for a certain minimum 
thickness on significant surfaces. Economy demands that this 
minimum thickness be obtained while depositing as little metal 
as possible on the rest of the surface. On the many irregularly 
shaped surfaces that must be plated it is not practicable to obtain 
an even approximately uniform thickness, but this goal should 

always be kept in mind. 
The term throwing power was first applied to plating solutions 

as a qualitative measure of their ability to deposit metal over the 
entire surface of an article. This meaning is better expressed by 

‘ Trans, Am, Electrochem, Soc,, vol. 29, p. 369, 1916. 
* Trans, Am, Electrochem, Soc,^ vol. 44, p. 303, 1923. 
* Trans, Am, Electrochem, Soc,, Vbl. 44, p. 427, 1923. 
* J, Electrodepositors^ Tech, Soc,, vol. 7, p. 115, 1932. 
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the term covering power. In recent years the term throwing 
power has been used principally as a measure of the distribution 
of the deposits, i.e., of their relative thickness on different parts 
of an article. In practice, the two terms are closely related, 
since solutions with poor throwing power usually have poor 
covering power and vice versa. As will be seen, it is much easier 
to attach a quantitative significance to throwing power than to 
covering power. 

t The factors that determine the distribution of metal deposits 
are now well understood even though their combined effects 
cannot always be predicted. They can be briefly explained 
as follows: 

Primary Current Distribution. On any article of a given shape, 
placed in a certain position with respect to‘ the anodes, tank 
walls, and other cathodes, an applied potential will produce a 
certain distribution of current to which the name primary current 
distribviion is applied. This distribution is independent of the 
resistivity or other properties of the surrounding solution but 
will be changed if any polarization occurs at either the anode or 
cathode. This primary current distribution is determined solely 
by the shape and position of the electrodes. 

For certain simple geometric shapes it is possible to compute 
this primary current distribution, usually on the basis of certain 
simplifying assumptions. It cannot be calculated exactly for 
complicated shapes. The most exhaustive studies of this subject 
from the standpoint of electrodeposition were conducted by 
C. Kasper and published in a series of papers,^ which should be 
consulted for details. 

There are three arrangements in which it is possible to obtain 
a perfectly uniform current distribution, viz., linear, cylindrical, 
and spherical conductors. These are represented diagram- 
matically; in Figs. 19, 21, and 22. In Fig. 20 the solid lines 
represent equipotential surfaces and the lines perpendicular to 
them are lines of current flow. 

The linear conductor (Fig. 19) may be represented by a rec¬ 
tangular box with plane parallel electrodes, such as is used for 
measuring throwing power. The equipotential surfaces are 
planes that are parallel to the electrodes and equally spaced. 
The current density over each electrode is uniform, and the 

* Trans. Electrochem. Soc., I, vol. 77, p. 353, 1940; II, vol. 77, p. 366, 1940; 
III, vol. 7h, p. 131, 1940; IV, vol. 78, p. 147, 1940; V, vol. 82, p. 163, 1942. 
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resistance and hence the IR drop are uniform throughout the 
length of the box. 

If, however, as shown in Fig. 20, one electrode (e.gf., the cathode) 
is inclined, the equipotential surfaces are no longer plane and 
parallel. Because they are closer together near the obtuse angle 
B than near the acute angle C, the current density is higher at B 

than at C] As we proceed away from the angle, the equipotential 
surfaces ultimately (at H) become plane and parallel. If the 
anode had been closer to the cathode than this point H, moving 
it as far away as C would have made the current density more 

Fia. 20. Effect of inclining one electrode (as in Hull cell). 

uniform in the angles, but its movement beyond H would have 
had no such effect. This same relation applies with more com¬ 
plicated shapes and systems. 

With two concentric cylinders (Fig. 21) the current density is 
uniform over each cylinder. As, however, the same current passes 
from the outer cylinder to the inner cylinder, which has a smaller 
area, the current density on the inner cylinder is higher. This is 
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smatEs 
Fie. 22. Equipotential surfaces and lines of flow between oonoentrio spheres. 



CHARACTER OF ELECTRODEPOSITS 

illustrated by the fact that the equipotential surfaces are closer 
to each other as we approach the inner cylinder. The potential 
drop {IR) varies as the logarithm of the distance from the center, 
and the total resistance of the system having a specified length 
depends solely upon the ratio of the radii of the two cylinders 
regardless of their actual dimensions. 

With concentric cylinders the current lines are radial. There¬ 
fore, to plate a section of a cylinder uniformly, the side walls of 
shields should be placed radially. 

With concentric spheres (Fig. 22) the current density on the 

inner sphere is higher, because the areas of two spheres vary as 
the squares of their radii. If the outer sphere is relatively large, 
the resistance of such a system depends almost entirely on the 
radius of the inner sphere. 

These few simple examples illustrate the methods by which 
the primary current distribution can be computed. In more 
complex systems, such as a point to a plane, a line~to a" plane, 
eccentric cylinders, or angles, the current density is not uniform. 
It is possible by more involved computations to calculate the 

distribution of current in many such systems and especially the 
effects of changes in shape or position of the electrode. It must 
be emphasized, however, that the current distributions so com¬ 
puted are 'primary current distributionsf which exist only when 
there is no polarization. 

Except in the few simple systems discussed, the primary current 

density is not uniform and may vary on different parts of com¬ 
mercial articles by as much as 6 or 10 to 1. To make it more 
nearly uniform, we can employ (1) parallel or concentric anodes, 
(2) nonconducting shields to reduce the current density at certain 
points, or (3) conducting wires, or thieves, to detract the current 
from such points. Moving the anode farther from the cathode 
is an advantage only up to a certain distance. 

Effect of Polarization, As explained on page 45, polarization, 
e.g,, at a cathode, represents a voltage drop that exists in addition 
to the IR drop caused by the passage of current through the bath. 

In general, this polarization increases with an increase in current 
density. Hence, on any irregularly shaped article the polarization 
is greatest at the points of highest current density. This fact 
makes it more difficult for the current to reach those points than 
if there were no polarization. Consequently, the distribution of 
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current, e,g,, the ratio of the current densities at two points, 
becomea more nearly uniform than corresponds to the primary 
current distribution. The higher polarization at the points of 
high current density makes the current distribution more nearly 
uniform, not by making it easier for current to pass to the far 
points, but by making it more difficult to pass to the near points. 
Whenever the cathode polarization increases rapidly with current 
density the resultant current distribution, f.e., the secondary current 
distribiUton, is more uniform than the primary current distribution. 

This simple principle is illustrated by the well-known difference 
in throwing power of acid and cyanide copper baths. As shown 
in Fig. 6 the cathode polarization in an acid copper bath is rela¬ 
tively small and the curve soon becomes nearly vertical. In the 
cyanide copper bath, however, the polarization curve is more 
inclined from vertical and continues to increase up to fairly high 
current densities. The marked difference in throwing power of 
these two types of copper baths is principally the result of this 
difference in polarization. 

Effect of Conductivity, As stated above, the primary current 
distribution in a given system is not influenced by the conductivity 
of the bath. If there were no polarization, the conductivity would 
not affect the distribution of current or of metal. If, however, 
there is appreciable polarization (as is true in all plating baths at 
the customary current densities), an improvement in conductivity 
magnifies the effect of this polarization. An increase in con¬ 
ductivity reduces the IR drop in the bath. Hence, if a certain 
total bath voltage is applied, a given polarization, e.gf., 1 volt, 
represents a larger part of the total voltage and has a greater 
effect upon the secondary current distribution. In general an 
increase in conductivity improves the throwing power. 

Effect of Cathode Efficiency. The above discussion refers merely 
to the distribution of current. If in a given bath the cathode 
efficiencies are equal at all current densities, the resulting metal 
distribution will be the same as the current distribution. If, how¬ 
ever, especially as in low pH nickel and chromium plating, the 
cathode efficiency increases with the current density, the metal 
distribution will be less uniform than the current distribution and 
may more than counteract any benefit of polarization. If, as 
occurs in some baths, the cathode efficiency decreases with current 
density, the metal distribution is thereby made more uniform and 
the throwing power is increased. 
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Methods of Measiuing and Expressing Throwing Power. 
Because the throwing power of a given bath is the result of a 
number of factors that cannot be conveniently evaluated and 
correlated, many efforts have been made to measure the throwing 
power directly. Consideration of the above principles shows that 
the main value of such measurements, however made, is to detect 
and compare large effects produced by a change in bath composi¬ 
tion or in operating conditions. The throwing power of a solution 
is not a single, measurable property of that bath, even under 
specified operating conditions. It will depend upon the shape of 
the article and its position with respect to anodes or other cathodes, 
cell walls, and solution surface. Since no single geometric device 
can reproduce all these factors for all possible shapes and condi¬ 
tions, the most that any such test can show is whether the throwing 
power of one bath is decidedly different from that of another. 
Small measured differences are usually insignificant and may be 
misleading, because the extent to which one factor will compensate 
for another will vary with such conditions as the distance from 
the anode to the cathode, and their relative areas. 

Measurements of throwing power are chiefly of pedagogical 
value and serve to show the direction and magnitude of significant 
changes, 6.gr., those over 6 per cent on the conventional scales. 
Because of these inherent limitations, detailed discussion of 
methods of measurement and expression is unwarranted. They 
will therefore be summarized briefly. 

Conventional Shapes, Two devices used to measure throwing 
power (or, more strictly, covering power) are the bent cathode 
and the cavity scale. 

Bent Cathode, In the bent cathode method^ the cathode 
consists of a rectangular metal strip, bent to an angle of 90 deg, 
and placed at a specified distance from a flat anode (Fig. 23). 
This method has been used principally to study chromium baths 
by observing the extent to which chromium is deposited within 
the angle. The results are approximately parallel to the throwing 
powers obtained in a Haring cell. In a modification of this 
device® the bent cathode is cut into strips that can be weighed 

^ SizELOVE, O. J., Monthly Rev, Am, Electroplatere' Soc., vol. 16, p. 16,1929. 
Pinner, W. L., and Baker, E. M., Trans, Am, Electrochem, Soc,y vol. 65, 
p. 316, 1929. Parser, H. L., and Blum, W., J, Research Nall, Bur, Stand¬ 
ards, vol. 4, p. 27, 1930, RP 131. 

* Onitsghenko, a., Z, Elektrochem,, vol. 39, p. 815,1933. Portbvin, A., and 
Cymboustb, M., 14^emc Ctmgr, chim, Ind,, vol. 2, 1934. 
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before and after plating and thereby yield data on the distribution 
of thickness. * 

Cavity Scale. In the cavity scale* a number of cylindrical 
holes with the same diameter and varying depths are drilled into 
a metal bar (Fig. 24). The deepest hole that is completely plated 
defines the covering power, e.g., in terms of the ratio of depth to 

Fio. 23. Bent cathode, used to measure the covering powzr in chromium plating. 

diameter. A single tube closed at one end can also be used, and 
the depth to which the deposit penetrates is used as a measure of 
the covering power. 

Schemaiic Devices. Most quantitative measurements of throw¬ 
ing power have been made in boxes in which the electrodes 
represent but do not imitate parts of articles that may be plated. 
Most of these methods involve the weighing and comparison of 
deposits on two or more plates, which is by far the most accurate 
method of measuring the average thickness of deposits. 

• Pan, L. C., Metal Itul. (N.Y.), vol. 28, p. 271,1930. 



Fig. 26. Throwing-power box. {Haring and Blum,) 

Plane, Parallel Electrodes (Fig. 25). In this method* two 
parts of a hypothetical cathode are represented by means of a 
linear conductor. Two plane parallel cathodes are connected by 
a good conductor. Each cathode completely fills the cross section 

* Haring, H. E., and Blum, W., Trans. Am. Electrochem. Soe., vol. 44, 
p. 313, 1923. 
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of a rectan^lar box at such distances from a plane gauze anode 
that a certain primary current distribution on the two plates is 
obtained^ e.flr., 6 .to 1. On each cathode the current density is 
uniform. A gauze or other perforated anode is used in order to 
reduce the polarization on the two sides of the anode, on which 
different anode current densities prevail. The vessel is filled with 
the solution to a specified depth, and a measured current is passed 
through the solution to give a desired average current density. 
The two cathode plates are weighed before and after the test to 
determine the weights of the deposit. 

As measured in such a box, the throwing power is expressed as 
the percentage improvement of the metal ratio M above the 
primary ratio P. If the far plate is five times as far from the 
anode as the near plate, the primary ratio is 5. If in a given 
experiment the weight of deposit on the near plate is four times 
that on the far plate, the metal ratio is 4; hence the metal distribu¬ 
tion is more uniform than would be expected from the positions 
of the two plates. 

T (throwing power) 

If in another experiment, the 

y 5 ^ 6 ^ 

5 

It must be emphasized that a numerical value for throwing 
power is meaningless unless all factors are defined, including the 
size of the box and electrodes, the distance of each cathode from 
the anode (hence the primary ratio), the solution composition and 
temperature, and the average current density. For economy and 
convenience a box with a solution cross section of 5 by 5 cm 
(2 by 2 in.) and a total length of 15 cm (6 in.) is recommended. 
The values are directly comparable only when measured in the 
same size box. 

Owing to the fact that more current passes through the portion 
of solution between the anode and the near cathode than through 
the other compartment, the former solution tends to become 
warmer. If the resistivity of the solution and the current density 
are both high, this difference in temperature will be sufficient to 

P - M 
" P 

5 4 
= —^— = +20 per cent 

metal ratio is 6, 

—^ = — 20 per cent 
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change the ratio of the resistances in the two paths. B. K. Braund^ 
suggests a correction based on the temperatures of the two com¬ 
partments. In many cases it will be more convenient to transfer 
part of the solution from one compartment to the other at intervals 
to equalize the temperature. It is also possible, but difficult, to 
hold the temperature of the whole cell nearly constant by placing 
it in a well-circulated oil bath. 

S. Field* has suggested a modification in which the two parts 
of the cathode are on the same side of the anode, made of sheet 
metal. Ammeters are used to measure the currents to each 
cathode, which express the secondary current distribution but not 
the throwing power unless the cathode efficiencies are equal. 

Several authors* have suggested modification of the equation 
for throwing power so that, when the latter (also called by them 
the throwing efficiency) is 100 per cent, the metal distribution is 
perfectly uniform. Their equation is 

T efficiency = ^ ^ 

If in a hypothetical case the primary ratio is 5 and the metal ratio 
is 1 (i.c., the deposit is entirely uniform) 

^_ Y 
T efficiency = ^ = 100 per cent 

instead of (as on page 98) 

5—1 
T (throwing power) = —^— = 80 per cent 

The advantage sought is illusory, because in no known plating 
solution is it possible to approach a uniform distribution of deposit 
on a cathode having a primary ratio of 5 or more, i.e., when throw¬ 
ing power becomes important. It was first assumed that the 
throwing efficiency for a given bath would be more nearly uniform 
with a change in current density. However Pan showed that 
this is true only if the throwing power is positive. If it is negative, 
the throwing efficiency is less uniform than the throwing power. 

Inclined-plane Electrodes. A large number of ingenious 
methods for measuring throwing power have been devised, but 
not extensively used. W. Pfanhauser and G. Eisner, O. Busse, 

^ J, Eledrodeposiiors* Tech, Soc.^ voL 7, p. 19, 1931. 
* J, Electrodepoaitors^ Tech, Soc,^ vol. 7, p. 83, 1932. 
• Including L. C. Pan, Trans, Am, Electrochem, <Soc., vol. 58, p, 423. 1930. 
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and E. Mantzell all use a box with an inclined cathode on which 
the metal distribution is measured. The arrangement is similar 
to that in a HuU^ cell, in which the properties of the deposit at 

different parts of the inclined cathode are used to define the effec¬ 
tive current density range of the solution under those conditions. 
Such observations can be used to estimate the content of some 

constituent, such as of a brightener in a plating bath. 

Tandem-plane Electrodes. W. G. Horsch and T. Fuwa® 
measured the weights of deposit received by three or more cathodes 

in tandem in a plane perpendicular to the anode. 

Perpendicular-wire Cathode.® The same idea was used by 
A. J. Krombholz and by R. Harr in the form of a wire placed 

perpendicular to a plane cathode. In each case the ratio of the 

thickness of deposit at different distances from the anode was 
used as a measure of throwing power. 

Perforated Cathode. K. Arnt and 0. Clemens^ determined 

the amount of metal deposited on a plane cathode that was 
placed back of another cathode having a circular hole in it. 

Concentric Electrodes. A. Portevin and M. Cymboliste® 

used a cathode consisting of two concentric spirals and determined 

the ratio of the weights of metal on the inner and outer spirals. 
Available evidence indicates that each of these devices yields 

qualitatively similar results for major differences in throwing 

power but that none can be relied upon to predict the exact per¬ 
formance of a given bath with a cathode of irregular shape. Such 

results can be obtained only by trials with the actual articles. 
Preliminary measurements of throwing power may serve, however, 
to indicate the most promising directions for trial. 

1 Hull, R. O., Proc, Am. Electroplaiera^ 5oc., p. 52, 1939. 
* Trans. Electrochem. Soc., vol. 41, p. 363, 1922. 
* Trans. Electrochem. Soc.y vol. 68, p. 425, 1935. 
^ Chem. Ztg., vol. 46, p. 925, 1922. 
‘ Compl. rend., vol. 201, p. 819, 1935. 



CHAPTER V 

THE SELECTION, SPECIFICATION, AND INSPECTION OF 
ELECTRODEPOSITS 

During the past fifteen years there have probably been more 
research and more progress in the methods of testing plated 
coatings than in any other phase of the plating industry. The 
extension of plating to new applications, including many military 
devices, and especially its use on a very large scale, for example, 
in the automobile industry, have created demands for coatings 
of consistently high quality. Early attempts to specify such 
coatings showed the lack of reliable data regarding the properties 
required for a given purpose and suitable methods for measuring 
those properties. To meet this need, investigations have been 
conducted in several countries by industrial laboratories and 
technical organizations. Many of the problems require and are 
receiving further study; hence any summary such as the following 
is necessarily incomplete, and the conclusions are subject to 
change in the light of investigations now in progress. 

PROPERTIES AND TESTS 

Before attempting to discuss the basis and content of specifica¬ 
tions to meet particular needs, it may be desirable to consider 
the significance and measurement of those properties upon which 
the choice is likely to rest. In the last analysis an electrodeposited 
coating is used because of some desirable properties and usually 
in spite of some undesirable properties or limitations.# 

The principal properties that determine the value of a metallic 
coating for a given purpose are its thickness and adhesion and 
the protection it provides against corrosion and abrasion. Color 

and luster are minor but sometimes important properties. As 
protection is almost always required, it might seem that its 
consideration should take precedence. Practically, however, it 
has been found that the thickness is more important than any 
other single factor and is therefore almost invariably included 
in specifications. 

101 
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Tbickness. Significance. The importaDce of the thickness of 
coatings of the sacrijmal metals, such as of zinc and cadmium, 
is obvious, because the value of such coatings rests upon their 
tendency to corrode more readily than the bams metal and to 
thus protect the latter. A thick coating of a metal that is dis¬ 
solving (under the conditions present) at a given rate will natu¬ 
rally last longer than a thinner coating. Numerous exposure 

Fig. 26. Typical curves for failure of various plated coatings, in, for example, 
one year’s exposure. Curve A: Zinc and cadmium coatings on steel. Curve B: 
Copper, nickel, chromium coatings on steel. 

tests^ have shown that, especially in an industrial atmosphere, 
the protection furnished by zinc and cadmium coatings is practi¬ 
cally proportional to their thickness. This behavior is illustrated 
by Curve A in Fig. 26. 

Any similar relation with coatings of noble metals such as 
those of copper and nickel is not obvious, since their protection 
depends primarily upon their porosity. While the latter un¬ 
doubtedly varies to some extent with the conditions of preparation 
and deposition, experience shows^ that the most practical method 

^ Hippbnbteel, C. L., Borqman, C. W., and Farnsworth, F. F., Proc. 
ASTM, vol. 30 (II), p. 456, 1930. Hippbnstbbl, C. L., and Borgman, 

C. W., Tran8, Am, Electrochem. <Soc., vol. 58, p. 23, 1930. Pasbano, R. F., 

ASTM Symposiumf vol. 49, 1934. Report of Subcommittee VII on field 
tests of met^lic coatings, Proc. ASTM, vol. 33 (I), p. 149, 1933. Blum, 

W., Strausser, P. W. C., and Brennbr, A., J. Research Nad. Bur. Stand¬ 
ards, vol. 16, p. 185, 1936, RP 867. * 

*Blum, W., Straubser, P. W. C., and Brenner, A., J. Research, Nad. 
Bur. Standards, vol. 13, p. 331,1934, RP 712. Baker, E. M., J. Soc, AiUo- 
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of reducing the porosity and increasing the protective value is to 
increase the thickness. In general, this improvement in quality 
is not, as with zinc and cadmium, proportional to the thickness, 
but as shown in Curve B of Fig. 26, a given increase (e.gf., 0.0002 
in.) in the thickness of a thin coating has a more pronounced 
benefit than a similar increase in the thickness of a thick coating. 
Very roughly, the same actual increase in protection is obtained 
by a given proportional increase in thickness. Purely as an 
example, in Curve B each doubling of the thickness improves 
the quality (for a given scale and period of exposure) by 20 per 
cent. Therefore, to obtain a nearly perfect coating (100 per 
cent) for the period considered it will require a much greater 
increase in the thickness of nickel than of zinc above those thick¬ 
nesses which yielded scores of 80 per cent. 

In any discussion of coating thickness it is necessary to dis¬ 
tinguish clearly between the average thickness over the entire 
plated surface and the local thickness, i.e., the thickness at a 
particular point, and especially at the thinnest spot. The above 
considerations show that the protective value of a coating usually 
depends more upon the minimum than upon the average thick¬ 
ness; i.e., a coating is only as good as its thinnest part. Con¬ 
sequently, most plating specifications are now based on the 
minimum thickness on significant surfaces. The latter term 
excludes those parts of the surface which are concealed or un¬ 
important or on which it is not economically practicable to apply 
the designated thickness. (The designation of significant surfaces 
upon a particular article is usually decided by the parties con¬ 
cerned and may conveniently be indicated on the specification 
drawings.) 

Although the measurement of local thickness is assuming 
increasing importance, some specifications are still based on the 
average thickness. One reason for the latter usage is that it is 
easier for the plater to estimate the time required at a given 
current density to produce a given average thickness than a 
specified minimum thickness on any part of the article. Even 
when the average thickness is specified, particularly on small 
articles or on articles made of numerous small parts, it is necessary 
to allow a considerable margin to ensure that the required aver- 

moiive Engrs,, vol. 16, p. 27, 1924. Jacquet, P., BvU. soc. franc elec,, 6, vol. 
2, p. 631, 1932. Blum, W., and Straubser, P. W. C., J, Research Nail, 
Bur, Standards, vol. 24, p. 443, 1940, RP 1293. 
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age thickness will be present on each piece that is plated. Careful 
study of the racking and spacing and of methods of plating will 
reduce this margin, but even under the best conditions it is 
probable that the average thickness of all the pieces must be at 
least 25 per cent above the average thickness required on each 
piece. 

When a certain minimum thickness on any part of the surface 
is specified, it is still more difficult to predetermine the time of 
plating required at a given average current density. This time 
depends upon the shape and the position of the article, according 
to which the average thickness may be from two to five times 
the minimum thickness^ on a given piece. In addition, the 
average (and therefore the minimum) current density may vary 
widely on similar pieces plated on a given rack. It must be 
clearly recognized that the present trend toward the requirement 
of a minimum thickness represents in most cases a tightening 
of the specifications, which is justified because it usually results 
in a corresponding increase in the useful life of the coatings. 

Thickness Measurement Average Thickness. The most sat¬ 
isfactory method for measuring the average thickness of a coating 
is to dissolve off and determine the weight of the coating from a 
specimen of known or measured area. The thickness is then 
computed from the weight and area and the density (or specific 
gravity) of the coating, using the formula 

T (thickness) = C 
W (weight) 

A (area) X D (density) 

where C is a constant that depends simply upon the units employed. 
In metric units the equation becomes 

F(gr) 
T (mm) = 10 

In English units 

T (in.) = 1.73 

A (cm2) X j) 

W (avoir oz) 
A (in.2) X D 

(2) 

(3) 

As the weighings are almost invariably made in grams, it is 
more direct and logical to measure the area in square centimeters 
and first to compute the thickness in millimeters. Dividing this 
value by 25.4 (or multiplying by 0.0394) gives the thickness in 

^Brbnner, a., J. Research Nail, Bur. Standards, vol. 18, p. 665, 1937, 
RP994. 
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inches. These two steps may be expressed in a single formula 

T (in.) 
0.3941^ (gr) 

A (cm®) X D (4) 

For each metal having a specified density, a single factor for 
the thickness in inches can be derived by dividing 0.394 by the 
density. Thus, for nickel, 0.394/8.9 = 0.0442; hence, for nickel 

T (in.) = 0.0442 g/cm® (6) 

A list of these convenient factors is included in Table 15 in the 
Appendix. 

Example. If on a fixture having a total area of 60 cm* (9.3 in.*) the nickel 

coating (which has a density of 8.9) weighs 2.35 gr, what is the average 

thickness? 

T (mni) 
10X2.35 

= 60X8.9 “0.044 mm (2) 

0 044 
= 0.00173 in. 

25.4 

T (in.) 
0.394 X 2..85 

= 60X8.9 “ 0.00173 m. (4) 

T (in.) - 0.0442 X ^ = 0.00173 in. 
dU (6) 

The process of dissolving a coating from a basis metal is known 
as stripping. If this operation can be carried out so as to dissolve 
the coating completely and cause no appreciable attack of the 
basis metal, the weight of the coating is equal to the loss in weight 
produced by stripping. This procedure is commonly used for 
zinc, cadmium, and chromium coatings. If, however, as in elec¬ 
trolytic stripping of nickel coatings from brass, the basis metal 
is slightly attacked, it is necessary to determine analytically 
the amount of nickel in the resultant solution, e.g.j by the 
dimethylglyoxime precipitation. For many metals it is most 
satistactory to dissolve the coating electrolytically with reverse 
current, i.e., by making the article the anode in a suitable 
solution. 

In general, during the stripping of the coating by either pro¬ 
cedure there is some, however slight, attack of the basis metal, or 
intermediate coating. Consequently the results by any stripping 
method tend to be slightly high. The conditions that will yield 
an accuracy of about 10 per cent in stripping typical commercial 
coatings from specified basis metals are summarized in Table 14. 
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The same methods can be employed for stripping defective coatings 
prior to replating. For this purpose slight attack of the basis 
metal is not usually objectionable, and hence the cheapest of these 
solutions and methokls are generally employed. 

The following notes will assist in the quantitative application 
of the methods listed in Table 14, which are based largely upon 
the studies conducted by A. Brenner^ and P. W. C. Strausser.® 
Recently a review of methods of stripping copper was published.® 

The following comments are numbered according to the methods 
listed in Table 14. 

Method 6. It is very difficult to strip nickel from steel with 
sulfuric acid at a reasonable rate without some attack of the steel. 
The addition of a small amount of glycerin reduces but does not 
entirely prevent attack. Some pitting is likely to occur, which is 
especially objectionable on replating. 

Method 7. When stripping nickel in sodium nitrate, the solu¬ 
tion tends to become alkaline and should be neutralized, when 
necessary, to a pH of about 5 by the addition of nitric acid. This 
method is not quantitatively applicable to high-carbon steel or to 
articles of very irregular shape, on which attack may occur at 
recesses with low current densities. 

Method 8. There is usually sufficient attack of the brass when 
stripping nickel in hydrochloric acid to prevent quantitative 
results, although the articles are suitable for replating. It is there¬ 
fore customary to determine the nickel in the resultant solution 
by precipitation with dimethylglyoxime. If cobalt is present, 
it can be determined with nitrosobeta naphthol. 

Method 9. At the conclusion of stripping nickel in thiocyanate 
there is a very thin dark film, which should be removed by light 
scrubbing before drying and weighing. The solution should be 
kept slightly acid by occasional small additions of sodium bisulfite. 

Method 16. The vessel containing sulfuric and nitric acid should 
be kept covered to prevent absorption of water. Nitric acid 
should be added to replace that consumed by solution of the silver. 

Method 16. The results are usually almost quantitative with 
only concentrated hydrochloric acid, but the antimony chloride 

' Monthly Rev. Am. Eleciroplatera^ Soc., vol. 20, November, 1933. 
* Monthly Rev. Am. Eleclroplaters* Soc., vol. 24, p. 822,1937. 
‘Mathers, P. C., Landerwerten, C. E., and Martin, E. L., Monthly 

Rev. Am. Electroplaters* Soc.j vol. 32, pp. 268 and 672, 1945. (Am. Electro-^ 
platers* Sot. Research Report^ Serial No. 4.) 
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(or oxide) acts as an inhibitor and reduces attack of the exposed 
steel.^ 

The chief source of error in determining the average thickness 
is the uncertainty in the area of irregularly shaped articles. The 
best method for estimating such areas is to make a series of meas¬ 
urements and approximate computations, on the assumption that 
each part of the surface may be considered as a portion of a figure 
such as a cylinder, a cone, or a sphere. In making such measure¬ 
ments it is frequently possible to set upper and lower limits, 
e,g,, by means of an inscribed and a circumscribed cone. If these 
differ by, say, 20 per cent, their average almost certainly represents 
the true area within 10 per cent. In some cases the areas can be 
estimated by cutting cross-section paper to cover the surface 
exactly and counting the number of squares. Except on very 
simple shapes, it is very difficult to estimate the areas within 10 
per cent, which introduces a corresponding uncertainty in the 
computed average thickness. When articles are stamped out of 
sheet metal, their area can be estimated from the thickness of the 
sheet metal and the weight of the piece. In this method it is 
assumed that the change in area produced by stretching the metal 
during the forming operations is negligible; otherwise a correspond¬ 
ing error is introduced. 

Indirect methods for estimating areas, such as measuring the 
amount of liquid retained on immersion and withdrawal, the 
amount of liquid condensed on the surface, or the current produced 
by a specified voltage, do not appear promising. It has been 
suggested that the application of monomolecular layers might 
permit measurements of the surface area. 

Sometimes the average thickness is computed from a number of 
measurements of local thickness. While this procedure does not 
involve exact measurements of area, it requires a large number of 
local measurements, which should be nearly uniformly distributed. 
Otherwise it is necessary to weight the individual values according 
to the areas they represent. If, for example, the thickness of 
nickel at one point on a faucet handle with an area of 1 in.^ is 
found to be 0.0005 in. and on the body of the faucet with an area 
of 10 in.* the thickness is 0.0001 in., it is obviously incorrect to 
take the average of these two, f.e., 0.0003 in., as the average 
thickness. If the two points measured are representative of their 
respective areas, ten times as much weight should be given to the 

^ Clarke, S. G., Trans. Electrochem, Soc., vol. 69, p. 131, 1936. 
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value (m the body, as to that on the handle; i.e., the average thick¬ 
ness is equal to 

0.00015+^1^0(0.0001) _ 0^ . 

* If the specific gravity of the coating is very different from 
that of the basis metal, e.g., silver (10.6) on steel (about 8.0), it 
is possible to compute the weight of coating and hence its average 
thickness from the average specific gravity of the article.^ This 
method suffers from the limitations that (1) the coating must 
be relatively thick, (2) the specific gravities of the coatings and 
basis metal must be accurately known, and (3) the weighings 
must be made with high accuracy, since small errors are multi¬ 
plied in the final calculations. The method is most likely to be 
useful in routine production checking of similar articles. 

Local Thickness. The numerous methods that have been 
proposed or used for measuring the thickness of a coating at a 
specified point may be classified according to the three types 
of measurement involved. 

1. Length measurements 
a. Direct microscopical measurement of a section 
b. The chord method, which measures a geometric function 

of the thickness 
2. Rate of chemical action 

a. Immersion methods 
b. Spot tests, in which a single drop of reagent is applied 
c. Dropping tests, in which discontinuous drops of the 

reagent act upon the coating 
d. Jet tests, in which a continuous stream of liquid is applied 
6. Electrochemical methods 

3. Magnetic methods 
a. Measurement of the magnetic attraction of a magnetic 

coating on a nonmagnetic base metal 
b. Measurement of the reduction in attraction of a magnetic 

base metal caused by the presence of a nonmagnetic 
coating 

In certain cases the local thickness can be determined by 
cutting out a small specimen having an accurately known area 
and determining the weight of coating on it by a stripping and 

^ Labkin, L. S., J. Electrodepodtors^ Tech, Soc,f vol. 18, p. 48, 1943. 



SELECTION, SPECIFICATION, AND TESTING 109 

chemical method. Recently W. S. Claybaugh^ has described a 
method for measuring the thickness of very thin gold coatings, 
in which an area of 1 mm® is punched out and the gold is dissolved 
and determined colorimetrically, using o-tolidine to produce a 
characteristic color. Almost any of the stripping methods 
described above for various metals could be adapted to this 
procedure, but for most metals and coatings other methods are 
more convenient. 

For a given purpose the choice of method depends upon its 
accuracy, convenience, and expense for the particular coating 
and basis metal to be tested. In some cases, especially in testing 
large or expensive articles, the cost of the samples destroyed may 
be so great as to limit the number or proportion of specimens 

tested. For such purposes the nondestructive magnetic methods 
are preferable. In general, the chemical methods and the chord 
method destroy only the coatings, so that, if desired, the tested 
specimens can be salvaged by replating. The microscopical 
method is necessarily destructive of the piece tested. On the 
other hand, it is the most direct and is dependent only on length 
standards, which are usually of high accuracy and can be readily 
calibrated. With care and experience the results of the micro¬ 
scopical measurement for coatings more than 0.0001 in. thick are 
usually accurate to within about 5 per cent, while with most of 
the other methods errors of 10 to 15 per cent may enter. The 
microscopical method is therefore usually considered as the 
standard, or umpire, method. However, for control purposes 
other methods with an accuracy of only 15 per cent may be 
adequate, especially if by testing more specimens the reliability 
of the sampling is thereby improved. 

One difficulty in all such testing is the securing of representative 
samples. No general rule can be given, but the unavoidable 
variations in plating are so great that usually at least 1 piece of 
each 100 should be tested even to approach the goal of determin¬ 
ing whether either the average or local thickness on every piece 
probably meets the requirements. However, for many items in 
large production the testing of only 1 out of each 1,000 might be 
relatively expensive, especially if the articles were thereby de¬ 
stroyed. It is obvious, therefore, that the customary testing of 
plated articles by destructive methods cannot ensure compliance 

^J, Research NaU, Bur, Standards, vol. 36, p. 119, 1946, RP 1694. 
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of every pieces with the specification, although it will usually 
exclude decidedly inferior products. 

The selection of the point on an article at which the local 
thickness is measured is important. These points must be on 
significant surfaces (page 103). Moreover they should be located 
where the minimum thickness is most likely to be found. Ex¬ 
perience in testing similar articles may so define these points 
that the required number of tests is reduced. In particular 
cases, such as the overlay on silver-plated spoons, the points to 
be tested are designated in the specification. 

The principles and procedures used in each of the above methods 
may be summarized as follows: 

1. Length measurements. 
a. Microscopical.^ One or more suitable sections are cut 

through perpendicular to the surface at the points to be measured. 
Two or more flat pieces may be clamped together by small bolts. 
Curved pieces should be first plated with a relatively thick coating 
of copper to prevent rounding of the coating during polishing. 
The specimens are then placed in a suitable metallic ring and are 

mounted in a low-melting alloy, or in a thermoplastic material 
such as bakelite or transparent Incite. The section to be measured 
must be perpendicular to the surface that is being tested. (A 
deviation of 10 deg from normal produces an error of 2 per cent 
in thickness.) 

The surface is ground and polished with successively finer 
abrasives and is then treated with a suitable etching reagent, 
which will produce the greatest contrast between the coating 
and base metal. 

Typical etching reagents are as follows: 
For nickel on steel or zinc (to etch the steel or zinc): 

Volumes 

•' Nitric acid, cone. 5 
Alcohol, 96 per cent. 95 

For nickel over copper on steel or nickel on brass (to etch the 
copper or brass): 

Volumes 
Ammonium hydroxide, cone. 1 
Hydrogen peroxide, 3 per cent. 1 

^ Carl, Fred, Monthly Rev. Am* Electrojdaters^ Soc.f vol. 20, October, 1933, 
and Metals & Alloys^ vol. 5, p. 89, 1934. Hbubsnbr, C. E., Monthly Rev. 
Am. ElectropUUers* Soc.^ vol. 23, p. 5, 1936. 
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For zinc or cadmium coatings on steel (to etch the zinc or 
cadmium): 

g I 
Chromic acid, CrOj. 200 
Sodium sulfate, Na2S04. 15 

The thickness of the coating at any desired point is measured 
either by means of a filar micrometer that has been accurately 
calibrated or by projecting the image at a known magnification 
on the ground-glass focusing plane of the camera of a metallo- 
graphic microscope. The width of the projected line of deposit 
is measured with a linear scale, the reading of which is divided by 
the magnification {e.g., 500) to obtain the thickness of the coating. 

6. Chord method.^ This method, devised by F. C. Mesle for 

Fig. 27. Chord method—use of file on a curved surface. 

testing plated spoons, is based upon the fact, illustrated in Fig. 27 
that, when a coating on a spherical surface is just cut through by 
a plane C, e.g., a flat file, the width of the cut depends upon R, 
the radius of curvature, and T, the thickness of the coating. If 
the curvature is known, the thickness may be computed by the 
formula 

T = 
8ft (1) 

Exactly the same principle and formula apply if, as shown in 

‘ Meble, F. C., MeUd Ind. (N.Y.), vol. 33, p. 263, 1936. Bldm, W., and 
Brenner, A., J. Rexearek, Natl. Bur. Standards, vol. 16, p. 171,1936, RP 866. 
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Fig. 28, a coating on a plane surface is just cut through with a 
grinding wheel with a ra^us R. 

Example. Suppose that when the coating on a tube with a radius of 2 in. 
is just cut through with a flat file, a cut 0.2 in. wide is produced. 
Then 

T 
SR 

(0.2)^ 
8X2 

= 0.0025 in. 

As fhe file may “rock’^ and give too wide a cut, it may be 
preferable to employ a precision grinder, even on curved surfaces. 

If the width of cut is meas¬ 
ured in the direction of the 
flat edge of the wheel, the 
above formula is still used, 
with R equal to the curva¬ 
ture of the article. If the 
cut is measured in the direc¬ 
tion of the wheel circum¬ 
ference, the formula is 

T = V R^ + R^ (O) 
itl A Jtt2 

Fig. 28. Chord method—use of a grind¬ 
ing wheel on a flat surface. 

where Ri is the radius of the 
object and R2 the radius of 
the wheel. 

As a precision grinder is 
relatively expensive, its use 

would not be justified unless a large amount of testing is required. 
In the effort to simplify the apparatus, F. C. Mesle^ has suggested 
a device in which a curved file of known and relatively large 
radius, e.g., 10 in., is moved around its axis in such a way as 
just to cut through the coating on a plane surface. 

If a precision grinder is used on a plane surface, it is preferable 
to tilt the specimen very slightly, so that, as it passes under the 
wheel, a cut such as that in Fig. 29 is obtained. The thickness 
of each layer is then computed by Eq. (1) from the width of cut 
measured at the point where the next lower layer, or the basis 
metal, is just exposed. A grinding wheel with a radius of 4 to 6 in. 
is usually satisfactory. For hard metals such as nickel and chro- 

^ Monthly Rev. Am. ElectropUUere^ Soc., vol. 24, p. 754, 1937, and Metal 
FiniBhing, vol. 47, p. 16, 1949. 
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mium, a fine wheel is employed 120 grain or finer), and for 
soft metals such as zinc and copper, a coarser wheel, such as 
90 grain. The width of cut can be measured with sufficient 
accuracy with a pocket lens and attached scale. 

Measurements made on a variety of coatings and basis metals 
showed that this method is simple and quick and usually yields 
an accuracy of at least 10 per cent on coatings 
0.0002 in. or more in thickness. It is not suit¬ 
able for thinner coatings unless a larger radius 
wheel is used with special precautions. 

2. Rate of chemical action. Each of these 
methods depends upon the use of some reagent 
that will dissolve the coating at a uniform rate 
and will indicate when the basis metal is 
exposed. The thickness is measured in terms 
of time, i.e., in minutes or seconds. In all 
cases the temperature must be noted and con¬ 
trolled within certain limits, as the rate of most 
chemical reactions increases rapidly with a rise 
in temperature. 

a. Preparation of thickness standards. These 
methods all require standardization against 
similar deposits of known uniform thickness. 
The preparation of such deposits is not easy. 
It is well known that, when a fiat specimen is 
plated in a tank having a cross section larger 
than the specimen, there are a higher current fiq. 29. Chord 

density and hence a thicker deposit on the method—typical 

edges and corners than toward the center, slightly inclined with 

Even in the central portion the thickness may to th^ gnnd- 

vary considerably, especially if the anodes are cessive layers, start- 

not continuous and uniform. Under such con- center, are 
steel, nickel, copper, 

ditions the thickness near the edges may be nickel. 

100 per cent greater than the average, and 
near the center variations of as much as 20 per cent may exist.^ 

This difficulty can be almost completely overcome if both the 
anodes and cathodes fill the cross section of the tank or if smaller 
cathodes are held in an uncoated metal rack that completes the 
cross section, with just a small space between the specimens and 
the rack or each other. A typical cross section of the resultant 

^ Clarks, S. G., J, Electrodepositors* Tech, Soc,, vol. 12, p. 1, 1936-1937. 
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de^it is shown diagramatically in Fig. 30. By merely cutting 
off a strip, in this case about 0.5 in. wide, from each edge, a speci¬ 
men is obtained on which the maximum variation from the average 
is less than 5 per cent. The weight and average thickness of the 
coating on this portion is determined by subtracting from the 
total weight of deposit the amount present on the cut-off edges 
as determined by stripping or analysis. It is preferable to plate 

Fio. 30. Distribution of thickness of coating plated on a flat sheet under favor¬ 

able conditions. 

such standards on one side only (with the back insulated), as the 
thickness on two sides may vary, especially if one side of the basis 
metal has a brighter surface than the other. 

b. Immersion methods. The best known of these methods is 
the Preece test for measuring the uniformity of thickness of zinc 
coatings. This method depends upon dipping the cleaned speci¬ 
men into a neutral solution of copper sulfate (sp gr 1.186) at 18®C 
(64®F) for successive periods of 1 min each. After each immersion 
the article is rinsed and the loosely adherent copper is rubbed off. 
The end point is the presence of an adherent bright deposit of 
copper after this cleaning. Very small areas of copper or those 
within 1 in. of a cut edge are usually disregarded. If, for example* 
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adherent copper appears at the end of the fourth dip, the specimen 
is reported as having withstood three dips. 

method has been most extensively used for hot-dipped zinc 
coatings, but it is sometimes specified for plated zinc. Numerous 
investigations* have shown that this method 3delds different results 
with zinc coatings produced by hot dipping, sherardizing, and 
electroplating. In general, the plated zinc coatings dissolve more 
rapidly than the hot-dipped. Groesbeck and Walkup found that 
on wires the plated coatings dissolve at the rate of approximately 
0.00037 in. per 1-min dip while hot-dipped zinc coatings dissolve 

at the rate of approximately 0.00027 in. per dip. It is obvious, 
therefore, that a given number of dips, e.g., four, corresponds to 
a 40 per cent thicker coating of plated than of hot-dipped zinc. 

This is no evidence, however, that in atmospheric exposure electro¬ 
plated coatings dissolve more rapidly than hot-dipped coatings. 
Actually, numerous exposure tests have shown that plated zinc 

coatings furnish at least as much protection as hot-dipped coatings 

of the same thickness. 
Another objection to this and other immersion methods, is that 

the rate of solution is influenced by stirring and even by the shape 
and position of the article, which may cause different convection 
currents in the solution. Still another objection to this method 
is the use of relatively few long periods, e.g., four 1-min dips, 
which automatically reduces the precision to about 25 per 
cent. 

A somewhat similar method* has been occasionally used for 
detecting and estimating thinly plated areas during the stripping 
of silver from tableware (page 106) by the change in color when 
the basis metal is exposed. This method is hard to standardize 
accurately owing to the difficulty of keeping the stripping solution 
at a constant concentration and temperature. B. Egeberg and 
N. E. Promisel® report that in this test (as specified in Table 14) 

O. (K)1 in. of silver dissolves in from 6 to 8 min but that the rate of 
solution is changed by stirring. Such methods are therefore more 
useful for measuring the relative distribution of the coatings than 

their minimum thickness. 

* Summarized by Groesbeck, £. C., and Walkttp, H. H., J. Research, Natl. 
Bur. Standards, voL 12, p. 786, 1934. 

* Meblb, F. C., MotUMy Ree. Am. EleetroflaterF Soe., vd. 24, p. 754,1937. 
' Metal Cleaning Finishing, vol. 9, p. 26,1937. 
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c. Spot tests. These depend upon the application of a single 
drop of the reagent to the surface and the measurement of the 
time required to expose the basis metal. One early example is 
the testing of copper deposits on steel with a drop of nitric acid.^ 
The best known example is the testing of chromium coatings with 
one drop of concentrated hydrochloric acid.^ W. L. Pinner and 
L. B. Sperry® emphasized the importance of temperature control 
in making this test. More recently it was shown^ that the con¬ 
centration of the hydrochloric acid must be closely controlled, 

60**F 
e.g., to a specific gravity of 1.180 at ^7^- 

oO r 
P. W. C. Strausser suggested the use of a small wax ring, within 

which the drop of hydrochloric acid (sp gr 1.180) is placed in order 
to prevent its gradual spread and consequent uncertainty in the 
end point, which is the cessation of bubbling in the drop. If, as 
sometimes happens, the chromium is passive and does not instantly 
start to dissolve, the surface may be touched with a fine nickel 
wire, which causes immediate action. The time is recorded with 
a stop watch from the beginning to the end of bubbling, and the 
temperature of the test is noted. The thickness can be then 
derived from a curve such as in Fig. 31. This method is exten¬ 
sively used in specifications for the minimum thickness of chro¬ 
mium. It is not directly applicable to coatings more than about 
0.00005 in. thick. S. G. Clarke® suggested the use of hydrochloric 
acid containing antimony chloride for this spot test. 

For several years a spot test for nickel coatings has been used 
by the French railways. In a study of this method® M. Ballay 
used the following reagent: 

Milliliters 

Nitric acid, cone. 80 
Sulfuric acid, cone. 20 
Water. 40 

One drop" of this reagent is applied to the cleaned nickel surface 
for exactly 1 min. It is then wiped off, and the surface is examined 

^ Maeder, R. E., MorMy Rev, Am, Electroplatera^ Soc,, vol. 9, No. 11, p. 5, 
1922. 

* Stocker, O. A., Monthly Rev, Am. Electroplat^ra* Soc., vol. 16, p. 11, 

November, 1929. 
® Monthly Rev. Am. Electroplatera^ Soc,, vol. 25, p. 340, 1938. 
®Blum, W., and Olson, W. A., Proc. Am. Electroplaters* Soc.^ p. 25, 1940. 
® J. ElecirodefposiivrB* Tec^. Soc.^ vol. 14, p. 25, 1938. 
• J. Electrodepositors* Tech. Soc,, vd. 14, p. 1, 1937-1938. 
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to see if the basis metal is exposed. If not, another drop is simi¬ 
larly applied. The thickness is expressed in terms of the number 
of 1-min treatments the coating must withstand. Ballay found 
that different* nickel deposits dissolve at about the same rate, 
except that very porous coatings dissolve more rapidly. A varia¬ 
tion of only 5 per cent in concentration produces a change of about 
30 per cent in the rate. The effect of temperature is very marked. 

TEMP. 

64 66 68 70 72 74 76 78 80 82 84 86 

Fia. 31. Rate of solution of electrodeposited chromium in hydrochloric acid 
(sp gr 1.180). 

The tests should be made at a recorded temperature between 15 
and 25°C (60 and 77°F), and the corresponding factor used. At 

65®F, 0.000066 in. (1.64 microns^ of nickel is dissolved in 1 min, 
and at 73®F, 0.000078 in. or 1.94 microns per minute. 

d. Dropping tests. These methods depend upon the applica¬ 
tion of a reagent in successive drops until the basis metal is exposed. 
As first suggested by S. G. Clarke,^ the number of drops was 
counted and used as a measure of thickness. If, however, the 
rate of dropping is rapid and is kept fairly constant, 6.J., 100 ± 10 

^ One micron is 0.001 mm. 
* J. Electrodepositora* Tech. Soc., vol. 8, No. 11, 1933. 
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drops per minute, the rate of solution is practically independent 
of the exact rate of dropping, and hence the elapsed time, as 
measured with a stop watch, is a measure of the thickness. This 
method has been applied chiefly to zinc and cadmium coatings 
on steel. 

Clarke recommended for cadmium a solution containing 100 g/1 
of iodine and 200 g/1 of potassium iodide, with which 18 drops 
(at 60 drops per minute) were required for each 0.0001 in. of 
cadmium. R. O. Hull and P. W. C. Strausser^ employed the 
following acidified solutions of ammonium nitrate, each of such 
strength that at 20 to 30®C (70 to 90®F) it dissolved the specified 
coatings at the rate of 0.00001 in./sec, with the solution dropping 
at 100 drops per minute. 

For zinc: 
Plated coatings, including those which contain up to 2 per cent 

of mercury: 
Ammonium nitrate, NH4NO8. 100 g/1 
Nitric acid, HNOa (sp gr 1.42).... 55 ml/1 

Hot-dipped coatings: 

Ammonium nitrate. 100 g/1 
Hydrochloric acid (sp gr 1.180).... 75 ml/1 

For cadmium: 

Ammonium nitrate. 110 g/1 
Hydrochloric acid (sp gr 1.180).... 10 ml/1 

A. Brenner^ recommended the use of a single solution containing 
200 g/1 of chromic acid, CrOa, and 50 g/1 (27 ml/1) of sulfuric 
acid, H2SO4, for testing all types of zinc and cadmium coatings. 
The factors for a given temperature in Fig. 32 apply to electro¬ 
plated cadmium coatings and to electroplated, hot-dipped, and 
sherardized zinc coatings. 

For tiq coatings a solution containing 100 g/1 of trichloroacetic 
acid is used in the same apparatus. At 75®F (24°C) this solution 
dissolves tin at the rate of 0.00001 in./sec. 

For testing copper coatings on steel or zinc the solution contains 
450 g/1 of ferric chloride, FeCl8-6H20; 20 g/1 of antimony trioxide, 
86203; 200 ml/1 of concentrated hydrochloric acid; and 250 ml/1 
of glacial acetic acid, HC2Ha02. This solution dissolves copper 
at the rate of 0.000,005 in./sec at room temperature. 

^ Monthly Rev, Am, Electroylaters* 8oc,f vol. 22, March, 1935. 
• J, Research Nad, Bur, Standardsj vol. 23, p. 387, 1939, RP 1240. 
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The surface to be tested is cleaned and is supported under the 
outlet tip so that the solution hits the spot to be tested and runs 
off quickly. The solution is contained in a separatory funnel. 
In the earlier forms two stopcocks were used between the outlet 
and a small glass tip. The upper cock was used to turn the flow 

TEMPERATURE •(! 

Fig. 32. Dropping test. Rates of solution of zinc and cadmium in chromic 
acid solution. 

on or off, and the lower cock to adjust the rate of flow, after which 
this cock was not moved. A small capillary tube now replaces 
the lower stopcock. W. B. Stoddard^ proposes to calibrate the 
tip of a burette and to use the volume of solution consumed as a 
measure of the thickness. The time is measured from the begin¬ 
ning of the dropping until the basis metal is exposed. 

^ Monthly Rev, Am, Electroplaters* Soc,, vol. 30, May, 1943. 
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Published data indicate that for most zinc and cadmium coat¬ 
ings the results by this method are reliable within about ± 16 per 
cent. Uncertainty in the end point is sometimes noted with the 
ammonium nitrate solution, especially when the deposit is dark 
as a result of a poor surface on the basis metal. To reduce this 
uncertainty, R. O. HulP suggested the addition of 3 g/1 of potas¬ 
sium ferricyanide to the test solution. This produces a blue spot 
when the steel is exposed. This modification makes no appre¬ 
ciable change in the rate of solution and in some cases makes the 
end point more distinct. 

e. Jet tests. It is difficult to dissolve the less active metals 
such as nickel at a rapid and uniform rate, especially in a dropping 
test. S. G. Clarke^ devised the BNF jet testy in which a suitable 
reagent is applied to the metal in a continuous fine stream. Under 
these conditions it is necessary to stop the flow in order to observe 
whether or not the basis metal is exposed. In order to measure 
the total period during which the jet is applied, a stop-and-go 
watch is used instead of the ordinary stop watch. This method 
is likely to prove especially useful for nickel coatings. It is also 
applicable to but possesses no unique value for zinc and cadmium 
coatings. 

In order to control the rate of flow, the solution is kept in a 
reservoir bottle, with a constant head of 10 in. (25 cm). To 
provide a jet with a uniform cross section, the glass tip should 
have a gradual taper of about 1 part in 20 to 30. If a capillary 
tube with 1.2-mm bore and an orifice of 0.6 mm is used, the length 
of the tip should be between 15 and 23 mm. The exact size 
of the orifice is not important, but it should deliver about 
20 ml/min of water. A small glass tube surrounding and 
attached to the tip serves to protect it and also to define the 
distance (about 0.25 in. or 6 mm) of the orifice from the surface 
tested. 

Solution F.C., recommended by Clarke® for testing nickel coat¬ 
ings on most basis metals, has the following composition: 

g/1 
Ferric chloride, FeCls*6H20. 300 
Copper sulfate, CuS04‘5H*0. 100 

In this reagent the ferric chloride is the principal solvent for the 
nickel, and the copper sulfate sharpens the end point, especially 

^Private communication to the authors. 
* /. Etectrodepositora' Tech. Soc., vol. 12, pp. 1 and 167, 1936. 
® Proe. Am. Ekctroplateraf Soc., p. 24, 1089. 
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when testing nickel coatings on steel, aluminum, or zinc, which 
precipitate copper as a red or black spot. 

As the rate of solution of the nickel is markedly influenced by 
the temperature, it is necessary to employ a curve to determine 
the thickness. Curves were published by Clarke for various solu¬ 
tions and coatings. It is necessary first to remove chromium from 
the nickel, by solution in dilute hydrochloric acid, and to 
have the nickel surface clean before appl3dng the reagent. 

Two possible sources of error in this method are (1) changes in 
the composition and rate of reaction of the reagent and (2) varia¬ 
tions in the rate of dissolving nickel coatings that were deposited 
from different baths or under different conditions.^ Clarke found 
that most ordinary nickel deposits dissolve at the same rate, 
within about ± 16 per cent. A bright-nickel deposit from a bath 
containing aromatic sulfonates dissolved 1.8 times as fast as normal 
nickel, but a bright deposit of a nickel-cobalt alloy dissolved at 
the normal rate. 

For silver coatings^ the jet solution contains 250 g/1 of potassium 
iodide and 7.44 g/1 of iodine. At 77°F (25®C) a silver coating is 
penetrated at the rate of 0.0001 in. in 5.6 sec and at 64®F (18®C) 
in 6.6 sec. 

/. Electrochemical tests. These methods depend upon the rate 
at which a metal dissolves when it is made anodic in a suitable 
solution. A good example is the electrolytic test for the thickness 
of chromium developed by S. Anderson and R. W. Manuel.® A 
definite small area of the chromium is defined by pressing against 
the surface a sheet of rubber in which a circular hole, 3/16 in. 
(0.47 mm) for a flat surface or 3/32 in. (0.24 mm) for a curved 
surface, has been cut. A brass tube, which serves as a cathode, 
is pressed against the rubber disk, and a solution that is N in 
trisodium phosphate (127 g/1 of Na3P04-12H20) and N in sodium 
sulfate (71 g/1 of Na2S04) is introduced. A definite current, 
e.g,, 35 ma for the larger hole or 9 ma for the smaller hole, is then 
passed through the cell until there is a sudden decrease in the 
current. The stripping period, noted with a stop watch, is a 
measure of the thickness. For a current of 35 ma and a 3/16-in. 
hole, the factor in millionths of an inch of chromium per second is 
0.98, or practically 1. 

^ Rbad, H. J., and Thompson, J. H., Proc. Am. ElectropUUera^ Soc., p. 79,1948. 
• Hammond, R. A. F., J. Electrodepositora* Tech. Soe., vol. 16, p. 69, 1940. 
* Trana. EUctrochem. Soc., vol. 78, p. 373, 1940. Francis, H. T., Trana. 

Electrochem. Soe., vol. 93, p. 79, 1948. 
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It is evident that in this and all methods depending on the rate 
of chemical or electrochemical reaction some variations are to be 
expected with different types of deposit of a given metal. These 
variations do not prevent the useful application of that method 
for plant control, with appropriate standardization against similar 
coatings, but they may restrict its application in the testing of 
miscellaneous coatings, e.gf., by purchasers. More critical study 
of all such methods will be required before they can be accepted 
as fully satisfactory standards for formal specifications. 

1. Magnetic methods. Any method that depends upon the 
relation of thickness to some readily measurable physical property 
would have the advantage of being nondestructive and therefore 
applicable to a larger proportion or, if warranted, to all the plated 
products of a given plant. To some extent the magnetic methods 
meet this need. They depend directly or indirectly upon (a) the 
attraction of a magnetic coating, which may consist of nickel, 
cobalt, or iron, deposited upon a nonmagnetic basis metal such as 
copper, brass, or zinc; (6) the reduction in the attraction of a 
magnetic basis metal, such as steel, caused by the presence of a 
nonmagnetic coating, which may be metallic (e.g., copper, zinc, 
or cadmium) or nonmetallic (lacquer, paint, or enamel); or (c) the 
change in the relmiance of a magnetic circuit as a result of the 
coating. 

a. Magnetic coatings. A method of this type was developed 
by A. Brenner' for nickel coatings on copper, brass, and zinc. 
This method depends upon the fact that the attraction of a small 
permanent magnet to a nickel coating is practically proportional 
to the thickness of the nickel at that point for the usual range of 
thickness, i.e., between 0.0001 and 0.001 in. This attraction is 
measured by means of a simple spring balance, illustrated in 
Fig. 33. By having the magnet rigid, with a similar magnet at 
the other ^nd of the beam to balance it magnetically, the instru¬ 
ment can be used in any position. For ordinary testing, it is 
preferable to use a freely suspended magnet on one end of the 
beam and any suitable pointer attached to the beam, as this 
arrangement is more sensitive. 

Nickel coatings deposited over a fairly wide range of conditions 
from a given bath have almost identical magnetic properties, but 
deposits from different baths, including those containing organic 
brighteners, differ magnetically. When various nickel coatings 

' /. Research NaU. Bur, StandardSf vol. 18, p. 565, 1937, RP 994. 
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are annealed at 400*C (750“F) for 15 min, they become more 
magnetic and all acquire the same magnetic properties. The 
method is applicable for works control by calibrating and occasion¬ 
ally checking the instrument against the type of nickel there used, 
without annealing, but for purchase testing of deposits of variable 
or unknown origin, annealing should always be applied. 

Fig. 33. Spring balance used in Magne-gage. 

The calibration of the instrument can be conveniently expressed 
by a graph (Fig. 34). If, as is usual, this is practically a straight 
line, its slope may be expressed by a constant C for the type 
of deposit used, e.g., in hundred-thousandths of an inch per 
scale ^vision. Thus, if a nickel deposit known to be 0.00030 in. 
thick gives a reading of 20 divisions, each division is equal to 
0.00030/20 = 0.000015, or the constant C = 1.5. If then a 
similar deposit of unknown thickness is tested and yields a reading 
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of 30 divisions, its thickness is equal to 30 X 1.6 = 46/100,000, 
or 0.00046 in. 

With this instrument reliable readings are obtained on even a 
small flat surface if its diameter is at least four times the diameter 
of the magnet. The magnet should not be used within about 
twice its diameter from an edge or comer. The readings are not 
affected by curvature if the radius of a spherical surface is at least 

Fio. 34. Typical curve for thickness of nickel on brass vs. dial reading of 
Magne-gage. 

five times the magnet diameter or if the radius of a cylinder is at 
least twice the magnet diameter. Each per cent of iron in a nickel 
deposit increases the attraction by about 4 per cent, and each 
per cent of cobalt by about 2 per cent. Such effects are usually 
negligible unless these metals are intentionally added in appre¬ 
ciable amounts. The method is applicable to alloy deposits only 
if their composition is known and uniform. With proper precau¬ 
tions, this magnetic method is usually accurate within about 
10 per cent. 

h. Nonmagnetic coatings on magnetic basis metals. These 
methods depend upon either (1) measuring the decrease in the 
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attraction of a magnet as the result of interposing a layer of 
nonmagnetic material between the magnet and the steel or (2) 
measuring the increase in magnetic reluctance (which corresponds 
to electrical resistance) in a circuit that includes the coated iron 
and an electromagnet. The latter principle is used in an apparatus 
made by the General Electric Company for measuring the thick¬ 
ness of coatings on iron or steel. It requires special calibration 
for curved surfaces and for different nonmagnetic coatings such 
as copper, silver, and zinc. Similar devices have been described 
by W. H. Tait,* by W. B. Elwood,^ and ,by Branson Instruments 
as the ^^Coatingage.'' 

The methods of the first group differ principally in the mecha¬ 
nism for measuring the force required to detach the magnet. In 
one method® the magnet is attached to the needle of a galva¬ 
nometer, through which a current is passed to detach the magnet 
from the coated steel. In another method^ the magnet is attached 
to one arm of a lever balance and water is introduced into a gradu¬ 
ated tube supported on the other arm until the magnet is detached. 

The same principle is used in an instrument described by 
S. Lipson® except that the detaching force is applied by a solenoid 
that surrounds the magnet. This solenoid is moved upward until 
the magnet is detached from the surface, and the position of the 
solenoid on a scale is used to define the attraction of the magnet 
and hence the thickness of the coating. 

In another method® the magnet is detached by moving a weight 
along a beam and noting the position of the weight when the 
magnet is separated from the surface. 

A. Brenner^ employs a spring balance with a freely suspended 
magnet, in an instrument known as a Magne-gage, The calibration 
curves for these measurements are not straight lines but, as shown 
in Fig. 35, are roughly hyperbolic curves. Hence they yield about 
the same proportional accuracy for all thicknesses that can be 
reliably measured. With a 1-mm magnet, the attraction is not 
greatly affected by differences in the composition of the basis metal 

^ J, Electrodepositora^ Tech, Soc.j vol. 14, p. 108, 1938. 
* Bell Lah, Record, vol. 19, p. 37, September, 1940. 
* Radtchenko, I. V., and Shbbtakovbky, S. K., J, Tech, Phya, iU,S,S,R,)f 

vol. 6, p. 1372, 1936. 
^ Hoabb, W. E., and Chalmbrb, B., J. Set, Instrumental vol. 14, p. 248, 

1937, and J. Electrodepositors* Tech. Soc., vol. 14, p. 113, 1938. 
• Monthly Rev. Am. EUctroplaters* Soc., vol. 32, September, 1945. 
• Spbncbr-Timms, E. S., J. Electrodeposiiors Tech. Soc,, vol. 20, p. 139, 1946. 
^ J. Research, Natl. Bur. Standards, vol. 20, p. 367, 1938, RP 1081. 
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(high- or low-catbon steel or cast iron) or by its thickness if this 
is at least 0.01 in. The results are not affected by the diameter 
of the specimen or the radius of curvature provided that these are 
a few times the diameter of the magnet. 

With a suitable curve (Fig. 36) it is possible to measure nickel 
coatings on steel because the nickel is less magnetic than iron. 
If a layer of copper and one of nickel are present, the magnetic 
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Flo. 35. Typical curve for thickness of copper vs. dial readings of Magne>gago. 

reading is not a direct measure of thickness unless the proportion 
of copper and nickel is known. It is possible to determine the 
thickness of each of the two coatings by using two magnets of 
different strength, previously calibrated against composite coat¬ 
ings. By reference to these calibration curves the thickness and 
composition of the coating are defined by the readings of the two 
magnets.^ 

For most coatings over 0.0002 in. (0.005 mm) thick, the Magne- 
gage sdelds results that are accurate to within about 10 per cent. 
For thin alloyed coatings, such as of hot-dipped tin or zinc, the 

^ Brenner, A., and Kellogg, E., Plating^ vol. 35, p. 242, 1948. 
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direct results are less accurate, although for a given type of coating 
a special calibration curve will yield satisfactory accuracy. 

4. Miscellaneous thickness methods. Other physical methods 
for measuring the thickness of coatings have been suggested but 
have not yet been developed for general application. Among 
these may be mentioned the following: 

а. Interference fringes. 

W. E. Hoare and B. Chalmers^ 
measured the depth of small 
perforating pits present in or 
produced in thin tin coatings 
by counting the fringes when 
observed under a microscope. 

б. X-ray measurement. 

R. C. Woods^ measured the 
thickness of coatings by com¬ 
paring the intensity of an 
X-ray photograph with that 
of a coating of known thick¬ 

ness. 
c. Spectroscopic measure¬ 

ment. It has been proposed 
to use the intensity of appro¬ 
priate lines in a spark spec¬ 
trum as a measure of the 
thickness of the coating. 
This method resembles the 
spectroscopic method of ana¬ 
lyzing metals for minor constituents. 

Adhesion. Significance, The importance of good adhesion of 
plated coatings arises from the fact that without it the coatings 
may detach when any stress is applied as a result of mechanical 
deformation, changes in temperature, evolution of occluded gases, 
or incipient corrosion through fine pores. The principal causes of 
apparent poor adhesion are (1) the presence of a foreign material 

between the coating and basis metal, (2) the presence of a weak 
layer of metal either upon the surface plated or in the initial 
deposit, and (3) the presence of stresses in the deposited metal. 

1/. Irm Steel Inst., vol. 132, No. 11, p. 135, 1935. 
* Metal Finishing, vol. 39, p. 365, 1941. 

Fig. 36. Typical curve for thickness of 
nickel on steel vs. dial readings of 
Magne-gage. 
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In case (2), part of the basis metal may adhere to the coating 
when the latter is detached or vice versa. Strictly speaking, this 
is not evidence of poor but of good adhesion, since the bond is 
evidently stronger than one of the members. As it is impracticable 
to measure a force of adhesion that is stronger than one of the 
constituents, adhesion equal to the strength of one or both mem¬ 
bers must be considered for most purposes as perfect adhesion. 
In such cases any direct improvement in the observed adhesion 
must be sought in the avoidance of those steps that will produce 
a surface layer of structurally weak metal or in the inclusion of 
steps that will remove such a layer. In general, buffing or fine 
polishing of a metal surface tends to break up the crystals into a 
fine-grained though probably not amorphous layer, which may be 
weaker than the original surface layer. Abrasion of metal surfaces 
with coarse particles that produce relatively large scratches may 
also weaken the surface layer and reduce the apparent adhesion, 
even though the surface is rough. 

Etching the metal before plating usually increases the adhesion, 
because it removes any weakened surface layer and also oxides or 
other foreign materials and hence in certain cases produces a clean 
and strong but rougher surface. The roughening effect is involved 
in the methods formerly used prior to plating on aluminum 
(page 378), because it is difficult to obtain or retain a chemically 
clean surface on that metal. One objection to etching the surface 
appreciably before plating is that the resultant roughening causes 
the deposited metal to be coarser and to require more polishing or 
buffing. For such purposes electrolytic polishing (page 215) might 
be desirable, as it apparently leaves the surface clean. Anodic 
pickling of steel (page 212) and other metals is extensively used 
to ensure good adhesion. From an extensive investigation of the 
adhesion of nickel to brass A. W. Hothersall^ concluded that light 
anodic etching in solutions of cyanide or ammonium citrate yielded 
good adherence most consistently. 

It has been frequently reported that it is difficult to secure good 
adhesion of deposited nickel to nickel owing to the presence of a 
passive film, probably oxide, on the old nickel surface. HothersalP 
has confirmed the presence of the oxide film and has shown that 
good adhesion can be obtained by anodically etching the nickel 
in dilute sulfuric acid (25 to 30 per cent by weight) at room tem- 

Electrodepositora* Tech, Soc,, vol. 7, p. 115, 1932. 
*J, Electrod^aitora^ Tech, 8oc,, vol. 13, No. 12, 1937. 
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perature. A current density of 20 amp/ft* (2 amp/dm®) is used 
for 10 min, followed by 200 amp/ft* (20 amp/dm*) for 3 min. 
The current is then reversed for about 1 sec, and the article is 
rinsed and introduced directly into the nickel bath. A nickel strike 
(see below) is also effective. 

The presence of an oxide film also accounts for the difficulty in 
obtaining adherent deposits, e.gr., of nickel, on chromium-plated 
surfaces or on chromium alloys such as stainless steel. G. E. 
Gardam^ has obtained good adhesion by cathodically treating the 
steel in a solution containing 240 g/1 (32 oz/gal) of nickel sulfate 
and 50 g/1 (7 oz/gal) of sulfuric acid. A current density of 
150 amp/ft* (16 amp/dm^) is used for 5 min at 35®C (95®F). 
D. Wood* recommends an initial strike in a solution containing 
240 g/1 (32 oz/gal) of nickel chloride and 125 ml/1 (16 fi oz/gal) 
of concentrated hydrochloric acid. 

It has frequently been suggested that the maximum adhesion 
of a coating should be obtained when the crystal structure of the 
basis metal is continued in the deposits (page 89). This condi¬ 
tion may exist not only when the same metal constitutes the basis 
and the deposit* but also when the two consist of different metals.^ 
As shown by A. Phillips and W. R. Meyer,* the continued growth 
of the basis metal crystals is confined to relatively low current 
densities, which should therefore be advantageous for good adhe¬ 
sion, especially as internal stresses are then also low. 

The suggestion is often made that if a deposit alloys with the 
basis metal, its adhesion will be increased. That such alloying 
does sometimes occur is quite certain. It was early shown by 
W. G. Traub* and later by F. CarF and by W. CastelF that, when 
copper is deposited on zinc, diffusion occurs, especially at elevated 
temperatures. This frequently produces brittle layers, which may 
foster subsequent detachment or blistering of the composite coat- 

‘ J. Electrodepositors* Tech, Soc,, vol. 13, No. 13, 1937. 
* Metd Ind, (AT. 7.), vol. 36, p. 330, 1938. 
5 Blum, W., and Rawdon, H. S., Trans, Am. Electrochem. Soc., vol. 44, 

p. 305, 1923. Graham, A. K., Trans, Am, Electrochem. Soc., vol. 44, p. 427, 
1923. 

* Hothersall, a. W., Trans. Faraday Soc., vol. 31, p. 1242, 1935. 
• J, Electrodepositors* Tech. Soc., vol. 13, No. 17, 1937. 
• Trans, Am, Electrochem, Soc., vol. 42, p. 55, 1922. 
^ Monthly Rev. Am, Electroplaters* Soc., vol. 20, October, 1933. 
® MorUhly Rev, Am. Electroplaters* Soc., vol. 21, October, 1934, and Trans. 

Electrochem, Soc., vol. 66, p. 427, 1934. 
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ings. In this ease diffusion has reduced the effective adhesion, 
even though there must certainly be very intimate contact to 
permit diffusion. Whether or not alloying occurs is therefore not 
so important as are the properties of the resultant alloy. 

Medsurement of Adhesion. A very complete bibliography and 
review of the methods of measuring adhesion was recently pub¬ 
lished.^ The importance of good adhesion is such that it would 
be very desirable to include a quantitative specification that could 
be applied to a certain proportion, say 1 per cent of the finished 
products. No such method is at present available, and hence the 
adhesion tests commonly applied to finished products are largely 
qualitative. Such tests involve the ability of the coating to adhere 
during deformation of the article, caused by repeated bending, 
sometimes to fracture; by sudden stretching in a tensile test 
machine or in an Erichsen extrusion tester or cup test; or by shot 
blasting, hammering, penetration with a Brinell ball, chiseling a 
section, or rapidly vibrating a hammer.* Such tests indicate 
merely whether or not a coating adheres under the particular con¬ 
ditions used in the test but do not give quantitative data. The 
net result is roughly to characterize the adhesion of a particular 
coating as poor, fair, or good, depending upon the extent of detach¬ 
ment in the test. As shown by F. P. Romanoff® and others, the 
results of deformation tests depend upon the ductility of the coat¬ 
ing and basis metal as well as the adhesion of the coatings and are 
therefore significant only under strictly comparable conditions. 

The so-called ‘‘black-light test'^ depends upon the exposure of 
a clean cross section of the coating and basis metal, treating the 
surface with oil and wiping off the excess. The presence of oil in 
any minute crack between the coating and basis metal is then 
detected by exposure to ultraviolet light, which causes fluorescence. 
This test has been used to detect poor adhesion of silver coatings 
on bearings but has no quantitative value. 

The two principal methods that have been proposed for quan¬ 
titative tests of adhesion both require the preparation of special 

^ Ferguson, A. L., and Stephan, L. F., Monthly Rev, Am, Electroplatera* 
Soe,, vol. 32, pp. 168, *894, 1006, 1116, 1237, 1945; pp. 45, 166, 279, 620, 
1946. Also Am, Electroplaters* Soc, Research Repts,, Serial Nos. 1 and 2, 
1946, and 8, 1948. 

* Hothbrsall, a. W., and Leadbetter, C. J., J. Eleetrodepositors* Tech, 
Soc,t v<d. 19, p. 49, 1944. 

* Trans, Electrochem, Soc,t vol. 65, p. 385, 1934. 
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specimens and are therefore not suitable for testing plated products. 
They are chiefly valuable for research, e.g., the effect of each step 
upon the adherence of a particular coating to a given metal. 

OiiiABD Method. In the method of E. A. Ollard,^ illustrated 
in Fig. 37, a very thick coating, such as of nickel (which requires 
a long time to deposit), is applied to one end of a cylinder, e.g., of 
brass. It is next machined down on the sides, so as to leave a 

Fla. 37. Diagram of specimens used in Ollard test tor measuring adhesion of 
plated coatiiiga. 

shoulder of nickel. A hole is then drilled in the center. The 
resultant specimen is placed on a steel ring and is subjected to a 
load in a suitable compression machine. The load required to 
separate the coating is then divided by the area of the annular 
surface involved to obtain the adhesion, e.g., in pounds per 

square inch. 
The results obtained by this method show that, with proper 

preparation of the steel surface, adhesion of nickel with a force as 

^ Trans, Faraday Soc,^ vol. 21, p. 81, 1926. 
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great as 50,000 Ib/in.* (3,500 kg cm*) may be obtained. If this 
load is greater than the strength of the surface layer of the basis 
metal, the latter adheres to the detached nickel. This method 
has the advantage of measuring the perpendicular force required 
to detach the coating. The results are not, however, very repro¬ 
ducible and hence do not serve to measure small differences in the 
adhesion. 

In a critical study of Ollard^s method, E. J. RoehU showed that, 
in order to obtain reproducible 
and significant results, the 
fracture must occur in tension 
and not in shear. To make the 
shear strength at least 1.3 
times the tensile strength, it is 
necessary to define all dimen¬ 
sions accurately. With nickel 
on steel the best results were 
obtained with a cylinder 1.00 
in. in diameter, supported in a 
die 1.02 in. in diameter. The 
inside hole was 0.938 in., and 
the plunger was 0.375 in. With 
a nickel coating at least 0.09 in. 
thick the adhesion to steel was 
85,000 Ib/in.* (6,000 kg cm*), 
which was slightly above the 
measured tensile strength of 
this nickel. 

J. S. Hart and C. E. Heussner* 
employed a micro-Ollard test 
in which coatings of silver 

0.02 in. thick were tested on a 0.25-in. cylinder with walls 0.010 
in. thick. 

Jacqubt Method. The method of P. A. Jacquet® (Fig. 38) 
depends upon pulling off a strip of the coating, one end of which has 
been intentionally deposited with poor adhesion in order to provide 
a means for attaching the load to it. In this case the degree of 
adhesion is expressed in terms of the load per unit vndth of the 

Fxo. 38. Diagram of Jacquet test for 
measuring adhesion of plated coatings. 

' Iron Age, vol. 146, p. 17, September, 1940, and p. 30, October, 1040. 

* Monthly Rev, Am. Electroylatere* Soc., vol. 33, p. 142, 1946. 

’ Trane. Electrochem. Soc., vol. 66, p. 393, 1934. 
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strip, e.g,, in pounds per inch. In this test also portions of the 
basis metal frequently adhere to the coating if the adhesion is good. 
A few unpublished tests by A. Brenner indicate that in this test 
the apparent adhesion obtained with given preparation and con¬ 
ditions of deposition varies with the thickness of the deposit. 
This probably arises from the fact that the load is not continuously 
applied normal to the surface at the point of detachment but at 
an angle that depends upon the curvature assumed by the coating, 
which is partly a function of its thickness. At best, therefore, 
the method is useful only for strictly comparable deposits. A 
modification of this method was used by F. C. Mesle^ to study 
the effects of numerous variables upon adhesion. In a qualitative 
test of the adhesion of nickel to aluminum^ a narrow strip is twisted 
around a small rod. 

It is evident that much more research is required to develop 
even a semiquantitative method for measuring the adhesion of 
plated coatings for purposes of inspection, if, indeed, this goal 
can ever be reached. In the meantime the qualitative tests may 
serve to detect decidedly poor coatings. 

Protection against Tarnish and Corrosion. Electroplated coat¬ 
ings are used chiefly in order to obtain, on the surface, properties 
that are different from those of the metal to which the coatings 
are applied. One of the most important purposes is to improve 
the appearance and particularly to maintain for a longer period a 
desirable appearance, free from stains or tarnish. Ultimately, 
the basis metal may corrode sufficiently to weaken it structurally, 
but usually the plating must be considered as having failed long 
before that time. 

The property that determines the behavior of a plated coating 
is its susceptibility to chemical action, especially in the atmos¬ 
phere, which always contains as corroding agents oxygen, moisture, 
and carbon dioxide; in industrial locations also sulfur compounds, 
chiefly sulfur dioxide; and in marine locations sodium chloride. 
Strictly speaking, it is not so much the properties of the coating 
as their relation to the properties of the basis metal that determines 
the behavior of the plated article. With respect to a given basis 
metal, coatings are classified according to whether (1) they corrode 
more readily than the basis metal, in which case they protect 
small exposed areas of the latter, or (2) they corrode less readily 

^ Proc, Am, Electroplaters^ Soc,, p. 152, 1939. 
* Brook, G. B., and Stott, G. H., J. Inst, Metala, vol. 61, p. 73, 1929. 
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than the basis metal, in which case they do not prevent and may 
accelerate corrosion of the basis metal exposed through any pores 
in the coating. This behavior is usually explained by the electro- 
Ijrtic theory of corrosion, according to which two metals in contact 
with any conducting solution (such as condensed moisture) form 
a small primary cell, in which the more active metal becomes the 
anode, i.e., dissolves, and the less active becomes the cathode, 
i,e.f is prevented from dissolving. This galvanic action led to the 
early use of the term galvanized for zinc-coated iron. This theory 
has led to the use in England of the terms anodic and cathodic 
coatings for these two classes. One practical objection to this 
usage is that it may cause confusion with the coatings produced 
on aluminum and magnesium by anodic treatment or anodic 
oxidation in suitable electrolytes. 

The two classes of coatings are best illustrated by deposits on 
iron and steel, which metals corrode in any natural atmosphere. 
On other metals it is more difficult to make a simple classification, 
because the behavior of the basis metal is more variable with 
changes in the atmosphere. On iron, protection against corrosion 
through pores is generally furnished only by zinc and cadmium 
coatings, while practically all other commercial coatings, including 
copper, nickel, tin, gold, silver, and even chromium, accelerate the 
corrosion of exposed iron. Under some conditions lead protects 
exposed steel. 

Reference to the electromotive series of standard potentials 
(Table 10) shows that this classification does not exactly cor¬ 
respond to that table. For example, while zinc is more negative 
than iron and therefore would be expected to protect it, cadmium, 
which also protects iron, is slightly less negative than iron. On 
the other hand, chromium, which accelerates the corrosion of iron, 
is more negative, i,e,j stands above iron in this series. These 
anomalies illustrate the fact that the electromotive series is of 
value in predicting the relative behavior of metals only when 
they are active^ t.e., readily reach an equilibrium condition, and 
when they are in similar environment^ f.e., in equilibrium with 
similarly ionized compounds. In the atmosphere chromium acts 
as a noble metal because it is passive (page 50), probably as a 
result of a thin oxide film, which keeps it bright and at the same 
time prevents it from dissolving and thereby protecting the 
adjacent iron. Cadmium certainly protects iron against corrosion. 
Possibly the values of the potential of cadmium in Table 10 may 
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be in error and subject to correction through further research. 
Moreover, cadmium tends to form, even in chloride solutions, 
compounds that are only slightly ionized and in which the cad¬ 
mium has a more negative potential than the iron. The electro¬ 
motive series is therefore only a rough guide to the protective 
value of metals. 

Outdoor Exposure Tests. These general principles have been 
fully confirmed in extensive atmospheric exposure tests of plated 
coatings that have been conducted in different countries.^ Tests 
of this kind are useful for observing the actual behaviors of typical 
coatings of known composition, thickness, and history under 
marine, industrial, urban, and rural conditions. Atmospheric 
exposure tests have only a limited value, however, (1) because it 
is impossible to represent all types of climate in any reasonable 
number of locations and (2) because in actual service, e.g., on 
automobiles, plumbing fixtures, and hardware, factors other than 
continuous atmospheric exposure often have a strong influence. 
Another possible source of uncertainty is the system of inspection 
and rating employed. In order to permit correlation of results 
by different observers in separate locations and to facilitate quan¬ 
titative comparisons, some impersonal numerical system of rating 
is necessary. Such a system was used in the joint exposure tests 
recently conducted in the United States. A numerical, but not 
linear, scale from 0 to 5 was applied, depending upon the extent 
of rust, stains, blisters, peeling, or other defects on the surface. 
One objection to such a system is that it gives equal weight to 
different defects, the relative importance of which may vary 
according to the service required or to the purely personal prefer¬ 
ence of the user. Therefore the results of atmospheric tests must 
be considered only as a guide in the selection or specification of 
coatings. 

^ Jacquet, P. a., Bull. 80C. franc, dec., 6, vol. 2, p. 631, 1932. 
Figour, H., and Jacquet, P. A., Compt. rend., vol. 194, p. 1493, 1932. 
Hippensteel, C. L., Borgman, C. W., and Farnsworth, F. F., Proc. 

ASTM, vol. 30 (II), p. 456, 1930. 
Report of Subcommittee VIII on field tests of metallic coatings, Proc. 

ASTM, vol. 33 (I), p. 149, 1933. 
Blum, W., Strausser, P. W. C., and Brenner, A., J. Research Natl. Bur. 

Standards, vol. 13, p. 331, 1934, RP 712. 
Blum, W., Strausser, P. W. C., and Brenner, A., J. Research Nad. Bur, 

Standards, vol. 16, p. 185, 1936, RP 867. 
Blum, W., and Strausser, P. W. C., J, Research Natl. Bur. Standards, 

vol. 24, p. 446, 1940, RP 1293. 
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The principal results obtained in atmospheric exposure tests 
<m steel may be summarized as follows: 

1. The protective, value of nickel coatings depends principally 
upon their thickness. ^ An average thickness of at least 0.0005 in. 
(0.013 mm) is required for good protection under mild conditions 
and at least 0.001 in. (0.025 mm) under severe conditions. 

2. The conditions of nickel deposition and of the cleaning and 
pickling have no marked effects on the protective value, provided 
adherent coatings are obtained. 

3. The presence of a layer of copper either next to the steel or 
between two nickel layers reduces the protective value, especially 
of thin nickel deposits, under severe conditions. If chromium is 
subsequently applied to the final nickel layer, the presence of a 
copper layer has very little harmful effect in thick deposits. 
Bufl5ng of the copper layer increases its protective value. 

4. A very thin coating of chromium, c.gf., less than 0.00001 in. 
over nickel, may reduce the protective value, especially of thin 
nickel coatings. Chromium coatings about 0.00002 in. thick add 
very little to the protective value, but they increase the resistance 
to surface tarnish. 

5. The use of zinc or cadmium coatings under nickel produces 
blisters and white stains and reduces the protective value. 

6. In marine or rural atmospheres, thin coatings of zinc or 
cadmium furnish better protection against corrosion than do 
equally thin coatings of nickel or chromium. 

7. In industrial locations both zinc and cadmium coatings fail 
rather rapidly, the cadmium in about 70 per cent of the time 
required for zinc of the same thickness. 

8. In industrial • locations the protective value of either 
zinc or cadmium coatings is practically proportional to their 

, thickness. 
9. Neither the methods of preparation nor of plating zinc or 

cadmium coatings that were used had any marked effect on the 
protective value, but they may affect the mechanical properties, 
e.g., in forming operations. 

10. Plated zinc coatings furnish about the same protection as 
hot-dipped coatings of the same thickness. 

The exposure tests of plated coatings on copper and brass led 
to the following conclusions; based on the solutions and methods 
used in the above investigation. 

1. A given degree of protection is furnished by somewhat thinner 
nickel coatings on brass than on steel or zinc. This is probably 
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caused by the greater resistance of any exposed brass to corrosion 
and not because of any decidedly lower porosity of the coatings. 

2. The methods of preparation and plating, including the use of 
bright nickel, do not have much effect on the protective value, 
provided adherent coatings are obtained. 

3 Coatings of chromium more than 0.00003 in. thick applied 
over 0.0002 in. of nickel on brass show a marked tendency toward 
cracking, with ultimate corrosion of the brass. 

4. The results are not greatly affected by the composition of the 
brass. In fact, nickel-brass (nickel-silver) with 18 per cent of 
nickel requires about as much nickel and chromium for its com¬ 
plete protection as does yellow brass. 

On zinc and zinc-base die castings, the coatings behave much 
like those on steel, except that the corrosion products are white 
instead of red. 

1. It requires at least 0.0003 in. of nickel to furnish any appre¬ 
ciable protection to zinc. 

2. About the same protection is obtained with a given thickness 
of nickel (a) deposited from the high-sulfate bath or (6) as duplex 
nickel coatings, consisting of a high-sulfate layer plus a standard 
nickel layer. However, high-sulfate deposits more than 0.0005 in. 
thick tend to crack and are therefore not practicable for general 
plating. 

3. When an initial layer of copper from the cyanide or Rochelle 
salt bath is applied to zinc followed by regular nickel or bright 
nickel, the copper adds little to the protective value unless the 
copper is at least 0.0003 in. thick and the total thickness of copper 
plus nickel is at least 0.001 in. The practical advantages of 
applying an initial copper layer more than offset its limited pro¬ 
tective value. 

In Fig. 39 the results of all these exposure tests are graphically 
summarized. These curves show that to obtain a given degree of 
protection, e.g,, 60 per cent for one year in all locations, it requires 
about 0.0002 in. of nickel on brass, 0.0007 in. of copper plus nickel 
on zinc, and 0.00085 in. of copper plus nickel on steel. 

Accelerated Tests. The long time and large expense required for 
atmospheric tests emphasize the desirability of accelerated tests 
in the hope of obtaining in a short period, preferably less than 
24 hr, results that will be at least in the same order as will be 
found in the actual conditions to be met. Such acceleration can 
be obtained only by using more severe conditions, e.g., more cor¬ 
rosive solutions or higher temperatures, or more rapid replenish- 
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ment than would exist naturally. The results thus obtained are 
not usually parallel to those in service. If the corrosion is of the 
same type as in service, the method may be useful in comparing 
the quality of different coatings of the same metal or of closely 
similar metals in a corresponding atmosphere but not of widely 
different coatings or in an entirely different exposure. For 
example, the accepted greater resistance of cadmium than of zinc 

TOTAL THICKNESS Cu 4 Ni X OOOOl INCH 
Fio. 39. Summary of exposure tests of nickel and chromium coatings on steel, 
aino, and brass. 

in the salt-spray tests is only roughly parallel to the relative 
behavior of these two metals in a purely marine atmosphere but 
has no bearing on the fact that in an industrial atmosphere cad¬ 
mium coatings fail in about two-thirds of the time required for 

zinc coatings of the same thickness. 
SaU-spray test {salt-fog test). The principal accelerated tests 

that have been applied to plated coatings are the salt-spray test 
and the intermittent immersion test, both usually conducted with 
sodium chloride (common salt). Occasionally other salts, such as 
calcium chloride,^ or ammonium chloride,^ sodium chloride plus 

^ Mouoey, H. F., Trans, Am, Electrochem, Soc,t vol. 68, p. 93, 1930. 
* Farnsworth, F. F., and Hocker, C. D., Trans, Am, Electrochem, Soc,^ 

vol. 45, p. 281, 1924. 
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acetic acid,^ are substituted for sodium chloride, but without any 
apparent advantages unless specific resistance to that chemical 
is desired or a definite correlation with service has been established. 
No obvious advantages have been reported for the intermittent 
immersion, and hence the salt spray is most frequently used. 

The salt-spray test depends upon the application of a very fine 
mist to the cleaned articles and their inspection for evidence of 
corrosion after definite intervals. This test is included in many 
specifications for various metals and coatings. It is therefore very 
important to standardize it so as to secure reproducible results. 

Intensive studies of the salt-spray test have shown that the 
corrosion is usually a direct result of the settling of very fine fog 
particles upon the metal surfaces. In fact, the test has been 

recently referred to as the salt-fog test. Realization of this mecha¬ 
nism has led to better definition of the factors that should be con¬ 
trolled to obtain reproducible results. These may be summarized 
as follows:^ 

1. The apparatus consists of (a) a fog chamber made of mate¬ 
rials that will not affect the test in which the specimens are suitably 

supported, (6) a salt-solution reservoir, (c) a supply of suitably 
conditioned compressed air, (d) one or more atomizing nozzles, 
and (e) provision for controlling the temperature. 

2. No drops of solution that accumulate on the top or cover of 
the box will be allowed to drop on the specimens, and the solution 
that condenses on the specimens shall not be returned to the 
reservoir. 

3. The specimens shall be suitably cleaned, e.g., with magnesium 
oxide and water, so as to be free from water break. 

4. The specimens shall not be hung vertically (unless so speci¬ 
fied) but at an angle of about 15 deg from vertical. Because very 
little condensation occurs on vertical surfaces, their corrosion is 
less rapid. Specimens shall be so placed as not to touch or shield 
each other or to allow solution to drop from one to another. 

5. The salt solution shall contain 20 ± 2 per cent of pure sodium 
chloride in distilled water or in water containing not over 200 parts 
per million of dissolved solids. (Concentrations from 3 to 10 per 
cent are often specified, but the 20 per cent solution is most com¬ 
monly used.) The salt shall be at least 99.8 per cent sodium 

' Nixon, C. F., Monthly Rev. Am. Electroplalera* Soc., vol. 32, p. 1106, 1944. 

* ASTM Tentative Method B117-44T, Tentative, Part I-B, p. 773, 1946. 
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chloride and shall contain not more than 0.1 per cent of sodium 
iodide. The solution shall be free from suspended solids and 
shall have a pH between 6.5 and 7.5. 

6. The temperature, in the test zone of the chamber shall be 
between 92 and 97°F (33.3 to 36.1®C). 

7. In collectors placed within the exposure zone, the amount of 
salt solution condensed shall be equivalent to 0.5 to 3.0 ml/hr on 
an area of 80 cm^. This area corresponds to the horizontal area 
of a funnel or crystallizing dish 10 cm (4 in.) in diameter used to 
collect the condensed fog. 

8. The solution condensed in the receiver shall contain 20 ± 2 
per cent of sodium chloride. This limitation ensures that the air 
used for producing the fog does not have too low a humidity (in 
which case the condensed solution will be more concentrated) or 
too high a humidity (which will produce a more dilute condensate). 

9. The nozzles shall be so baffled as to prevent direct impinge¬ 
ment of spray on the specimens. 

10. At the conclusion of the test the specimens shall be gently 
washed in water at not above 100°F and then immediately dried, 
after which the nature and extent of corrosion shall be observed 
and recorded. 

Operation of this test with no temperature control, e.gr., in an 
unheated room, may yield inconsistent results in winter and sum¬ 
mer, with temperatures that may range from 40 to 95®F (5 to 
35®C). Some temperature control is therefore highly desirable. 
If thermostatic control is installed, it is preferable to operate at a 
relatively high temperature such as 95®F (35®C), as then no artifi¬ 
cial cooling is required in summer. Another advantage is that 
the test is further accelerated by the high temperature. No exact 
formulas have been derived upon the effect of changes in tempera¬ 
ture of the salt spray, but roughly it may be assumed that failure 
will occur about twice as rapidly at 95®F (35°C) as at 70®F (21®C). 

The results of the salt-spray test are sometimes defined in terms 
of the period required to produce corrosion of the basis metal, 
without, however, defining the extent of rust that constitutes 
failure. Experience has shown that more consistent results are 
obtained by expressing the extent of the rust at the end of a definite 
period, such as 24 or 100 hr. Of two specimens, one may show a 
single rust spot after 24 hr and no more up to 100 hr, while the 
other may show no rust until 50 hr but then develop a large num¬ 
ber of spots. In general, the latter coating is inferior, although 
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by the older system it would have been reported as the better of 
the two. To some extent this source of error is removed by 
defining^ appreciable corrosion as ‘‘the presence of more than six 
rust spots per square foot that are visible to the unaided eye or of 
any rust spots larger than 1/16 in. in diameter.^' 

Various observations* have shown that the results of the salt- 
spray test are not closely parallel to the behavior in a marine 
atmosphere of coatings of copper, nickel, or chromium on steel or 
on zinc. They are of less value for testing coatings on copper or 
brass® and of little value for coatings of zinc or cadmium on steel.^ 

As a result of the more extensive use of the salt-spray test, 
equipment has been designed that will function reliably and neatly 
for extended periods. This includes durable compressors, efficient 
air filters and humidifiers (to prevent clogging of the atomizer), 
water seals on the box that will not permit leakage of liquid or 
spray, and means of completely removing the exhaust spray from 
the box without contaminating the room, the general ventilation 
system, or surrounding buildings. 

Porosity Tests, In.coatings of zinc or cadmium on steel slight 
porosity of the coatings has no significant effect on their protective 
value unless the coatings are less than about 0.0002 in. thick.® In 
that case the coating is likely to dissolve more rapidly because of 
the accelerating action of the iron exposed at pores and thus finally 
to expose larger areas of iron than can be protected by the sur¬ 
rounding zinc or cadmium. There is, however, little justification 
for considering this or any other value as a critical thickness,^ since 
the porosity varies with many conditions, including the character 
of the steel and the condition of the bath. For practical purposes 
porosity of the usual coatings of zinc or cadmium can be disregarded. 

Pores in cadmium coatings can be readily detected by immersing 
the cleaned article in 1 per cent hydrochloric acid (by volume) at 

'Tentative specifications for electrodeposited nickel and chromium on 
steel (A166-45T), ASTM Tentative Standards, Part I-B, p. 743, 1946. 

* Strausser, P. W. C., Brenner, A., and Blum, W., J. Research Natl. Bur. 
Standards, vol. 13, p. 519, 1934, RP 724. 

* Strausser, P. W. C., Monthly Rev. Am. Electroplaters* Soc., vol. 24, 
p. 822, 1937. 

* Blum, W., Strausser, P. W. C., and Brenner, A., J. Research Nail. 
Bur. Standards, vol. 16, p. 185, 1936, RP 867. 

* Clarke, S. G., J, Electrodepositors* Tech. Soc., vol. 8, No. 12,1933. 
® Patterson, W. S., J. Electroplaters* Depositors* Tech. Soc., vol. 5, p. 96, 

1930. Wernick, S., j. Electroplaters* Depositors* Tech. Soc., vol. 6, p. 129,1931. 
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room temperature for about 10 min. Bubbles of hydrogen appear 
at the pores. There is almost no attack of the cadmium coating 
in that period.^ 

With coatings of the noble metals, such as of nickel, copper, 
and chromium on iron, the porosity largely determines the pro¬ 
tective value. If, therefore, a simple, reliable, quantitative test 
for porosity were available, it would replace most other tests. In 
principle, all that is required is to apply to the surface a reagent 
that will not attack the coating but will attack any exposed basis 
metal and give visual evidence of such attack. An extensive 
bibliography of porosity tests was recently published.^ 

Ferroxyl Test. The best known and most used porosity test 
is the ferroxyl test, in which the corroding agent is usually sodium 
chloride and the indicator is sodium or potassium ferricyanide, 
which produces a blue color where iron is exposed. In a prelimi¬ 
nary report of an extensive American Electroplaters’ Society 
research* on porosity of electrodeposits, N. Thon has shown that 
the ferroxyl test as previously conducted may yield very erroneous 
results for porosity. He recommends the use of a reagent with a 

relatively high concentration of ferricyanide, 50 g/1 of K3Fe(CN)6, 
and a low concentration, 0.2 g/1 of NaCl, or with 10 g/1 of Na2S04 

and no chloride. These reagents do not dissolve nickel at any 

appreciable rate, but they may not reveal all the fine pores that 
exist and that may be exhibited in long-time exposure. More 
study is required to define a satisfactory ferroxyl reagent. 

To prevent spread of the blue spots, a gelatinous substance such 
as agar (about 10 g/1) may be added. To facilitate the reading 
and recording of spots, the reagent may be absorbed in paper 
which is stored dry and moistened before application to the surface 

to be tested. 
In order to preclude any solvent action of the reagent upon the 

nickel, it has been suggested that the paper contain only sodium 
chloride and agar, and after the moistened paper is applied to the 
plated steel and removed, it is dipped into a ferricyanide solution 

‘ Clarke, S. G., J. ElectrodepostUrrs^ Tech. Soc.y vol. 8, No. 12, 1933. 
* Thon, N., and Addison, E. T., Jr., Monthly Rev. Am. Electroplaters' Soc.y 

vol. 34, pp. 445, 568, 722, and 831, 1947, and Am. Electroplaters' Soc.y Research 

Rept., Serial No. 5, 1947. Thon, N., and Kelemen, D. K, Proc. Am. Elec-^ 

tropUAers' Soc.y p. 105, 1949. 
* Proc. Am. ElectrojAater^ Soc.y p. 128, 1947. 
* PiTSCHNBR, K., Proc, ASTM, vol. 27, pt. II, p. 304,1927. 
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to develop the blue spots.^ Another method of applying the 
reagent, especially to large objects, is by spraying. 

It is difficult to express quantitatively the result of porosity 
tests. Counting the spots per unit area does not take into account 
their relative size or determine if a coating with five relatively 
large spots per square foot is inferior to one with one hundred 
very fine spots per square foot. The observed size of the spots 
is not very reproducible, as it depends on the concentration of the 
reagent, which, with ferroxyl paper, depends in turn on the amount 
of water applied to the paper and the amount that evaporates 
during the test. In consequence, this and most porosity tests are 
only qualitative and serve merely to distinguish relatively good 
and poor coatings. 

For detecting pores in coatings on copper or brass, the ferroxyl 
test is also used, as it gives red spots of copper ferrocyanide where 
copper is exposed through nickel or chromium. For this purpose 
ferrocyanide is probably preferable to ferricyanide. Tests* show 
that the ferroxyl test serves only to distinguish between very 
porous and relatively impervious coatings on copper or brass and 

is not sufficiently sensitive to serve in specifications. 
Hot Water Test. This test, which was originally devised for 

detecting porosity in tin coatings on steel,® has also been applied 
to nickel coatings on steel.^ It depends upon immersion of the 
cleaned specimen in pure distilled water having a pH between 4.5 
and 7.0 at a temperature of 95 to 100®C (203 to 212®F) for 6 hr. 
Rust spots then appear at any points where the steel is exposed. 
About the same results are obtained if the specimen is kept in the 
hot water for 3 hr and then allowed to stand in the water while 
it cools for 18 hr. In his 1939 report Strausser found that the 
hot-water test yielded fewer pores than did the ferroxyl test, even 
when the paper was developed in ferricyanide, as above. 

Another type of porosity test, e,g,, for nickel on brass, depends 
on immersion in a solution of ammonium trichloroacetate or of 

' Strausser, P. W. C., Proc, Am, Electroplaters* Soc., p. 194, 1939. 
^Strausser, P. W. C., Monthly Rev. Am. Electroplaters* Soc., vol. 24, 

p. 822, 1937. 
* Macnaughtan, D. J., Clarke, S. G., and Prytherch, J. C., The deter¬ 

mination of the porosity of tin coatings on steel, J. Iron Sted Inst., vol. 125, 
No. 1, p. 159, 1932. 

* Hothersall, a. W., and Hammond, R. A. F., Trans. Electroehem. Soc., 
vol. 73, p. 449, 1938. 
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ammonium persulfate/ which will slowly dissolve any exposed 
brass. The extent of the attack in a given period and hence the 
degree of porosity of the nickel can be estimated by the intensity 
of the blue color produced in the solution by the dissolved copper. 
This is determined by comparison of the color with that of similar 
solutions containing known amounts of copper. The results are 

of value only in detecting very porous coatings. 
Chromium Coatings. Pores or cracks are very prevalent in 

most chromium coatings.^ They can be detected and roughly 

estimated by an electrolytic test® that depends upon the fact that, 
with a low voltage, copper will not deposit upon chromium. If 
the plated article is made the cathode in a bath containing 200 g/1 

of copper sulfate and 75 g/1 of sulfuric acid and a potential of 
0.2 volt is applied between the cathode and a copper anode, copper 
deposits only at pores or cracks in the chromium. The relative 
extent of the porosity can be judged by the weight of copper 
deposited or by the current that passes. 

Coatings on Zinc. Porosity of nickel or chromium coatings 
on zinc or zinc-base die castings can be detected by treating the 
surface with a solution containing 100 g/1 of copper sulfate, 
CuS04*5H20, and 10 mI/1 of concentrated sulfuric acid. Copper 
is then deposited at any pores in the coating. 

Another test^ involves immersion of the plated die castings in a 
solution containing 300 g/1 of sodium hydroxide and sufficient cane 
sugar to make a viscous solution when hot. A little glycerin is 
added to prevent crystallization of the sugar. When this solution 
reacts with any zinc at pores, bubbles of hydrogen are evolved. 
By allowing the solution to cool with the article immersed in it, 
these bubbles are fixed in place and can be recorded. 

P. W. C. Strausser® found that the last two methods readily 
.detect large or numerous pores that exist in very thin coatings but 

do not ^rve to differentiate somewhat thicker and less porous 

^Stbausber, P. W. C., Monthly Rev. Am. Electroplaters* Soc., vol. 24, 
p. 822, 1937. 

*Blum, W., Barrows, W. P., and Brenner, A., J. Research Natl. Bur. 
Standards, vol. 7, p. 697, 1931, RP 368. 

’Baker, E. M., and Rente, A. M., Trans. Electrochem. Soc., vol. 54, 

p. 337, 1938. 
’ Bauer, Arndt, and Krause, ‘‘Chromium Plating,^* translated from the 

German by E. W. Parker, Edward Arnold & Co., London, 1935. 
• Monthly Rev. Am. EUcbroptaters* Soc., vol. 24, p. 822, 1937. 
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deposits on zinc die castings. For this purpose the salt-spray test 
is more satisfactory. 

Wear Resistance. All plated coatings must exhibit some 

resistance to wear or abrasion in service, and for special purposes, 
e,g,j on printing plates and bearing surfaces, increased resistance 
to wear may be the determining factor in the choice of a plated 
coating. It is therefore highly desirable to measure and control 
those properties which affect the wearing quality of the surface. 

Practically, wear is so variable and so complicated that it is not 
possible to devise any single simple test from which the perform¬ 
ance of a coating might be predicted. In a broad sense, wear may 
be the result of (1) deformation, (2) abrasion, or (3) erosion or 

any combination of these three factors. These may be simply 
illustrated by the behavior of printing plates, for which these three 
effects can be more readily distinguished than for more involved 
mechanisms. 

Deformation, If a printing plate is soft and is subjected to an 
excessive pressure, it simply flattens out, with a corresponding 
alteration in the design. It is largely for this reason that for plate 

printingf where considerable pressure is applied, steel or copper is 
used while for surface, or letterpressy printing, where, in good 
practice, there is almost no pressure between the paper and the 
plate, relatively soft type metal is most commonly used. The 
application of a hard surface, such as chromium, to an article 
subjected to deformation is seldom advantageous. In fact, the 
yielding of the soft basis metal is likely to foster cracking and 
flaking of the hard coating. 

Abrasion. Abrasion is the result of the scratching and the 
tearing out of fragments from the surface. This is most likely to 
occur when hard particles, such as the pigments in printing inks, 
are rubbed against the surface. Even in the absence of foreign 
particles any fragments of the surface that are initially detached, 
e.g.y by high local pressures, are likely to cause further abrasion. 
It is evident that, in order to prevent abrasion, the surface must 
resist both the penetration of particles into it and the rending or 

tearing of portions of the surface material. Speaking crudely, it 
must be both hard and tough. For such purposes plated coatings, 
especially of chromium, are frequently advantageous, even though 

the usual brittleness of chromium may limit its usefulness, espe¬ 
cially if any sudden impacts, or poundingy are involved. 
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Erosion. Erosion is usually defined as the resu^lt of both abra¬ 
sion and corrosion. The latter facilitates the detachment of 
particles, especially if it causes selective or intercrystalline attack. 
On printing plates such action is illustrated by the effects of certain 
colored inks that attack copper or lead but not nickel or chromium. 
Nickel is therefore often applied to printing plates when the actual 
extent of abrasion would not warrant its use. Other examples of 
erosion are the effect of steam in turbines and the effect of tide and 
sand on marine structures. 

Hardness. It is customary to say that in order for a surface to 
resist wear it must be hard. But the above examples show that 
different types of hardness are required to withstand different 
kinds of service. These types are illustrated by the various 
methods used to measure hardness.^ 

Brinell. In the Brinell (and also the Rockwell) method a 
hard steel ball is pressed into the surface with a prescribed load 
and the diameter or depth of the resulting indentation is measured. 
The result is expressed in terms of the Brinell number. A high 
number corresponds to a small indentation and therefore a greater 
hardness. This method measures essentially the resistance to 
deformation. 

Vickers. In the Vickers method the ball is replaced by a 
diamond point with a specified angle and the size of the impression 
is measured. The result is expressed in numbers that usually 
agree closely with corresponding Brinell numbers. This method 
is principally a measure of resistance to deformation, with possibly 
some cutting effect of the diamond edges. 

Knoop Indenter. a new type of indenter^ for hardness meas¬ 
urements consists of a diamond that has been cut with a pyramidal 
face, which produces a diamond-shaped indentation seven times 
as long as it is wide and thirty times as long as it is deep. The 
length of the indentation produced by a given load and measured 
with a microscope is a measure of the hardness of the material. 
Because the impressions are very shallow, relatively thin coatings 
can be tested. Tests with chromium coatings on steeF showed 
that if the thickness of coatings is fourteen times the depth of 

* A summary of methods of hardness testing will be found in Proc. AST My 
vol. 43, p. 803, 1943. 

* Knoop, F., Peters, C. G., and Emerson, W. B., J. Research Nad. Bur. 
StanAardSy vol. 23, p. 39,1939, RP1220. 

* Peters, C. G., and Knoop, F., Metals A Alloysy vol. 12, p. 292, 1940. 
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indentation, the measured hardness (in this case equivalent to 
about 900 Brinell) is independent of the hardness of the under¬ 
lying steel. Practically, this method is applicable to chromium 
coatings that are at least 0.001 in. thick. Similar results are 
obtained on thin coatings by the micro-Vickers apparatus, in which 
a small diamond point is pressed into the surface and the width 
of the impression is measured with a microscope. 

ScLEROScoPE. The scleroscope, or Shore, method measures the 
height to which a steel ball rebounds when dropped from a specified 
height upon the surface. As this operation usually produces a 
slight indentation, deformation is also involved, but principally 
the elasticity of the metal is tested. 

Scratch Hardness. In various forms of scratch hardness 
measurements, the point of a hard object, usually a diamond of 
specified shape, is drawn across the surface under a definite load. 
The width of scratch thereby produced is measured with a micro¬ 
scope. A narrow scratch corresponds to a high hardness. It is 
usually assumed that the hardness varies inversely as the square 
of the width of scratch. In that case a material A with a 
scratch half as wide as that on B would be reported as being four 
times as hard as JS. At best, such a relation is hardly quanti¬ 
tative, as it is not possible to define just what is meant by 
hardness. 

All the methods for measuring the hardness of thin coatings are 
likely to be influenced by the hardness of the basis metal. For 
this reason it is customary to make hardness measurements on 
relatively thick coatings, the properties of which are not necessarily 
the same as those of the customary thin coatings. Egeberg and 
Promisel^ use a micro-Brinell test with a 1-mm ball. However, 
especially with hard metals, the indentations are then too small 
to measure accurately. 

Indirect indications of hardness^and toughness can be obtained 
from measurements of tensile strength, elastic limit, and elongation. 
Roughly, an increase in tensile strength of a given metal corre¬ 
sponds to an increase in hardness. It is doubtful, however, if such 
measurements, which are necessarily made on relatively thick, 
separated deposits, always represent the properties of the much 
thinner coatings usually employed. 

Measurements of hardness of various plated metals are sum¬ 
marized in Table 16 (Appendix) based largely on the w*ork of 

^ MeUd Cleaning Finishing, vol. 9, p. 26, 1937. 
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Macnaughtan and associates.^ Much more significant than the 
variation in hardness of different metals is the great range obtained 
with the same metal deposited under different conditions. This 
is important, because it shows that, if an electrodeposited metal 
approaches the properties desired for a given purpose, the hardness 
can be considerably increased or decreased in order to meet any 
given requirements more closely. In general, hardness of deposits 
is increased by an increase in current density, at least nearly up 
to the point where visible burning appears. To some extent this 
increase is caused by a decrease in crystal size, although, as pointed 
out by Macnaughtan and others, the inclusion of basic materials 
may also be an important factor. 

As indicated above, there is no simple relation between any 
measurement of hardness and the actual wear resistance, although 
such measurements may furnish a rough guide. For abrasion 
resistance, which plated coatings must often possess, the results of 
scratch hardness tests may be most significant. Unfortunately 
such measurements are not very reproducible, especially on very 
hard surfaces.* 

Accelerated Wear Test^. In the absence of an entirely satisfac¬ 
tory hardness test, accelerated wear tests are sometimes proposed 
but less often used. These may involve resistance to rolling metal 
surfaces with or without abrasive, or to abrasive wheels. Other 
methods depend upon the loss in weight produced by contact with 
an abrasive powder, which may be dropped upon the surface from 
a known height. Such methods do not yield very reproducible 
results, and their results are significant only if the conditions at 
least approximate those which exist in service. Accelerated wear 
tests are even less conclusive than are accelerated corrosion tests. 

Reflecting Power and Brightness. A large proportion of plated 
coatings, particularly those of the noble metals, such as gold, 
silver, and platinum, and of the passive metals, such as nickel and 
chromium, owe their use largely to the presence and maintenance 
of a high luster. The recent development of brighUnickel-plating 
solutions has for its object the production of coatings sufficiently 
bright to permit the subsequent application of chromium with no 

. ^ Macnaughtan, D. J., and Hothersall, A. W., J. Electroplatera^ De- 
positoTB* Tech, 8oc., vol. 4, p. 31, 1928, and vol. 5, p. 63, 1930. Macnaugh- 

TAN, D. J., J. Iron Steel Inety vol. 109, p. 409, 1924. 
* Grant, L. E., and Grant, L. F., Trane, Am, Electrochem, Soc,, vol. 63, 

p. 609, 1028. 
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buffing of the nickel. In recent years there has also been a demand 
for bright coatings of zinc and cadmium, although it is well known 
that in even mild outdoor service these soon lose their luster. For 
these metals the initial bright finish is therefore largely for 
^‘sales appeal,^’ the importance of which may not, however, be 
disregarded. 

It is comparatively easy for average persons to agree that, of 
two similar surfaces, one is brighter than another but not whether, 
for example, a particular gold surface is brighter than a certain 
chromium surface. It is still more difficult to devise a method 
or specification to ensure a uniformly high luster of plated 
articles. 

In one of the few researches having this particular purpose, 
B. Egeberg and N. E. Promisel^ pointed out the difficulties and 
suggested a procedure for measuring the brightness. In any such 
comparison it is necessary to take into account the fact that differ¬ 
ent metal surfaces, though equally bright^ reflect light to different 
extents. In Table 17 (Appendix) are given the percentage reflec¬ 
tivities of the common metals for visible light. (These values 
are different for other wavelengths, such as infrared and ultra¬ 
violet.) From these data it is evident that a chromium-plated 
surface will reflect only about two-thirds as much light as a silver 
surface. This is the reason that chromium-plated reflectors are 
rarely used except in those applications, such as in locomotive 
headlights, where silver is tarnished so rapidly that its reflectivity 
soon falls below that of chromium, which resists tarnish. The 
extensive use of rhodium plating on searchlight and floodlight 
reflectors is based on the fact that it has a relatively high reflec¬ 
tivity (about 75 per cent) and also resists tarnish. The choice 
of a metal for a reflecting surface therefore depends upon its 
initial reflectivity and its ability to retain it under the prevailing 
conditions of service. 

Having selected the metal coating, it is desirable to measure 
and control its brightness, whether this is required for actual 
reflectivity or for appearance. In such measurements it is neces¬ 
sary to distinguish between specular reflection and diffuse reflection. 
If a beam of light strikes a perfectly plane polished surface at 
any angle, such as 45 deg, it is reflected in a direction such that 
the angle of incidence is equal to the angle of reflection, in this 
case 45 deg. If the surface is perfectly plane and bright, all the 

* J, Electrodepositors* Tech, Soc,, vol. 13, No. 29, 1937. 
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light is reflected in this way; in other words the specular reflection 
is 100 per cent. 

In a microscopical sense, only a perfectly bright surface is plane; 
i.e., any departure from brightness is caused by slight irregularities 
in the surface. Each of these irregularities represents a surface, 
however small, that the light beam hits at an angle different from 
the assumed angle (in this case 45 deg) and, of course, is reflected 
at a different angle. The net result of a large number of such 
minute irregularities is to scatter, or diffuse, the light. 

Egeberg and Promisel propose to measure on a plane surface 
the proportion of light that is reflected specularly, i.e., at the same 
angle as it struck the plane, and the proportion that is diffused, 
i.e,, reflected at other angles. They express the brightness as the 
relation of these two quantities. A surface with 100 per cent 
specular reflection is perfectly bright, and one with 90 per cent 
specular reflection and 10 per cent diffuse reflection is brighter 
than one with only 80 per cent specular reflection. 

The exact measurement of light intensities is difficult and not 
highly accurate, especially if, as these authors reported, most fairly 
bright surfaces reflect over 99 per cent of the light specularly. In 
such a case it is necessary to measure and compare two widely 
different light intensities. In the above research the measure¬ 
ments were made with a photometer, first at 46 deg (specular reflec¬ 
tion) and then at 5-deg intervals from 40 to 0 deg. (The latter 
angle represents a direction perpendicular to the surface.) The 
sura of the latter measurements represented the diffuse reflection. 

By such measurements six silver coatings were placed in the 
same order of brightness as through visual examination by several 
observers. One difficulty with the direct ratio is that, as expressed 
in terms of the formula used by these authors, the brightness of 
the best specimen was 100 per cent and those of the next two were 
about 99.6 and 99.4 per cent. To increase the numerical difference 
in these ratios, the authors proposed to expand them to the eighth 
or even the fiftieth power, a very cumbersome process. It would 
be much simpler and probably more significant to express the 
results merely in terms of the departure from perfect reflection 
(as indeed these authors defined brightness). Strictly speaking, 
it would be better to call this a scale of dullness, which is what the 
eye probably notes. In such a scale the nearly perfect specimens 
would be given ratings of, for example, 0.4 and 0.6 per cent, and 
very dull specimens might be rated at 6 or 16 per cent. 
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E. Raub and M. Wittum^ used a method similar to that of 
Egeberg and Promisel for measuring the brightness of nickel 
deposits. 

At best, the above methods or those similar to them will be 
useful only as research tools, 6.g., to study the relative brightness 
of deposits from specified baths. They require especially prepared 
specimens on flat plates. These methods are therefore not appli¬ 
cable for inspection of plated articles, except possibly flat mirrors. 
For general inspection, visual observation by skilled observers 
with suitable lighting is probably the best procedure, which, how¬ 
ever, is hard to fit into specifications. 

Stress in Electrodeposits. It has long been known that during 
the deposition of many metals, especially of iron, cobalt, and 
nickel, stresses are set up that cause the metal deposit to contract. 
Early measurements of these stresses were made by V. Kohlschiitter 
and his associates^ in Switzerland and by E. A. Vuilleumier® in 
America. They used a device known as a contractometeT^ in which 
a narrow strip of metal was held rigidly at one end and the back 
was insulated. When metal was deposited on the one side, the 
strip curved toward the anode. The measured extent of its deflec¬ 
tion indicated the magnitude of the stress in the deposit. 

This subject assumed increased importance with the application 
of bright-nickel plating, in which stresses were sometimes produced 
that caused subsequent cracking and failure of the deposits. In 
two recent papers on this subject^ bibliographies and experimental 
data are included. These authors each employed flat strips, the 
deformation of which was measured after deposition. From these 
measurements the stress, e,g,y in pounds per square inch, can be 
computed. Subsequently® a spiral contractometer was described, 
by means of which the effects were magnified and more easily 
measured. 

No simple relation has been found between the stress and other 
physical properties such as hardness and tensile strength. Certain 

‘ Z. Elektrochem,, vol. 46, p. 71, 1940, translation in Metal Ind, (N,Y.), 
vol. 38, p. 206, 1940. 

‘ Z. Elektrockem., vol. 24, p. 300, 1918. 
* Trane, Am, Electrochem, Soc,, vol. 42, p. 99, 1922. 
^SoDERBERG, G. K., and Graham, A. K., Proc, Am, Electroplatera* Soe,, 

p. 74, 1947. Phillips, W. M., and Clifton, F. L., Proc, Am, Electroplaters^ 
Soc,, p. 97, 1947. 

‘Brenner, A., and Senderoff, S., Proc, Am, Electroplaters* Soc,, p. 53, 
1948. 
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impurities, either metallic or organic, may greatly increase the 
stress in nickel deposits. On the other hand, certain organic 
additions, e.g., saccharin, greatly reduce the stress. In a few 
baths, e.flf., zinc baths, a negative stress has been observed, i.c., a 
tendency for the deposit to expand. 

No adequate theory of stress has been developed. In most baths 
the stress is less when impurities are absent and when relatively 
high temperatures and low current densities are employed. The 
effects of organic addition agents on stress are highly specific. 

PLATING SPECIFICATIONS 

Specifications that can be adopted for electroplating fall into 
two classes, viz., process specifications and product specifications, 
which are sometimes confused. 

Process Specifications. The purpose of process specifications is 
to define the work cycles, the limiting conditions for favorable 
operation, and the methods of control to be used in order con¬ 
sistently to yield coatings of the desired quality. Strictly speak¬ 
ing, such data constitute instructions rather than specifications 
and are of interest principally to the factory staff and not to the 
consumer. 

Purity of Materials Used, Among the factors that affect the 
process directly and the product indirectly are the composition 
and purity of the anodes and chemicals used. Since the consumer 
of plated articles has no control over and no direct concern with 
these materials, their regulation is a part of the process specifica¬ 
tions, to which too little attention has been paid. 

There has been less standardization of the requirements for 
plating materials in the United States than in England. In the 
preparation of such specifications a few simple principles may be 
helpful. 

The requirements should be no more severe than experience 
justifies. The use of moderate requirements not only permits the 
acceptance of the cheapest material that will serve the purposes 
but also fosters competition by firms that may not be willing to 
bid upon more stringent requirements. When similar products 
are used in other industries, the specifications of the latter should 
be used if appropriate, in order to reduce confusion and to 
simplify the manufacturing processes. The requirements should 
be explicit and include where feasible the minimum acceptable 
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content of the desired constituents and the maximum permissible 
content of each harmful impurity. Methods of test should be 
described, or reference should be made to published methods. 

Product Specifications. The consumer is concerned with the 
quality of the products and not with the method by which they 
were produced. If the quality can be fully measured by appro¬ 
priate tests, the process need not be mentioned in the product 
specifications. When such mention is necessary, it is usually 
because no adequate definitions and tests for quality are 
available. 

A product specification, e.g., for plated articles, should be con¬ 
fined to the minimum number of requirements that will ensure the 
desired quality and performance. In that case failure to meet 
any one of the requirements should constitute cause for rejection. 
Typical features may be illustrated by the tentative specifications^ 
for electrodeposited coatings that were adopted by the American 
Electroplaters' Society and the American Society for Testing Ma¬ 
terials in recent years; these are summarized in Table 18 (Appendix). 

Scope. The scope of the specification, including types of coat¬ 
ing, must be stated. In most of the above specifications, products 
are defined for three or more types of service. For special purposes 
other grades may be justified. In general, however, as few grades 
should be used as possible, in order to reduce confusion and to 
facilitate the manufacture and testing. At best, any such require¬ 
ments are merely estimates, because similar articles are not neces¬ 
sarily or usually subjected to just the same service. The consumer 
must therefore select a grade that will probably meet most of his 
needs at a reasonable cost. 

Manufacture. The process of manufacture should be defined 
in general but sufficiently definite terms to ensure that the desired 
article and coating are supplied. In this section it may be neces¬ 
sary to include statements about properties, such as appearance, 
that are important but are not subject to quantitative tests. Such 
statements should be as few as possible, since they are apt to lead 
to controversy and have little legal value. 

Properties. Those properties of the coatings, such as average 
or minimum thickness, freedom from porosity, resistance to cor¬ 
rosion, and hardness, which are believed to be essential and which 
can be reliably measured should then be stated as concisely as 
possible for each type or class. 

‘ ASTM Tentative Standards, Part I-B, pp. 737-779, 1946. 
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Tests. Methods to be used for testing the specified properties 
should be described in sufficient detail to ensure consistent results, 
or a definite reference should be made to some description of the 
method, which thereby becomes a part of the specification. 

Sampling. The methods of sampling and the basis of rejection 
should be described. In view of the wide variety in the articles 
and in the scale of manufacture and sale, it is very difficult to do 
more than to enumerate principles, which must be adapted to the 
conditions involved in each particular contract. The ultimate 
decision depends largely upon (1) the cost of the articles, (2) the 
cost and nature of the testing, and (3) the type of service. Only 
if the latter is very critical and if the method of test is cheap and 
nondestructive can 100 per cent of the product be tested. Other¬ 
wise a few samples must be taken to represent the' quality of the 
entire lot. The proportion of samples that will represent the 
average within attiy desired degree of probability (but never abso¬ 
lutely) depends upon the extent of the variation in properties that 
previous tests indicate may exist. Calculations made according 
to the laws of probability are accurate only when large numbers 
of tests of similar articles are involved. Actually, the number of 
tests to be made is more likely to be governed (sometimes errone¬ 
ously) by the cost and convenience of the testing. Such arbitrary 
ratios as 1 of each 100 or 1,000 are justified only if experience has 
confirmed them. Actually, too few service data are available to 
determine with reasonable certainty if plated products of specified 
quality are always satisfactory and those below the standard are 
always unsatisfactory. The specified values are therefore merely 
approximate estimates. 

The impossibility of plating large numbers of articles with 
identical and uniformly distributed coatings makes it necessary to 
include, explicitly or tacitly, a tolerance to cover the variations. 
In some cases this tolerance is written into the specifications. In 
effect the specification then represents the lowest quality the 
purchaser will accept and the highest the producer will guarantee. 
In any case the producer must allow a considerable margin above 
the specified thickness of coating to ensure that each piece has at 
least the required average or minimum thickness. This margin 
may amount to 50 per cent and is seldom less than 25 per cent. 
The net result is that the average quality of all the articles pur¬ 
chased is always considerably above the specification. This fact 
should be taken into account in fixing the latter. 
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Definitions. Any new, ambiguous, or highly technical terms 
{e.g., signifimnt surfaces) should be defined and thus made a part 
of the specification. 

Notes. In most specifications it is desirable to attach notes or 
advice regarding methods of manufacture and testing. Such 
information should be clearly marked as advisory and not manda¬ 
tory. It is not legally a part of the specification, and the producer 
is not required to follow it, nor is he excused from full conformance 
with the requirements because he followed this advice. 



CHAPTER VI 

ANALYSIS OF SOLUTIONS 

GENERAL PRINCIPLES 

Much of the progress made in commercial plating in the last 
twenty-five years has resulted from control of the bath composi¬ 
tion by analysis at regular intervals. Through classes conducted 
by branches of the American Electroplaters^ Society and by other 
institutions, many platers have learned how to analyze plating 
baths with sufficient accuracy for their control. These classes 
are especially valuable in developing the technic of handling the 
laboratory apparatus used in making such analyses. 

With the growth of large electroplating plants, especially in 
the automobile industry, the need for frequent and rapid tests of 
plating baths has led to the employment of many chemists. Large- 
scale plating operations have justified the application of more 
elaborate equipment and methods than are generally available for 
small plants. Such procedures do not necessarily furnish more 
useful or more reliable information than is gained by simpler 
methods, but they may yield the results more quickly and, when 
required in large numbers, more economically. For many plating 
operations simple methods of test are adequate. 

In this connection it is important to note that the reason for 
analyzing a plating bath is not to determine its exact composition 
but merely to know if it is within certain limits fixed by experience 
for that bath. If outside those limits, it is desirable to know what 
additions are required or, in the case of deleterious impurities, 
what steps will remove them. The required frequency of tests 
will depend upon the probable rate at which the bath composition 
changes, which, in turn, depends principally upon the current 
(amp-hr) passed through a given bath volume in a specified period 
and the corresponding drag out. Changes in composition may 
also occur through (1) drag in of water or acid, (2) spray losses, and 
(3) decomposition, e.g., of cyanide solutions at high temperatures. 
Purely for illustration the control of a nickel bath will be 
discussed. 

166 
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Because the pH of a nickel bath may change rather rapidly, it 
should be determined and, if need be, adjusted at least once a 
week and with very busy tanks once or more daily. The nickel 
content need be measured less frequently, c.g., once a week. 
Especially if the pH changes rapidly or irregularly, the chloride 
content (which affects the anode corrosion) should be checked. 
The boric acid seldom needs to be determined but should be 
replenished about in proportion to the chloride, since both these 
constituents are removed principally by drag out. If ammonium 
salts are used, they need not be determined frequently. Additions 
of hydrogen peroxide or wetting agents are usually based on the 
appearance of pits and not on analyses. In some baths measure¬ 
ments of surface tension are used to control the addition of 
wetting agents. 

When organic brighteners are used in a nickel bath, especially 
in large-scale operations, their content must be checked and 
adjusted more frequently. Just as with other constituentB,n3ystem^ 
atic records of requirements during normal operations may serve 
as a basis for regular additions at frequent intervals, with analyses 

made less frequently as a check. 
It cannot be too strongly emphasized that, in all production 

plating, analyses of the baths should be made primarily to maintain 
satisfactory operation and not to correct difficulties that have 
arisen. Periodic analyses should serve as the proverbial ‘‘ounce 
of prevention.'^ 

The accuracy required in such analyses will depend upon the 
particular bath and constituent but will practically never exceed 
1 per cent of the constituent determined. Owing to unavoidable 
variations in bath levels as a result of evaporation and drag out, 
variations up to 6 per cent of the bath concentration are likely to 
occur and are unimportant. Plating baths should be kept within 
certain limits, but these limits are usually not narrow. 

Qualitative Analysis. The purpose of qualitative analysis is 
merely to determine if certain substances are present. It may be 
useful at times in testing plating chemicals or baths for the presence 
of a certain impurity. For most purposes, however, if the impurity 
is deleterious, it is necessary to know at least its approximate 
concentration, for which quantitative tests must be made. 

Quantitative Analysis. The purpose of a quantitative analysis 
is to determine the concentration of one or more constituents of a 
bath. The results usually represent the content of a specific 
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metal or ion but can be used to compute the equivalent concentra¬ 
tions of the substances actually used in the preparation of the 
bath. Suppose, for example, that a nickel bath had been prepared 
from nickel sulfate, nickel chloride, ammonium chloride, and boric 
acid. From determinations of nickel, ammonium, and chloride 
ions it is possible to compute the concentrations of the three salts 
used. The boric acid need be less frequently determined. For 
calculations of the compounds probably present it is often con¬ 
venient to express the results in terms of normalities, as in the 
following example. 

Results of Analysis g/1 

Nickel, Ni. 71 
Chloride, Cl. 19 
Ammonium, NH4. 3 

To convert these values to normalities, divide the concentration 
of each constituent by its equivalent weight. 

N 
Nickel, 71-5-29.3.   2.42 
Chloride, 19-5-35.5. 0.53 
Ammonium, 3-5-18. 0.17 

The concentrations of each salt can then be calculated as follows. 
The ammonium chloride, NH4CI, will be equivalent to the ammo¬ 
nium, i.6., to 0.17iV'. Since the equivalent weight of NH4CI is 
63.5, its actual concentration is 0.17 X 53.5 = 9.1 g/1 == 1.2oz/gal. 
The nickel chloride is equivalent to the remaining chloride, i.c., to 
0.53iV — 0.17iV = 0.36-^. The equivalent weight of the salt 

238 
NiCU'OHjO = = 119. Therefore the content of nickel chlo- 

A 

ride is 0.36 X 119 = 41.6 g/1 = 6.7 oz/gal. The nickel sulfate is 
equivalent to the remaining nickel, i.e., to2.42i\r — 0.36JV = 2.06Ar. 

2fi2 7 
The equivalent weight of the salt NiS04'6H20 = = 131.4. 

Therefore the content of nickel sulfate is 2.06 X 131.4 = 270 
g/1 = 36.1 oz/gal. 

Such calculations can be made quickly with a slide rule. When 
many similar calculations are to be made, they can be simplified 
by the use of appropriate factors or by a suitable nomograph^ or 
a special form of slide rule. 

The principal methods used in quantitative analysis fall into 
the following groups: 
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Grcmmetric. In gravimetric analyses a reagent is added that 
forms with the constituent to be determined an insoluble com¬ 
pound having a definite composition. This precipitate is filtered 
out, washed to remove more soluble salts, dried, and weighed. 
From the weight of the precipitate obtained from a given sample 
of the bath, the concentration of the particular constituent is 
computed. Gravimetric analyses require considerable time, 
experience, and equipment and are not commonly used to test 
plating baths. Because the determination of sulfate in chromic 
acid plating baths is usually done gravimetrically, this procedure 
will be outlined for illustration. More details are given on 
page 182. 

A 10-ml sample of the bath is diluted, reduced with alcohol (to 
convert the hexavalent to trivalent chromium), and an excess of 
barium chloride, BaCh, is added. This combines with any sulfate, 
SO4, present to form barium sulfate, BaS04, which is insoluble. 

H2SO4 + BaCh = BaS04 + 2HC1 

This precipitate is filtered out, washed, ignited in a porcelain or 
platinum crucible to destroy the filter paper, and then weighed. 
From the weight of BaS04, e.g., 0.0632 g from 10 ml of the bath, 
that of sulfate, SO4, is computed thus: 

Molecular Weights Actual Weights, g 

BaS04 : SO4 :: BaS04: SO4 
233 : 96 :: 0.0632 : X = 0.0260 

Hence the solution contains 0.0260 g of SO4 in 10 ml. One liter 
of the bath therefore contains 100 X 0.0260 == 2.60 g/1 of SO4. 
If this is present as or was added as sulfuric acid, H2SO4, the con¬ 

tent of the latter will be = g x 2.6 = 2.66 g/1 of H*S04 
bU4 yb 

or an equivalent amount of any other sulfate that was used. 
Because the equivalent weight of the sulfate ion, SO4, is 96/2 = 48, 
this solution is 2.60 -7- 48 = O.OSAiV in sulfate. 

Volumetric. In this type of analysis a standard solution of 
exactly known strength is used containing a reagent that will 
react quantitatively with the constituent to be determined and 
will jdeld an indication of when the reaction is complete. From 
the volume of solution used in this titration of a sample of the 
bath the content of the constituent is calculated. 
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The equipment used in the actual titrations is simple, e.g., a 
pipette or a burette to measure the bath sample, a graduated flask 
to make exact dilutions, and a burette to measure the volume of 
standard solution required. In addition a few beakers or flasks 
of convenient siase, some stirring rods, a burner, and stand are 
needed. To prepare or standardize solutions, an analytical bal¬ 
ance is required. It is now possible for a plater to purchase 
standard solutions for volumetric analysis. 

In all such analyses the strength of the solution can be deter¬ 
mined or adjusted in several ways, such as the following. The 
strength should preferably be such that from 20 to 40 ml is required 
for a titration. 

1. A solution with an exactly known strength is prepared by 
dissolving a definite weight of a pure substance. 

2. A solution of approximately the desired strength is prepared, 
and its exact strength is determined by titration of a standard 
material. 

In either method the solution can be prepared or adjusted so 
as (1) to have an exact normality; (2) to have 1-ml equivalent in 
a given titration to a specified concentration of the constituent, 
e.g., to 1 g/1 or to 0.1 oz/gal; or (3) the value found by standardiza¬ 
tion may be used directly. Procedure (1) is usually most con¬ 
venient for research, and (2) for works control. However, when 
a slide rule is available, (3) is equally convenient. Method (3) 
must be used if the titrating solution is unstable and requires 

frequent standardization. 
Several types of reactions are employed in volumetric analysis. 

An example of each will be outlined, and further details will be 
given later for specific determinations. 

Acidimetric. In acidimetry or alkalimetry the amount of acid 
present is determined by titrating with a standard alkali and vice 
versa. In general, an indicator is ufeed to show by its change in 
color when the solution is exactly neutralized. The change in 
potential of an electrode can also be used as the end point. This 
is designated as an electrometric titration. A simple illustration of 
acidimetry is the titration of hydrochloric acid with standard 
sodium hydroxide, according to the equation 

HCl + NaOH = NaCl + H2O 

An indicator such as methyl orange or methyl red is used to 
detect the end point. 
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Oxidation and Reduction. A reducing agent such as ferrous 
sulfate is titrated with an oxidizing agent such as permanganate. 
The pink color produced by an excess of one drop of the perman¬ 
ganate serves to detect the end point. The equation may be written 

10FeSO4 + 2KMn04 + 8H2SO4 = SFes (8O4), -|- K2SO4 -|- 
2MnS04 + 8H2O 

Considering only the change in valence, the equation is 

5Fe+i^ + Mn+vii = SFe+^^i + Mn+“ 

Especially when an oxidizing agent such as dichromate is 
employed or involved, the end point can be determined by electrom¬ 
etric methods, i.e., by the change in potential of a platinum wire 
with respect to a standard calomel half cell. 

Precipitation. When a solution of silver nitrate, AgNOa, is 
added to a solution containing a soluble chloride, such as nickel 
chloride, NiCb, the following reaction takes place: 

NiCb + 2 AgNOs = 2 AgCl + Ni(N03)2 
nickel chloride + silver nitrate = silver chloride + nickel nitrate 

The silver chloride is insoluble and forms a white precipitate. If a 
small amount of sodium chromate, Na2Cr04, is added to the sample 
before titration, a red precipitate of silver chromate, Ag2Cr04, is 
formed as soon as all the chloride has been precipitated as silver 
chloride. The appearance of a red color hence serves as the end 
point of the titration. 

Cyanometric Methods. Because many cyanide baths are 
used in plating, their analysis is of special interest. The principal 
reaction is the titration of free cyanide with silver nitrate, according 
to the equation 

2NaCN + AgNOa = NaAg(CN)2 + NaNOa 

The double cyanide, NaAg(CN)2, is soluble. However, as soon 
as any further addition of silver nitrate is made, it reacts as follows: 

NaAg(CN)2 + AgNOa = 2AgCN + NaNOa 

Silver cyanide, AgCN, is insoluble and therefore forms a precipi¬ 
tate or turbidity, which serves to mark the end point. Because 
silver iodide, Agl, is somewhat less soluble than silver cyanide, 
AgCN, a small amount of potassium iodide is usually added to 
the cyanide solution before titration to sharpen the end point. 
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Cohrimetric and Spectrophotometric Methods, The fact that 
certain salts of metals present in plating solutions have character¬ 
istic colors immediately, suggests the use of colorimetric methods 
for measuring the concentration of the metal. In principle, all 
that is necessary is to have a series of tubes of equal diameters in 
which solutions of known concentration are placed. By then 
filling a similar tujpe with the plating bath and comparing its color 
with that of the standards, the concentration of the bath can be 
estimated. In certain cases, e.gf., acid copper baths, it is often 
possible by this very simple and rapid method to estimate the 
content of copper sulfate within about ± 10 per cent, which may 
be adequate for control. 

There are, however, certain difficulties in these direct methods, 
which may lead to large errors. The average eye is less sensitive 
to changes in the intensity of a green color than of most other 
colors; hence this direct method is not very reliable for nickel 
baths. To some extent this difficulty can be overcome by viewing 
the nickel solutions through a pink solution or screen, which 
optically neutralizes the green to produce a gray color. 

Another objection is that the color of the bath may be so changed 
by additions or impurities as to prevent satisfactory matching 
with the standards. Sodium citrate changes the color of a nickel 
solution from green toward blue. The presence of iron or organic 
matter in an acid copper bath changes its color toward green. 
Both trivalent chromium and iron in a chromic acid bath change 
the color from orange to red or brown. 

For these reasons direct colorimetric methods cannot be counted 
on to yield an accuracy better than 10 per cent and may have 
larger errors. If used for approximate measurements they should 
be checked at intervals by more exact methods. 

In recent years an instrument known as a spectrophotometer has 
been improved and simplified to adapt it to very convenient 
laboratory measurements of color. This device depends upon the 
fact that a colored solution absorbs light of a given wavelength 
to an extent that is characteristic of the specific substance present. 
In general, a solution will absorb most strongly the ^‘complements* 
of the rays that it transmits. For example, a blue solution, z.e., 
one that transmits blue light, will strongly absorb red and yellow 
light. 

The color of any light rays is defined by their wavelength. 
Light rays that are visible to the unaided eye have wavelengths 
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between 400 and 650 millimicrons (millionths of a millimeter), 
ranging from violet at about 400 to red at 650. Below 400 are 
the ultraviolet rays, and above 650 are the infrared rays. 

With light of a given wavelength, e,g., that at which the maxi¬ 
mum absorption occurs for a solution of a given substance, the 
extent of absorption will depend upon the concentration of that 
substance. In principle, therefore, only two steps are required 
before using the spectrophotometer to measure the concentration 
of a colored constituent of a solution. (1) A spectral transmittance 
curve is prepared, in which the percentage of transmittance of 
light of each wavelength by the colored substance is measured. 
From this curve the wavelength that yields the minimum trans¬ 
mittance (or maximum absorption) by that substance is selected. 
(2) Light of that wavelength is used to measure the relation 
between the concentration of the substance and the percentage 
transmittance. The resultant curve is used to determine the con¬ 
tent of the colored substance in a sample that is tested. 

Many substances that produce in themselves very little color 
will react with appropriate compounds to yield more highly colored 
solutions. These are often used in determining the concentration 
of impurities in plating baths, or even of major constituents. In 
the latter case it may be necessary greatly to dilute the plating 
sample, c.g., by successive quantitative dilutions. 

These principles may be illustrated by the method recently 
developed^ for determining very small amounts of gold on speci¬ 
mens of plated gold articles but which may also be used to deter¬ 
mine the gold content of a bath. This method depends upon the 
fact that gold in the auric condition, e.gr., AuCla, reacts with 
ortho-tolidine to produce a bright yellow color. The maximum 
absorption (or minimum transmittance) occurs with light having 
a wavelength of 437 millimicrons. With that wavelength the 

percentage transmissions for different small amounts of gold are 
determined. From this curve the amount of gold present in the 
sample can be determined, and in the case of a gold coating its 
thickness can be computed. 

While the spectrophotometric method involves fairly expensive 
equipment and* careful technic, its use warrants consideration 
whenever a fairly large number of determinations are to be made 
and saving of time is important. 

1 Claybaugh, W. S., J. Research Natl, Bur, Standards^ vol. 36, p. 119, 1946. 
RP 1694. 
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Spectrographic Analysis. This method depends upon the fact 
that most metals or their compounds when heated to the tempera¬ 
ture of an arc or a spark emit light of certain wavelengths and 
thereby produce characteristic lines in a spectrum. The intensity 
of each important line for a given element depends upon the 
amount of that element in the flame or arc. By comparing the 
intensity of the lines produced in a photographic plate with the 
lines jrielded by known amounts of that metal, the concentration 
of the metal can be estimated. 

This method is especially valuable for detecting and determining 
impurities that may be present in plating baths, anodes, or deposits. 
It requires expensive equipment and considerable experience, but 
when available it may prove very useful, especially in research. 

Polarographic Methods. In recent years a method of analysis 
has been developed that depends upon the potential of a dropping 
mercury electrode. This method has been employed for the deter¬ 
mination of copper and zinc in brass-plating baths and deposits.^ 
It involves the measurement of the relation between current and 
potential when an emf is applied to a cell in which one electrode, 
usually the anode, consists of a layer of liquid mercury. The other 
electrode consists of drops of mercury formed at the end of a fine 
capillary and continuously dropping through the solution to the 
layer of liquid mercury. Under these conditions the potential at 
which a metal ion is discharged serves to identify the element, 
and the current that passes during the discharge of the element 
is a measure of its concentration. The discharge of each metal is 
indicated by its half-wave potential, and its concentration by the 
current at the nearly horizontal portion of the current-potential 
curve. Details of this procedure will be found in a review.^ 

The method is especially useful for determining very small 
amounts of metals or compounds, but with appropriate precautions 
it can be applied for routine control of plating baths. 

ANALYSIS OF SOLUTIONS 

In this section methods for analyzing the important solutions 
used in plating will be outlined. Because similar methods are 
used for many different baths, their assembly in one chapter may 
lead to clarity and brevity. 

^ OoBDON, H. E. Z., and Roberts, E. R., Trans. EUctrochem. Soe., vol. 
90, p. 27, 1946. 

* Kouthoff, I. M., and Lingane, J. J., Chem. Rev., vol. 24, p. 1, 1939. 
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Sampling. The accuracy and significance of an analysis depends 
directly upon the care used in selecting a sample of the solution. 
Unless this is representative of the bath, its analysis may be 
meaningless or misleading. The simplest way to obtain a typical 
bath sample is first to mix the bath thoroughly, e.p., till samples 
from different parts show the same density with a hydrometer. 
This is necessary because in operation, unless good agitation is 
used, there is a tendency for stratification to occur. In general, 
the more concentrated metal solution that flows down from the 
anodes is heavier and tends to settle to the bottom of the tank. 
If water is added at intervals to bring up the bath level, it tends 
to make the top of the solution less concentrated. 

One objection to mixing plating baths that are not regularly 
filtered is that sludge is thereby stirred up and may cause rough 
or porous deposits. Continuously filtered baths are likely to be 
uniformly mixed by the circulation. By mixing a bath and allow¬ 
ing it to stand overnight or over a week end before taking the 
sample, satisfactory results are obtained. If this is not feasible, 
it is possible to obtain a fair sample by inserting a long glass tube, 
at least 0.5 in. in diameter, slowly into the solution, closing the 
upper end with a finger, and withdrawing the sample into a con¬ 
tainer. This can be done in several parts of the tank. 

The sample container, e.gr., an 8-oz (250-ml) bottle, should be 
clean and dry or should be rinsed out with some of the solution. 
If a precipitate is present, especially in a solution that is agitated 
in use, it should be retained in the specimen for possible identifica¬ 
tion. Before an analysis is made, the solution should be filtered 
if it is not clear. The sample should be carefully labeled to 
identify the tank and the time of sampling. 

Alkaline Cleaning Solutions. Alkaline cleaning solutions are 
usually not analyzed so regularly or frequently as are many plating 
baths, largely because they are difficult to analyze and are rela¬ 
tively cheap and when contaminated or ineffective they can be 
quickly replaced or replenished. However, a few simple analyses 
will prove very helpful by ensuring more uniform operation during 
their useful life. 

In a repprt by Committee D 12 of the ASTM,^ detailed methods 
are described for the analysis of industrial metal cleaning com¬ 
positions, such as may be used in the electroplating industry. 
The possible complexity of such mixtures is indicated by the fact 

1ASTM Standards, Pt. Ill, p. 128, 1946. 
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that methods are described for at least 16 determinations. Such 
complete anal)rses would be required only in the identification or 
control of the solid mixtures. The electroplater is much more 
interested in the determination of those constituents or properties 
of the cleaning solution which will indicate its cleaning efficiency 
or the need for replenishment. For a given type of cleaner the 
following methods will probably be adequate for control, viz.j 
specific gravity, total alkali, free alkali, and in some cases the pH. 
The specific gravity will indicate any large changes in concentra¬ 
tion caused by evaporation or dilution. The total alkali will 
serve as a measure of the total strength of the solution. The free 
alkali will indicate the content of sodium hydroxide, which may 
be reduced in operation because it is converted to carbonate. 
The pH may be significant in mildly alkaline cleaners, e.gr., with 
a pH below 12, that do not contain appreciable free caustic. 

Total Alkalinity as Na20. A 20-ml sample of the solution 
(corresponding to about 1 g of the dry cleaner) is placed in a 
25Q-ml Erlenmeyer flask and diluted to 50 ml. A few drops of 
methyl orange are added, followed by a measured excess of O.fiAT 
hydrochloric acid. The solution is then boiled to expel carbon 
dioxide and cooled. If soap or rosin is believed to be present, 
25 ml of ethyl ether is added to extract the liberated fatty and 
rosin acids, which would otherwise make a turbid solution. The 
excess of hydrochloric acid is then titrated with 0.5iV sodium 
hydroxide, using methyl orange as indicator. The resultant value 
for total alkalinity calculated as Na20 includes that present as 
(1) sodium hydroxide, NaOH; (2) sodium carbonate, Na2C03; 
(3) sodium silicate, e,g,, Na^SiOs; (4) two-thirds of the sodium 
present in trisodium phosphate, Na3P04; or one-half that present 
in sodium pyrophosphate, Na4P207; and (5) that combined in any 
soap present. The total alkali, computed as grams per liter of 

Na20 is 

(ml 0.5N HCl - ml 0.5iNr NaOH) X 0.0155 X 50 

Suppose that 50 ml of 0.5iV HCl was added to a 20-ml sample of 
cleaner and 16 ml of 0.5JV' NaOH was required for the back titra¬ 
tion. Then the total alkali is 

(50 - 16) 0.0155 X 50 = 26.4 g/1 or 3.62 oz/gal of NaaO 

26.4 

31 
0,S5N total alkali 
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Free Alkali. Evaporate a 20-ml sample to dryness quickly, 
using an electric hot plate to avoid absorption of carbon dioxide 
from the air. Dry the residue at 105®C, cool, and add 200 ml of 
freshly boiled neutral 95 per cent ethyl alcohol (or denatured 
alcohol). Warm on a steam bath, and filter through paper or 
asbestos to remove the compounds insoluble in alcohol. Heat the 
filtrate nearly to boiling, add 0.5 ml of a 1 per cent alcoholic solu¬ 
tion of phenolphthalein, and titrate with 0.5JV hydrochloric acid. 

Owing to the high tax on alcol\^l, this method is relatively 
expensive. Less accurate but possibly adequate results for free 
alkali can be obtained by titrating first to the end point of phe¬ 
nolphthalein and then to methyl orange. In order to compute the 
free alkali, it is necessary to know the other principal constituents 
and their relative concentrations. For example, in a mixture of 
NaaCOa and NaOH, titration against phenolphthalein 3rields the 
free NaOH plus one-half the NaaCOg. Similarly, in a mixture of 
Na8P04 and NaOH this titration yields the free NaOH plus 
one-third the Na3P04. 

The free alkali, calculated as grams per liter of NaOH = ml 
0.5N HCl X 0.020 X 50. If in the above titration of a 20-ml 
sample, 12 ml of 0.5N HCl is required, the free alkali is 

12 X 0.020 X 50 = 12 g/1 

^ = O.SON NaOH 
40 

Example. Suppose that the above cleaner was prepared originally with 
the following composition. 

N g/1 oz/gal 

Sodium hydroxide, NaOH. 0.38 15 2 
Sodium carbonate, Na2C03 . 0.28 15 2 
Trisodium phosphate, Na3P04*12H20 . . 0.12 15 2 
Sodium metasilicatc, Na2Si03. 0.25 15 2 

This solution, as prepared,* would contain 15 g/1 or 2 oz/gal of free caustic 
NaOH. The total alkali, as titrated above, would be equivalent to 0.38iV 
NaOH + 0.28iV Na2C03 + 2/3 X 0.12 = O.OSAT Na3P04 + 0.25iV Na2Si03 

or a total of O.OOAT alkali. This is equivalent to 31 g/1 or 4.1 oz/gal of total 
titratable alkali, calculated as Na20. 

Suppose that, after a certain period of use, the solution showed the results 
given above, t.e., 26.4 g/1 of total alkali, Na20, and 12 g/1 of free alkali, NaOH. 
It is evident that the total alkali has decreased from 31 to 26.4 g/1 « 4.6 g/l; 
i.e., 4.6/31 » 14.8 per cent. That of free caustic has decreased from 15 to 
12 g/1 *» 3 g/1 « 3/15 * 20 per cent. If for simplicity we assume that the 
principal loss has occurred through drag out of the cleaner, it requires an 
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addition of about 15' per cent of the original ingredients, plus about 5 per 
cent additional free caustic, to restore the solution to approximately its 
original strength. If for any reason one of the alkaline salts, e.^., the meta¬ 
silicate, were consumed more rapidly than the others, the above analyses 
would throw no light on such changes. 

Acid Pickles and Dips. Pickles. The principal determination 
made on pickles consisting of sulfuric or hydrochloric acid is that 
of the free acid. It is seldom necessary or warranted to determine 
the content of iron salts, h\j^ a measurement of the acidity and 
specific gravity will indicate the approximate content of dissolved 
iron. Any methods for estimating the content of inhibitors or 
wetting agents must be specific for the substances used. In most 
cases the behavior of the pickle and previous experience and 
records will serve to control these additions. 

In order to avoid interference by ferrous or ferric salts in the 
pickle, the end point of the titration should be at a pH not greater 
than about.3. This is about the turning point of methyl orange. 
If electrometric equipment is available, it may serve to measure 
the end point at, for example, a pH of 2.5. If much ferric salt is 
present, some ferric hydroxide may precipitate before the end 
point with methyl orange. In that case the appearance of a per¬ 
manent brown precipitate may serve as an approximate end point. 

A 6-ml sample is diluted to 50 ml, and a few drops of methyl 
orange are added. Titration is then conducted with 0.5A7' sodium 
hydroxide. The normality of the free acid = (ml NaOH X 0.5)/5. 
If 50 ml of NaOH was required for a 5-ml sample, the free acid 
in the pickle is (50 X 0.5)/5 = 5.0N. This is equivalent to 
6 X 36.5 = 183 g/1 or 24.4 oz/gal of pure HCl; or to 5 X 49 = 245 
g/1 or 33 oz/gal of pure H2SO4. 

Bright Dips. In the usual bright dips for brass it is desirable 
to determine the content of free sulfuric and free nitric acid. This 
is accomplished by titrating the total acidity in one sample and 
in a separate portion the nitric acid. (The usual small content 
of hydrochloric acid can be neglected in these titrations.) The 
specific gravity is only a rough indication of the total acidity. 

A 5-ml sample is diluted to 150 ml, a few drops of methyl orange 
are added, and the solution is titrated with 2N sodium hydroxide 
until the color changes from red to yellow. This titration yields 

the sum of the sulfuric and nitric acids. 
To another 5-ml sample, 15 ml of concentrated sulfuric acid is 

addedi the mixture is cooled and titrated with a standardizea 
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ferrous sulfate solution to the appearance of a faint red or brown 
color. The ferrous sulfate solution is prepared by dissolving 
280 g of pure ferrous sulfate, FeS04‘7H20, in water, adding 250 ml 
of concentrated sulfuric acid, and diluting to 1 1. This is stand¬ 
ardized at frequent intervals against N nitric acid, as follows: 

Five milliliters of N HNOa is treated with 15 ml of concentrated 
sulfuric acid and titrated with the ferrous sulfate to the appearance 
of a faint pink or brown color. The normality of the ferrous 
sulfate is computed with respect to the reaction 

6FeS04 + 2HN08 + 3H2SO4 = 3Fe2(S04)3 + 2NO + 4H2O 

The NO combines with any excess of ferrous sulfate to produce 
the brown end point. 

Example. When 10 ml of the sodium hydroxide was standardized 
against 0.5iV^ HCl, it required 39.4 ml of HCl. The NaOH was therefore 
39 4 

X 0.5 = 1.97iV. If 25 ml of the standard nitric acid was checked 

against the sodium hydroxide and required 13.2 ml of NaOH, the HNOs 

was ^ X 1.97 = 1.04Ar. If 5 ml of the HNO, required 13.6 ml of FeSOi, 

the FeS04 was (with respect to this reaction) 5/13.6 X 1.04 = O.SSAT. When 
a 5-ml sample of the bright dip was titrated with the sodium hydroxide, 
it required 61 ml of NaOH. The total acidity of the dip was hence 
61 

X 1.97 = 24,liV. A 5-ml sample of the dip when titrated with the 

ferrous sulfate required 45.2 ml of FeS04. The nitric acid in the dip was 
45 2 

equivalent to X 0.38 = 3.4iNr. 
o 

3.4 X 63 = 214 g/1 or 28.5 oz/gal of HNOj 

The content of sulfuric was 24.1 — 3.4 = 2Q.7N. 

20.7 X 49 = 1,014 g/1 or 76 oz/gal of H2SO4 

Acid or Neutral Plating Baths. General Principles. In acid 
baths the principal determinations required are the metal content 
and the acidity. The concentrations of salts added to control the 
acidity or conductivity are not usually critical, and hence they do 
not require frequent checking. The determination of brighteners 
and wetting agents must be specific for each substance. To a 
large extent their additions to the baths are controlled by the bath 
performance and by previous experience, expressed, for example, 
in terms of the normal consumption for each 1,000 amp-hr. In 
some cases definite analytical methods are used. 



170 ELECTBOPLATINO AND ELECTROFORMING 

Acidity and pH. As previously explained, the acidity as deter* 
mined by a titration is a measure of the amount of acid present, 
while the pH is an expression of the effective strength of the acid. 
If no buffers are present, these two methods of expression are 
roughly equivalent; e.g., a solution that is 0.1 JV in free HCl or 
H2SO4 has a pH of about 1. If, however, as is customary in plating 
baths that are operated at pH values between 2 and 7, some weak 
acid (or its salt) is present to act as a buffer, there is no simple 

7 

6 

5 

pH 

4 

a 

2 
11 X0 9876$4321 

M-MUai^ALKAU (NaOHI 
01234967S9 10 

ML0.1i7Aa0 (N,S0«)-^ 

Fiq. 40. Typical titration curve of 10 ml of a nickel-plating bath. 

relation between acidity and pH. For any given bath the actual 
relation can be expressed by a pH titration curve (Fig. 40), which 
is very useful in indicating the amount of acid or alkali required 
to change the pH of that bath to any desired value. Suppose 
that the pH of the bath represented in Fig. 40 was found to be 
5.3 and it was desired to lower the pH to 5.0. From Fig. 40 it 
can be seen that, in the change from pH 5.3 to 5.0, 10 ml of this 
bath would require approximately 2.5 ml of O.liV acid, e.jf., H2SO4. 
This is equivalent to 100 X 2.5 = 250 ml of O.IN acid, or 25 ml 
of N acid for each liter of solution, or 25 X 3.8 = 98, or practically 
100 ml of acid for each gallon of thebath;hence 100 X 100 = 10,000 
ml or 101 of iV* acid for each 100 gal of the bath. As 11 of iV sul¬ 
furic acid contains 49 g of H2SO4,101 will contain 10 X 49 = 490 g 
of H2SO4 or 490/454 = 1.1 lb of H28O4 required for each 100 gal 
in the bath for this change in pH. 

Without a sharp distinction, it may be concluded that, below 
a pH of 2, titrations are more useful and, above 2, pH determina- 
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tions are employed. A pH measurement in an acid copper bath 
containing at least IN free sulfuric acid is as meaningless as is a 
titration of the free acid in a nickel bath having a pH of 5. In 
certain strongly acid baths such as those containing chromic acid, 
pH measurements as low as 1 or 0 may be useful in research on 
the constitution of the baths. 

Determination of Acidity. The acidity of an acid bath such 
as acid copper or zinc can be determined by direct titration with 
a standard alkali, e,g., 0.5N NaOH. The end point should be at 
a sufficiently low pH, e.g., 3, that the metal salt does not yield a 
precipitate of the hydroxide. For most such baths, methyl orange 
is a satisfactory indicator. Even when, as in a copper bath, the 
color of the solution obscures that of the indicator, there is still 
sufficient change in color to detect the end point. In a copper 
bath methyl orange produces a purple color that changes to green 
at the end point. In such cases slightly more indicator is required 
than normally. 

If many such titrations are to be made, an electrometric end 
point may be used. This may consist of a platinum wire and a 
calomel electrode, which both dip into the solution being titrated. 
The potential of this couple, as read on a simple potentiometer or 
high-resistance voltmeter, will change sharply at the point of 
neutralization. With a quinhydrone or glass electrode a specific 
pH value known to represent the end point of the titration can 
be selected. 

The calculation of the acidity is conveniently made in terms of 
normality, which can then be converted to other desired units. 

Example, Suppose that when a 10-ml sample of an acid copper bath is 
diluted to 25 ml, a few drops of methyl orange added and titrated with 
0.5^ NaOH, 28 ml of NaOH is required. 

l,4N H2SO4 

68.6 g/l of H2SO4 

9.1 oz/gal of H2SO4 

Measurement of pH. The determination of pH can be made 
by any convenient method (page 76). The electrometric method 
with a glass electrode is now almost universally employed in all 
large works laboratories for both acid and alkaline baths, because 
it is practically free from errors from salts or oxidizing agents and 

28 X 0.5 ^ 
10 

1.4 X 49 = 

68.6 
7.5 
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gives very reproducible results. It has therefore almost com¬ 
pletely displaced the quinhydrone method. For smaller plants 
colorimetric methods are cheaper and generally adequate. 

Content of Metal and Other Constituents in Add and NevJtral 
Baths. The metal contents of most plating baths are determined 
by volumetric methods, although for specific metals colorimetric 
methods may be applicable. In the following outlines the prin¬ 
ciples and the essential steps are described. A little experience 
will enable an operator to work out appropriate details for each 
bath. 

Copper. The content of copper in an acid sulfate bath can be 
readily determined by three methods, depending respectively on 
(1) the specific gravity of the bath, (2) electrodeposition of the 
copper, and (3) titration with sodium thiosulfate. 

1. From specific gravity. If a bath contains only two dissolved 
substances and it is feasible to determine the content of one, that 
of the other can be derived from the specific gravity of the bath. 
The specific gravity of a bath containing copper sulfate and sul¬ 
furic acid depends only on the sum of the two concentrations. 
For example, as shown in Table 19 (Appendix), in such a bath a 
specific gravity of 1.18 corresponds to 303 g/1 (or 40.6 oz/gal) of 
copper sulfate plus sulfuric acid. If then the acid content, deter¬ 
mined as on page 171, is found to be 70 g/1 (or 9.4 oz/gal), the 
copper sulfate, CuS04'5H20, must be equal to 

303 - 70 = 233 g/1 or 31.2 oz/gal 

This method involves the following steps. 
a. Measure the specific gravity. 
b. From Table 19 determine the total content of copper sulfate 

plus sulfuric acid corresponding to this specific gravity. 
c. Titrate the free sulfuric acid. 
d. Subtract the content of sulfuric acid from the total concen¬ 

tration found in b to obtain that of copper sulfate, CuS04*5H20. 
This method is adequate for control of baths that do not contain 

more than a few grams per liter of intentional additions or of 
impurities such as iron salts. 

2. Electrolytic method. Dilute a 10-ml sample to 100 ml in a 
150-ml beaker, add a few drops of nitric acid, and electrolyze with 
platinum gauze electrodes or with a copper cathode and a lead or 
platinum anode. A simple arrangement is shown in Fig. 41. A 
current density of about 0.26 amp/dm^ can be used in a still 
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solution or 1.0 amp/dm^ if the solution is agitated with air or a 
stirrer. When the blue color of the solution has disappeared, 
a drop is placed on a spot plate and a drop of potassium 
ferrocyanide solution added. If any brown color appears, 
electrolysis is continued until no test for copper is obtained. The 
cathode is then removed, rinsed quickly with water and then with 
95 per cent ethyl alcohol, dried in a warm place, cooled in a desic¬ 
cator, and weighed. The increase in 
weight represents the copper content 
of the sample taken. 

If much iron is present in the bath, 
it should be removed. After the addi¬ 
tion of the nitric acid, the solution is 
heated nearly to boiling, an excess of 
ammonium hydroxide is added, and 
the precipitate of ferric hydroxide is 
filtered out and washed. The filtrate 
is then acidified with sulfuric acid, of 
which a slight excess is added. Elec¬ 
trolysis is then conducted as above. 

« , t t . t . Fig. 41. Diagram of apparatus 
Example, If 10 ml of tho copper bath yields {qj. electrolytic determination 

0.513 g of copp>er, the solution contains 100 of copper. A, platinum gauze 
X 0.513 = 51.3 g/1 of copper. As crystallized cathode. B, platinum spiral 
copper sulfate, CuS04*5H20, contains 25.4 per 
cent of copper, this is equivalent to 

100 
X 51.3 = 202 g/1 (27 oz/gal) of copper sulfate 

3. Thiosulfate titration. This method depends upon the fact 
that a cupric salt, such as cupric sulfate or acetate (in which the 
copper has a valence of II), is reduced by potassium iodide, KI, to 
form a white precipitate of cuprous iodide, CU2I2, and free iodine, 
I2, according to the equation 

2Cu (0211302)2 *4“ 4KI = CU2I2 4" I2 "4* 4KC2H3O2 

cupric potassium cuprous iodine potassium 
acetate iodide iodide acetate 

The iodine that is liberated is titrated with sodium thiosulfate, 
Na2S208, thus: 

Na2S208 4“ I2 “ Na2S406 4“ 2NaI 
sodium iodine sodium sodium 
thiosulfate tetrathionate iodide 
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The end point of the titration is determined by adding starch 
and noting when the blue color formed by starch and iodine 
disappears. 

The anal3rsis is conducted as follows: A 5-ml sample is diluted 
to 50 ml, and ammonium hydroxide is added just until a clear 
deep blue color is produced. Acetic acid is then added until the 
color changes to a light blue or green. The solution is allowed to 
cool, after which 2 g of potassium iodide, KI, is added. The 
solution is then titrated with a O.liV solution of sodium thiosulfate, 
containing 25 g/1 of Na2S203*5H20, until the brown color nearly 
disappears. A few drops of a starch solution (made by pouring 
a paste of 1 g of starch into 100 ml of boiling water) are added. 
The titration is then continued until the blue color jyst disappears. 

The sodium thiosulfate is standardized by the same procedure 
against a solution containing a known amount of copper. This 
caii be made by dissolving exactly 10 g of pure metallic copper in 
nitric acid, adding 10 ml of sulfuric acid, and evaporating to fumes 
of sulfuric acid. The residue is dissolved in water and diluted to 
1 1. Each milliliter of this solution contains 0.01 g of copper. 

Example, When 25 ml of the standard copper solution (equivalent to 
0.25 g of Cu) was treated and titrated as above, 41 ml of NasS208 was required. 
Hence 1 ml of Na*S20j is equal to 0.25/41 = 0.0061 g of Cu. If 5 ml of the 
plating solution required 47 mi of Na2S203, the copper content is 

1 000 
47 X 0.0061 X = 57.4 g/1 or 7.7 oz/gal of copper 

or 
otm 

57.4 X = 226 g/1 or 30.1 oz/gal of copper sulfate, CuS04*5Ha0 00.0 

Zinc. 1. Ferrocyanide titration. The zinc content of zinc¬ 
plating baths is most commonly determined by titration with 
potassium ferrocyanide, K4Fe(CN)6. This method depends upon 
the fact that when K4Fe(CN)e is added to an acidified solution of 
a zinc salt, a white precipitate is formed, which consists of a mix¬ 
ture of potassium zinc ferrocyanide, K2ZnFe(CN)c, and zinc 
ferrocyanide, Zn2Fe(CN)6. The end point is detected by testing 
a drop of the solution on a spot plate with uranium acetate, which 
produces a brown color if any excess of potassium ferrocyanide is 
present. Another indicator is diphenylbenzidine, which can be 
added directly to the solution titrated. It turns from purple to 
pale green at the end point. One inilliliter of a solution prepared 
by dissolving 22 g of potassium ferrocyanide, K4Fe(CN)6*3H20, in 
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water and diluting to 1 1 is equivalent to about 0.005 g of zinc. 
It is standardized against pure granulated zinc (not zinc dust). 
A standard zinc solution can be prepared by dissolving'exactly 
10 g of pure zinc in dilute HCl and diluting to 1 1. One milliliter 
of this zinc chloride solution contains 0.01 g of zinc. 

The standardization is carried out as follows: twenty«five milli¬ 
liters of the standard zinc solution is diluted to 100 ml, and 5 ml 
of concentrated HCl and 5 g of ammonium chloride are added. 
The solution is heated nearly to boiling, e.gf., to 80®C (176®F), and 
the ferrocyanide is run in from a burette, while the solution is 
stirred vigorously. When somewhat less than the estimated 
volume of ferrocyanide has been added, a drop of the solution is 
placed on a spot plate with one drop of a 10 per cent solution of 
uranium acetate. If a brown color appears, the end point has 
been passed, the titration must be repeated, and the first test made 
when less ferrocyanide is added. If no brown color appears, 1 ml 
of ferrocyanide is added, a drop tested, and this is repeated till 
a brown color appears. 

Instead of testing on a spot plate with uranium acetate, a few 
drops of a diphenylbenzidine solution (1 g/1) are added and the 
titration is made with ferrocyanide till the color changes from 
purple to pale green. This end point is inaccurate if appreciable 
amounts of copper or iron are present. 

The titration of an acid zinc bath is made similarly on a 5-ml 
sample, diluted to 100 ml, and 5 ml of HCl and 5 g of NH4CI are 
added. If much iron is present in the bath, it should be precipi¬ 
tated with ammonia and filtered out, and the filtrate titrated with 
ferrocyanide. 

Example. When 25 ml of the standard zinc solution (equivalent to 0.25 g 
of zinc) was titrated, it required 48 ml of the ferrocyanide solution. One 
milliliter of the latter is therefore equivalent to 0.25/48 == 0.0052 g of zinc. 
When a 5-ml sample of an acid zinc bath was titrated, it required 46 ml of the 
ferrocyanide. The bath therefore contains 

1 onn 
46 X 0.0052 X ' ■■ =» 48 g/1 or 6.4 oz/gal of zinc 

0 

This is equivalent to 

X 48 = 211 g/1 or 28.3 oz/gal of zinc sulfate, ZnS04-7Hj0 

Tin. In acid tin baths the tin is principally in the stannous 
condition, Sn^^. The stannous tin can therefore be titrated 
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directly with d standard iodine solution. The content of stannic 
tin is then determined by reducing it and titrating the total tin 
with iodine. 

1. Stannous tin. A 10-mI sample is diluted to 200 ml in a 
500-ml flask,' and 15 ml of concentrated HCl is added. It is then 
titrated directly with a 0,1N iodine solution, which has been stand¬ 
ardized against potassium dichromate by means of a sodium 
thiosulfate solution. Starch is used as the indicator, which pro¬ 
duces a blue color when any free iodine is present. The iodine 
solution can also be standardized against freshly prepared stannous 
chloride, made by dissolving a weighed amount of tin foil in 
hydrochloric acid. 

Example, When 10 ml of exactly 0,1N K2Cr207 was treated with an excess 
of potassium iodide and the liberated iodine was titrated with Na2S208, it 

required 13 ml of the Na2S20|. Hence the Na2S20s Is jg X 0.1 = 0.077iNr. 

When 10 ml of the standard iodine solution was similarly titrated with the 
Na2S20s) it required 11.8 ml of the Na^SaOs. Hence the iodine solution is 

^ X 0.077 » O.OOIAT. 

If, then, 10 ml of the tin sulfate bath required 40 ml of the iodine solution, 
40 

the concentration of stannous tin is X 0.091 = 0.364Ar. The content of 

stannous tin is therefore 

1 IS 7 
X 0.364 = 21.6 g/1 or 2.88 oz/gal of Sn“ 

That of stannous sulfate, SnS04, is 

X 0.364 - 39.2 g/1 or 5.21 oz/gal 

2. Stannic tin. A 10-ml sample is placed in a 500-ml flask, 
and 100 ml of concentrated HCl, 15 ml of concentrated H2SO4, 

3 g of iron powder reduced by hydrogen are added and sufficient 
water to make a total volume of 300 ml. The flask is closed with a 
stopper having an outlet tube, and the contents are boiled for 10 

. min to reduce the stannic sulfate. While the contents are still boil¬ 
ing, the outlet is immersed in a beaker containing 150 ml of a satu¬ 

rated sodium bicarbonate solution. The flame is turned off, and 
bicarbonate is drawn into the flask, releasing carbon dioxide, 
which prevents oxidation of the stannous tin. When cool, the 
solution is titrated with iodine as before. The volume of iodine 
solution above that in the first titration corresponds to the 
stannic tin. 
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Example, If, after reduction, 10 ml of the above bath required 45 ml of 
iodine, the stannous tin produced by the reduction of stannic tin is equal to 

X 0 091 = 0.046A^ lU t 

118 7 
X 0.046 * 2.73 g/1 or 0.36 oz/gal of Sn originally present as Sn^^ 

That of stannic sulfate, Sn (804)2, is equal to 
qiA 7 

X 0.046 = 7.14 g/l or 0.95 oz/gal 

Lead. 1. Sulfate precipitation. The most convenient method 
for determining lead is the gravimetric sulfate precipitation, which 
is applicable to the fluoborate, huosilicate, and sulfamate baths. 

A 10-ml sample is diluted to 100 ml, heated to boiling, and an 
excess of 10 per cent sulfuric acid is added. The solution is allowed 
to cool, filtered through a weighed Gooch crucible, washed first 
with dilute sulfuric acid and then with alcohol, dried, and weighed. 
The increase in weight is lead sulfate, PbS04, • 

Therefore, 

Pb 

PbS04 

207 
303 

0.68 

g PbS04 X 0.68 X 100 = g/l of lead 

Example. If, from 10 ml of the lead bath, the precipitate of lead sulfate 
weighed 1.17 g, then the lead content is 

1.17 X 0.68 X 100 = 79.6 g/l or 10.6 oz/gal of Pb 

Chromium Baths. The principal determinations required in 
the control of a chromic acid bath are hexavalent chromium, 
trivalent chromium, iron, and sulfate. The approximate content 
of chromic acid can be estimated from the specific gravity (Table 22, 
Appendix). 

1. Hexavalent chromium. Several methods may be used, all 
of which depend upon quantitative reduction of the hexavalent 

chromium to trivalent chromium. If ferrous sulfate is used as 
the reducing agent, an electrometric end point can be employed 
or an excess can be added and titrated with potassium dichromate. 
In another method potassium iodide is added and the liberated 
iodine is titrated with sodium thiosulfate. 

a. Ferrous sulfate titration. (1) Electrometric. An approxi¬ 
mately O.liV^ ferrous solution is prepared by dissolving 40 g of 
ferrous ammonium sulfate, FeS04*(NH4)2S04*6H20, in water; 
adding 75 ml of concentrated sulfuric acid, and diluting to 1 1. 
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An exactly O.liV^ solution of potassium dichromate, KsCrsO;, is 
prepared by dissolving in water 4.90 g of pure KtCrsOr, dried at 
130”C, and fluting tQ 11. 

The electrometric titration is'carried out as follows: The ferrous 
sulfate is standardized against the dichromate by taking 25 ml of 
the latter, diluting to 300 ml, and introducing a platinum wire 
and the tip of a calomel electrode, connected as shown in Fig. 42. 

Fio. 42. Diagram of apparatus for electrometric titration. A, platinum wire. 
By tip of calomel half cell. C, calomel half cell. Dy stirrer. Vy high>resistance 
voltmeter (or potentiometer). Sy switch. 

The ferrous sulfate is then added from a burette until a sudden 
marked change occurs in the voltmeter reading. This marks the 
end point. 

To secure a small sample of the plating bath, e.g., 0.5 ml, a 
10-ml sample of the bath is diluted to 500 ml and a 25-ml portion 
of this solution is used, i,e.f 0.5 ml of the original. This is diluted 
to 300 ml and is titrated electrometrically with the ferrous sulfate. 

Example^ When 25 ml of O.liV KtCrgO? was titrated, it required 28 ml of 
ferrous sulfate. The latter is therefore 

g X 0.1 - 0.080iV 

If 0.5 ml of the plating bath required 39 ml of the ferrous sulfate, the hex- 
avalent chromium or CrOt in the bath is 

^ X 0.089 - 6.9Ar 



ANALYSIS OF SOLUTIONS 179 

With respect to oxidation, CrOi is trivalent; t.e., it loses three valences when 
reduced from Cr^* to Cr*“. Hence this solution is 

^ = 2.3M (molar) 

As the molecular weight of CrOs is 100, the solution contains 

2.3 X 100 = 230 g/1 or 30.7 oz/gal of CrO, 

(2) Excess method. If an electrometric end point is not avail¬ 
able, a measured volume of ferrous sulfate is added, and the excess 
is titrated with dichromate, using diphenylamine as an inside 
indicator. The ferrous sulfate is checked against the dichromate 
with the same indicator. 

Example, Suppose that by this titration the ferrous sulfate was found to 
be O.OSOiV as in the above example. Then 50 ml of the FeS04 was added 
to 0.5 ml of the bath, and 12.4 ml of 0.1 AT K2Cr207 was required to titrate 
the excess FeS04. The volume of FeS04 consumed by the 0.5-ml bath sample 
was therefore 

The remainder of the calculation is the same as in the last example. 

6. Iodine-thiosulfate titration. In this procedure it is necessary 
to add a fluoride to prevent any ferric iron present from liberating 
iodine. The analysis is conducted as follows: 

A 10-ml bath sample is diluted to 500 ml, and 10 ml of this 
solution (equivalent to 0.2 ml of the original bath) is diluted to 
100 ml. Two grams of ammonium bifluoride, NH4HF2; 15 ml of 
concentrated HCl; and I g of KI are added. The solution is then 
titrated with O.IJV Na2S208 until the brown color almost disappears. 
A few milliliters of a 1 per cent starch solution are added, and the 
titration is continued till the blue color disappears. The Na2S20s 
is standardized against O.IAT K2Cr207 (page 178). 

Example. If 10 ml of O.liV K2Cr207 required 11 ml of Na2S20t, the latter 

is 0.1 X = O.OOliV. If 0.2 ml of the chromium bath required 16 ml of 

Na2S20|, the CrOj in the bath is ^ X 0.091 *» 7.ZN or ^ * 2.43Af (molar). 

It therefore contains 

2.43 X 100 = 243 g/1 or 32.4 oz/gal of CrO, 

2. Trivalent chromium, a. Differential titration. The simplest 

method of determining the content of trivalent chromium involves 
(1) titration of the hexavalent chromium and (2) titration of the 
total chromium after the trivalent chromium has been oxidized to 
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the hexavalent. ‘ The difference between the two titrations repre¬ 
sents the content of trivalent chromium originally present. One 
serious objection to this method is that the results depend upon 
the difference in the titrations of two large concentrations and are 
hence subject to error. Suppose, for example, that the concen¬ 
trations of hexavalent chromium before and after oxidation cor¬ 
responded, respectively, to 247 and 251 g/1 of CrOs. The difference, 
i.e., 4 g/1, would represent the trivalent chromium that had been 
oxidized to CrOs. If an error of only 1 g/1 had been made in each 
titration, so that the values became 248 and 250 g/1, the difference 
of 2 g/1 would represent an error of 50 per cent in the reported 
value for trivalent chromium. Fortunately, it is usually unneces¬ 
sary to determine the trivalent chromium unless it is more than 
about 10 g/1, in which case these errors become relatively small 
and unimportant. For more accurate determinations of trivalent 
chromium a direct titration is preferable (see below). 

The trivalent chromium can be oxidized under appropriate 
conditions by means of persulfate or of sodium peroxide. The 
latter method is simpler. To a diluted sample of the bath (e.gf., 
representing 0.5 ml of the original) about 0.2 g of sodium peroxide, 
Na202, is added, and the solution is boiled for about 30 min. It 
is then cooled and titrated according to one of the methods 
described above, normally the same one as was used for the first 
titration of hexavalent chromium. 

Example, Suppose another 0.2-ml sample of the same solution as on 
page 179 was oxidized and titrated with thiosulfate and required 18 ml of the 
0.091i\r NasSsOs solution. Then it is evident that the trivalent chromium 
is equivalent to 18 — 16 2 ml of Na2S208. 

^ X 0.091 = 0.91ArCr«i 

- 0.303ikf 

It therefore contains 

0.303 X 52 * 16.7 g/1 or 2.1 oz/gal of trivalent Cr 

While this is probably present as chromium dichromate, Cr2(Cr207)8, it is 
usually most convenient to express the content as metallic chromium in the 
trivalent state. 

h. Direct titration. In this method,^ the trivalent chromium is 
oxidized to hexavalent by the addition of an excess of ceric sulfate, 
Ce2(S04)8. After oxidation is complete, the excess of ceric sulfate 

^Willard, H. H., and Young, P., Trane. Electrochem. Soc.f vol. 67, p. 

847, 1936. 
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is titrated with a standard sodium nitrite solution. The end 
point is determined electrometricallyi e,g,, by means of a platimun 
electrode and a silver-silver chloride electrode. 

To a 5-ml sample are added 5 ml of HNO3 (sp gr 1.42) and water 
to produce about 150 ml. Exactly 25 ml of a standardized O.liV 
ceric sulfate solution is added, and the mixture is heated to 55®C 
and kept there 5 min. The excess of ceric sulfate is then titrated 
potentiometrically with 0.05iV’ sodium nitrite while the solution is 
kept at 55®C. The tip of the burette should extend under the 
surface of the liquid. The end point is disclosed by a large change in 
the potential. The ceric sulfate is standardized against pure AS2O3, 
with osmium tetroxide as a catalyst and orthophenanthroline 
ferrous complex as the indicator, with changes from pink to pale 
blue at the end point. Unfortunately this indicator is masked by 
the chromic acid, so that a potentiometric titration must be used 
for the chromium determination. 

3. Trivalent chromium plus iron. a. Gravimetric. Because 
the effects of trivalent chromium and dissolved iron (which is also 
trivalent) are similar, and because their gravimetric determination 
involves the precipitation of both, they are conveniently discussed 
together. 

The method depends upon the precipitation of the iron and 
trivalent chromium as hydroxides, Fe(OH)3 and Cr(OH)3, and 
their separation by oxidizing the chromium to the soluble chromate. 
The latter is determined by titration, and the iron is ignited and 
weighed as ferric oxide, Fe-iOa. Because the precipitated hydrox¬ 
ides tend to carry down hexavalent chromium, it is necessary to 
redissolve and reprecipitate them. 

A 25-ml sample of the chromium bath is diluted to 200 ml, 
heated to boiling, and a slight excess of ammonium hydroxide is 
added. The precipitate of chromic hydroxide, Cr(OH)s, and ferric 
hydroxide, Fe(OH)3 (which contains some chromate), is filtered 
out, washed with hot water, and dissolved in dilute sulfuric acid. 
It is again precipitated with ammonia, filtered, and washed with 
hot water. The precipitate is dissolved in dilute sulfuric acid, 
and an excess of sodium hydroxide is added, followed by a few 
milliliters of hydrogen peroxide or of bromine water. The solu¬ 
tion is boiled and filtered; the precipitate is again dissolved in 
sulfuric acid and boiled with sodium hydroxide and hydrogen 
peroxide and filtered. The precipitate is ignited and weighed as 
Fe203. The combined filtrates containing the chromium oxidized 
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to chromate are acidified, boiled to expel hydrogen peroxide or 
bromine, and titrated as on page 178. 

Example. If 25 ml of the bath yielded 0.0832 g of FeaO], the solution 

. . , 1,000 ^ _ 2Fe 112 
contaaned X 0.0832 

40 X 0.0832 X 0.70 = 2.33 g/1 or 0.31 oz/gal of Fe 

If the chromate produced from 25 ml of the bath required 35 ml of 0.Q89N 
ferrous sulfate, the trivalent chromium is equal te 

^ X 0.089 = 0.125J\r 

RO 

X 0.125 * 2.2 g/1 or 0.3 oz/gal of trivalent Cr 

6. Indirect methods have been proposed for determining trivalent 
chromium and iron. For example, if the content of hexavalent 
chromium in a bath is determined and either the density or the con¬ 
ductivity of the solution is measured, it is possible from appropriate 
diagrams to estimate approximately the sum of the trivalent 
chromium and iron. 

c, Spectrophotometric. In two recent publications^ methods 
are described for the colorimetric determination of trivalent chro¬ 
mium and of iron in chromic acid baths, using a spectrophotometer 
(page 162). The concentration of hexavalent chromium can be 
similarly determined. In the standardization of the method for 
trivalent chromium, it is probable that the color (hence the absorp¬ 
tion) of the trivalent chromium compound used (which may be 
green or violet) and its stability must be taken into account. 

4. Sulfate, a. Gravimetric method. The most common method 
for determining sulfate is the gravimetric, in which barium sulfate 
is precipitated, washed, ignited, and weighed as BaS04. If this 
method were applied directly to the chromic acid solution, some 
barium chromate would be precipitated with the sulfate. This 
difficulty is avoided by first reducing the chromic acid to the 
trivalent state. It is, however, difficult to precipitate sulfate 
completely from a solution containing chromic sulfate and chloride. 
If acetic acid is also added, precipitation of barium sulfate is more 
rapid and complete.* The method is carried out as follows: To 

^Baylby, W. J., J. Eleclrodepoaitora^ Tech, Soc,^ vol. 22, p. 121, 1947. 

Styles, H. E., J, Electrodepoeitors* Tech, Sae,^ vol. 22, p. 129, 1947. 
• WiLLABD, H. H., and Schneidewind, R., Trane, Am, Electrochem, Soc,, 

Yol, 66, p. 333, 1929. 
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a 10-ml sample in a 250-ml beaker are added 10 ml of concentrated 
HCl, 25 ml of ethyl alcohol (or isopropyl alcohol), and 40 ml of 
glacial acetic acid. (These three materials can be previously 
mixed and used as required.) The solution is boiled for 15 min, 
diluted with hot water to 150 ml, allowed to stand, and filtered to 
remove any suspended impurities. The filtrate is heated to 
boiling, and 10 ml of a 10 per cent solution of barium chloride, 
BaCl2*2H20, is added gradually, with stirring. The solution is 
then allowed to stand at about 70°C for 2 to 4 hr, after which the 
precipitate is filtered out, washed with hot water, ignited, and 
weighed as BaS04. 

Example, If the precipitate of BaS04 from 10 ml of the bath weighed 

0.0632 g, the solution contains 

1,000 
10 

X 0.0632 
SO4 96 

BaS04 “233.4 

100 X 0.0632 X 0.41 = 2.59 g/1 or 0.35 oz/gal of SO« 

The solution is 
O RQ 

* 0.054Ar in sulfate 

b. Centrifuge method. In this rapid method the BaS04 is 
precipitated in the presence of the chromic acid, with considerable 
HCl present to prevent precipitation of BaCr04. The solution 
and precipitate are then whirled in a centrifuge in a tube having 
a small graduated extension into which the BaS04 settles. The 
volume of BaS04 is measured. The tube is calibrated by means 
of a chromic acid solution with a known content of sulfate. With 
careful control of all conditions, the method yields results that are 
accurate to about ± 10 per cent of the sulfate, which is often ade¬ 
quate for works control. 

c. Turbidimeter method. In this procedure^ the barium sulfate 
is precipitated in such a way that it remains in suspension. Its 
amount is then estimated from the measured turbidity of the 
solution. 

Iron Baths. In baths consisting mostly of ferrous sulfate or 
chloride, the principal determinations made are of ferrous iron 
and acidity. The latter can be controlled either by titrations or 
by pH measurements. Only occasional determinations of ferric 

^ Willard, H. H., and Schneidewxnd, R., Trane, Am, Electrochem, Soc,^ 
vol. 56, p. 341, 1929. 
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iron or of added salts such as ammonium sulfate or calcium chloride 
are required, because their concentrations are not critical. 

1. Ferrous iron. a. Permanganate method. If the bath con¬ 
sists principally of ferrous sulfate (or ferrous ammonium sulfate), 
the content of ferrous iron can be readily titrated with standard 
permanganate solution. A 5-ml sample is diluted to 50 ml, 10 ml 
of concentrated H2SO4 added, and the solution is titrated with 
0.5N KMn04 to the appearance of a permanent pink color. The 
KMn04 may be standardized against sodium oxalate or for this 
purpose against pure crystallized ferrous ammonium sulfate, 
FeS04, (NH4)2S04*6H20, which contains exactly one-seventh of 
iron. 

Example, When a permanganate solution, containing 16 g/1 of KMn04, 
was used to titrate 2.10 g of ferrous ammonium sulfate, 22 ml of KMn04 was 
required. One milliliter of the permanganate is therefore equal to 

1 WOIAW 56 
22 X X FeS0«(NH4)sS04-6H20 392 

^ X 2.10 X 0.143 = 0.0136 g of Fe 

If 5 ml of the plating bath required 30.4 ml of KMn04, the bath contained 

X 30.4 X 0.0136 = 82.6 g/1 or 11.0 oz/gal of Fe 
o 

A normal solution of a ferrous salt contains 56/2 = 28 g/1 of Fe. Hence 
this bath is 82.6/28 = 2.9N in ferrous salt. 

b. Dichromate method. If the bath contains ferrous chloride 
or any appreciable amount of a chloride, it is more conveniently 
titrated with potassium dichromate, using diphenylamine as an 
inside indicator. This titration is also convenient for sulfate 
baths. The calculations are similar to those above. The 0.5N 
dichromate is prepared by dissolving exactly 24.5 g of pure 
K2Cr207 in 1 1. 

2. Ferric iron. The presence of appreciable ferric iron in a bath 
is shown by a yellow color, which indicates the need for reduction 
of the bath with iron and acid. The most satisfactory method of 
determining the content of ferric iron is by first titrating for ferrous 
iron as above, then reducing a fresh sample (e.g.y with zinc), and 
titrating the total iron content. The difference between the two 
titrations corresponds to the ferric iron. 

3. Acidity, a. Titration. The free acid may be titrated with 
standard alkali, using bromphenol blue as the indicator. If much 
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ferric iron is present, some of it may be included in the result of 
this titration. 

4. Calcium. The content of calcium chloride in a bath con¬ 
taining only ferrous and calcium chlorides can be estimated from 
the specific gravity and the iron content (Table 23 in Appendix). 

Cobalt and Nickel Baths. Most methods of analysis for 
these two metals and their baths are similar. 

1. Metal content, a. Electrolytic. In the usual methods for 
the electrolytic determination, nickel and cobalt are deposited 
together and are not separated. In reporting such results it 
should be recalled that most nickel baths contain some cobalt and 
vice versa. The electrolytic method is carried out as follows. 

To 25 ml of the bath, 5 g of ammonium sulfate (NH4)2S04, and 
25 ml of concentrated ammonium hydroxide, NH4OH, are added, 
and the solution is diluted to 200 ml. It is then electrolyzed with 
a platinum or copper cathode at 2 amp/dm^ for about 1 hr if 
stirred or at 0.5 amp/dm^ for several hours if not agitated. After 
the blue color of the solution has disappeared, a drop is removed 
and a drop of a 1 per cent alcoholic solution of dimethylglyoxime 
is added on a spot plate. Electrolysis is continued till no pink 
color appears in the tested drop. The cathode is washed with 
water and then with alcohol, dried, and weighed. The increase 
in weight represents nickel (plus cobalt if present). 

If from 25 ml the deposit weighs 1.50 g, the solution contains 

X 1.50 = 60.0 g/1 or 8 oz/gal of Ni 

The solution is 

= 2.04i\r in nickel 

2. Nickel, o. Cyanide titration. This titration depends upon 
the reaction of nickel salts with sodium cyanide to form the nearly 
colorless soluble complex salt Ni(CN)2-2NaCN. Silver iodide is 
used to detect the presence of an excess of cyanide, which dissolves 
the silver iodide. Sodium pyrophosphate is added to keep any 
iron in solution and to prevent its reaction with the cyanide. 

To 10 ml of the bath, 50 ml of a solution containing 50 g/1 of 
Na4P2O7*10H2O is added. Ammonium hydroxide is added till the 
solution turns a clear dark blue, followed by 10 ml of a solution 
containing 8 g/1 of potassium iodide, KI. A solution containing 
26 g/1 of sodium cyanide, NaCN, and 1.7 g/1 of silver nitrate. 
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AgNOs, is used for the titration. The presence of the silver nitrate 
ensures that the amount of silver iodide formed and dissolved is 
proportional to the volume of sodium cyanide used in the titration. 
The solution is titrated until the precipitate of silver iodide just 
dissolves. The cyanide solution must be standardized frequently 
against a nickel solution of known strength, e,g,, one made from 
pure crystallized nickel ammonium sulfate, NiS04(NH4)2S04*6H20. 

Example, If exactly 60 g of the nickel ammonium sulfate was dissolved 
60 

in 11, the solution is = 0.304i\r and contains 0.304 X 29.3 = 8.9 g/1 Ni; 

hence 
1 ml = 0.0089 g of Ni 

If in titrating 25 ml of this solution 24 ml of the NaCN was required, 1 ml 

of NaCN = (25 X^O.0089) _ q 0093 g Ni. If 10 ml of the plating bath 

1 000 
required 42 ml of the NaCN, the bath contained X 42 X 0.0093 == 39.1 

g/1 or 5.2 02/gal of Ni and the solution is 39.1/29.3 = 1.33iV in nickel. 

h. Colorimetric. It is possible to measure the nickel content 
of a bath by comparing its green color with that of a standard 
nickel solution. Because the eye is not very sensitive to changes 
in the intensity of green solutions, some colorimetric devices use 
a pink solution to neutralize optically the green color, t.e., to pro¬ 
duce a neutral gray. Presence of other salts, such as iron and 
tartrates or citrates, changes the color of the nickel salts and must 
be taken into account even in spectrophotometric methods. 

3. Cobalt, a. Volumetric. The titration of cobalt solutions 
with cyanide requires a modified process, described by B. S. Evans.^ 
This method depends upon the fact that in alkaline solutions 
cobalt tends to oxidize from Co"*" + to Co"*" + “•■. To ensure com¬ 
plete oxidation to Co**" “*■ +, the solution is treated with a measured 
excess of NaCN solution and air is bubbled through to oxidize the 
cobalt. The excess of NaCN is titrated with AgNOs. In this 
titration the cobalt forms Co(CN)3-3NaCN. 

6. Colorimetric. Cobalt can be conveniently determined with 
a spectrophotometer, making use of the blue color produced by 
cobalt and a thiocyanate. The reagent solution contains 200 g/1 of 
NH4CNS, 20 g/1 of K4P2O7, and 50 ml/1 of acetic acid, all dissolved 
in a 1 to 1 mixture of acetone and water. Comparisons are made 
at a wavelength of 620 millimicrons. 

Eledrodepositers* Tech, Soe,, voL 14, p. 141, 1938, 
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4. Ammonia. Volumetric. A 10-ml sample of the bath is 
distilled with an excess of sodium hydroxide, and the evolved 
ammonia, NHs, is passed into and absorbed by a measured volume 
of standard hydrochloric acid, e.g., 25 ml of 0.2V HCl. The 
unneutralized acid is titrated with standard alkali, using methyl 
orange as the indicator. The content of ammonia is calculated 
as follows: 

Example. A lO-ml sample of a nickel bath was distilled into 25 ml of 
0.2iV HCl, and the excess required 8.4 ml of 0.2iV NaOH to neutralize it. 
The evolved ammonia therefore neutralized 

25 - 8.4 = 16.6 ml of HCl 

The concentration of ammonia (or of ammonium salt) is 

16.6 X 0.2 

10 
= 0.332Ar 

This is equivalent to 

0.332 X 17 = 5.6"g/l or 0.75 oz/gal of NH, 

or 

0.332 X 53.5 = 17.8 g/1 or 2.4 oz/gal of NRiC\ 

or corresponding amounts of ammonium sulfate or other ammonium salts. 

5. Chloride. Volumetric. A 10-ml sample is diluted to 
50 ml, and if the pH is low, it is neutralized to about pH = 5. 
About 1 ml of a 2 per cent solution of neutral sodium chromate, 
Na2Cr04, is added. The solution is then titrated with O.IV silver 
nitrate to the appearance of a faint permanent red precipitate. 

Example. If 10 ml of the bath required 27 ml of O.liV AgNOa, the chloride 
27 

concentration is O.l X ^ = 0.27AT. 

This is equivalent to 

0.27 X 35.5 = 9.6 g/1 or 1,28 oz/gal of Cl 

or 
0.27 X 53.5 = 14.4 g/1 or 1.93 oz/gal of NH4CI 

or 
0.27 X 119 =32.2 g/1 or 4.31 oz/gal of NiCh-OHjO 

6. Boric acid. Volumetric. There is no sample method of 
determining boric acid in the presence of fluorides. In the absence 
of fluorides, the boric acid can be titrated either before or after 
FOTioval of the nickel (or cobalt). 

To a 2-ml sample of the nickel bath are added a few drops of 
an indicator solution containing 0.2 per cent of bromthymol blue 
and 1 per cent of bromcresol purple in 93 per cent ethyl alcohol. 
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The solutiou is titrs^ted with Q.bN NaOH till the color just changes 
from green to blue. Sufficient powdered mannitol is added to 
make a thick paste, the color of which is again green. The mixture 
is again titrated with NaOH to a blue color. The content of boric 
acid is proportional to the volume of alkali required in the last 
part of the titration. 

In another method the nickel is removed by electrolysis (page 185) 
and any ferric hydroxide is filtered out. The filtrate is boiled 
with an excess of NaOH to destroy ammonium salts. A few drops 
of bromphenol blue are added, then a slight excess of sulfuric acid, 
and the solution is boiled to expel carbon dioxide. It is then 
exactly neutralized with standard NaOH. The burette reading at 
this point indicates the start of the titration. A few drops of 
phenolphthalein are added, and the solution is titrated with alkali 
until a pink color appears. About 5 g of mannitol (or 25 ml of 
glycerin) is added, which discharges the pink color. Titration is 
continued till a pink color persists after a further small addition 
of mannitol or glycerin. The volume of alkali used after the 
phenolphthalein addition corresponds to the boric acid in the 
equation 

HaBOa + NaOH = NaBOa + 2H2O 

z.e., one molecule of boric acid requires one NaOH. The mannitol 
or glycerin does not enter into the reaction but makes the end 
point distinct. 

Example. If 10 ml of the nickel bath required 11 ml of 0.5V NaOH, the 

molarUy M of the boric acid is X 0.5 = 0.55M. 

This is equivalent to 

0.55 X 62 = 34 g/l or 4.5 oz/gal of H3BO, 

7. Impurities in nickel baths. As part of an extensive research 
sponsored by the American Electroplaters' Society, methods have 
been published, principally by E. J. Serfass and his associates, on 
the determination of impurities in nickel-plating solutions.^ As 
these methods are highly specific and the researches are still in 
progress, no effort will be made to include the details in this text. 
Most of the recommended methods involve the use of some form 
of colorimeter, such as a spectrophotometer. Methods have been 

^Monthly Rev. Am. ElectropUUera* Soe.j vol. 33, pp. 1073, 1189, 1946; vol. 

34, pp. 320, 464, 1947; and Am. Electrojdatera* Soc. Research Reptf Serial 

No. 3, 1947. Proc. Am. ElectropUxters* Soc.j p. 218, 1947. 
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described for determining small amounts of lead, iron, manganese, 
copper, cadmium, chromiiun, silica, zinc, calcium, aluminum, 
sodium, and ammonium in nickel baths. Very similar methods 
can probably be used in other baths. Only when reliable methods 
for such determinations are available is it possible to determine 
if and in what concentrations any impurity has significant effects 
in a given bath. These methods will then prove useful, especially 
in large plants, for controlling the contents of deleterious impurities. 

Platinum Group Metals. 1. Platinum, a. Gravimetric. 
Before precipitating the platinum it is necessary to destroy the 
complex ammino phosphates or nitrites by boiling with sulfuric 
and nitric acid. The following procedure can be used: 

To 100 ml of the plating bath add 25 ml of concentrated HCl, 
boil, and evaporate to a sirup. Add 10 ml of concentrated H2SO4, 
and evaporate to white fumes. Cool slightly, add a few milliliters 
of concentrated HNO3 and again evaporate to fuming. Repeat 
the addition of HNO3 and evaporation a few times to destroy the 
ammino complexes. 

Finally add 10 ml of concentrated HCl, dilute to 200 ml, heat 
nearly to boiling, and pass in a rapid stream of hydrogen sulfide 
for 1/2 hr. The precipitate consists of platinum sulfide, together 
with any metallic platinum that may have been reduced during 
the evaporations. Filter, wash the precipitate with 1 per cent HCl 
solution, and ignite the precipitate in air in a porcelain crucible. 
Digest the residue with 6iV^ HNO3 to remove any included salts, 
filter, ignite, and weigh as metallic platinum. 

In a more rapid, approximate method zinc dust is added to the 
heated solution containing hydrochloric acid. This precipitates 
metallic platinum. Nitric acid is added to dissolve the excess of 
zinc, and the precipitate of platinum is filtered out, washed, 
ignited, and weighed. 

Example, If from 100 ml of the bath the platinum weighed 0.217 g, the 

bath contains 
10 X 0.217 = 2.17 g/1 of Pt 

2.17 X 0.122 = 0.264 troy oz/gal 

= 5.28 dwt/gal 

2. Rhodium, a. Gravimetric. If, as is likely to occur in a 
strongly acid solution, the rhodium bath has become contami¬ 
nated with other metals such as iron, copper, and zinc, it is neces¬ 
sary to remove these impurities before precipitating the rhodium. 
This can be accomplished either by carefully controlled hydrolysis 
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or by precipitation with potassium ferrocyanide in a weakly acid 
solution. 

The hydrolysis is conducted as follows: To 100 ml of the rhodium 
bath add 25 ml of concentrated HCl, boil for 10 min, and evaporate 
on a steam bath to a sirup. Dilute to ISO ml, and neutralize to 
a pH of 1.5 with NaOH, using thymol blue as the indicator, e.g., on 
the end of a stirring rod. Heat the solution to boiling, and add 
gradually a 10 per cent solution of NaN02, which further decreases 
the acidity and causes the precipitation of any copper, zinc, nickel, 
or iron as hydroxides. Finally, add NaOH to produce a pH of 10, 
measured by the change of thymol blue from yellow to blue. 
Filter out the precipitate, and wash it with a 1 per cent solution 
of NaN02 adjusted to a pH of 10. 

To the filtrate add 10 ml of concentrated HCl, evaporate on a 
steam bath, treat with HCl, and again evaporate. Add 10 ml HCl, 
dilute to 200 ml, heat nearly to boiling, and pass in a rapid stream 
of H2S for 1/2 hr. Filter out the precipitate of rhodium sulfide, 
wash with 1 per cent HCl, and ignite in a porcelain crucible. 
Reduce the residue (rhodium oxides) with hydrogen, using a Rose 
lid and a quartz tube. Cool in hydrogen, and weigh as metallic 
rhodium. 

Example, If from 100 ml 0.1690 g of rhodium was obtained, the bath 

contains 

10 X 0.169 = 1.69 g/1 of Rh 
1.69 X 0.122 = 0.194 troy oz/gal 

= 3.88 dwt/gal 

If ferrocyanide is used to precipitate the impurities, the bath 
sample should be diluted or neutralized to a pH of 3, as otherwise 
any copper is not entirely precipitated. The rest of the procedure 
is similar to that described for the hydrolysis. 

6. Colorimetric. It is possible to determine rhodium colon- 
metrically by comparing the red color produced by bromide in 
acid solution with that of a standard rhodium solution. This 
method is often used for rapid control of the rhodium content of 
baths and is accurate to about 10 per cent, unless interfering 
impurities are present. 

Alkaline and Cyanide Plating Baths. General. Most alkaline 
plating baths (except the stannate tin bath and the pyrophosphate 
baths) involve cyanides of sodium or potassium. In general, they 
contain (1) double metal cyanides, (2) an excess of alkali cyanide 
known free cyanide, (3) alkali carbonate, and frequently (4) free 
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sodium hydroxide. The methods of analysis are the same whether 
they are prepared from potassium cyanide, e.gr., gold and silver 
baths, or from sodium cyanide as in most other cyanide baths. 
The most common determinations for control are (1) free cyanide, 
(2) total cyanide (especially if the free cyanide is not readily 
estimated), (3) the pH or alkalinity, (4) carbonate, and (5) the 
metal content. All these methods except (5) are similar for 
different baths, with minor modifications that will be referred to. 

Free Cyanide. Regardless of whether for a given bath the free 
cyanide is defined as the excess above a specified compound, e.gf., 
KAg(CN)2, or as the excess above that required to maintain a 
clear solution of the existing composition, its titration is essentially 
empirical and must be defined for each bath. The titration of 
free cyanide is usually conducted with silver nitrate, which com¬ 
bines with alkali cyanide according to the equation 

2 NaCN + AgNOa = NaAg(CN)2 + NaNOa 

The double silver cyanide is soluble. When an excess of AgNOa 
is added, it reacts with the double cyanide to form a white pre¬ 
cipitate of AgCN, which may serve to detect the end point. 

NaAg (CN)2 + AgNOa = 2 AgCN + NaNOa 

It has been shown^ that the customary addition of potassium 
iodide, which forms a precipitate of silver iodide, Agl, at the end 
point, leads to more accurate results (especially in contaminated 
baths) because silver iodide is slightly less soluble than silver 
cyanide. 

The titration of free cyanide in a silver bath is conducted as 
follows. To a 10-ml bath sample, 0.2 g of KI is added, e.g., 10 ml 
of a solution containing 20 g/1 of KI. The solution is diluted to 
200 ml and titrated with O.IN AgNOa to a faint opalescence, best 
observed against a black surface. Because 1 AgNOa reacts with 
2KCN, O.IJV AgNOs is equivalent to 0.2N KCN. 

Example. If 10 ml of a silver bath required 8.5 ml of O.liV AgNOj, the 

bath contains 8.5 X 0.2 « 0.17iV free KCN. 

0.17 X 65 = 11.1 g/1 or 1.47 oz/gal of free KCN 

If the bath contained free NaCN, its concentration would be 

0.17 X 49 ** 8.3 g/1 or 1.11 oz/gal of free NaCN 

'Wick, R. M., J. Research Nail. Bur. StandardSf vol. 7, p. 913, 1931, 

RP384. 
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The titration of free cyanide in gold and copper baths is similar 
to that in silver baths. In gold baths the free cyanide so titrated 
is that above KAu(CN)2, exactly analogous to silver. In copper 
baths the titration corresponds to the excess above Na2Cu(CN)8 

only if considerable KI, e.j/., 1 g, is present.' In titrating copper 
baths addition of a very small amount (not over 1 ml) of ammo¬ 
nium hydroxide sharpens the end point, probably by retaining in 
solution basic carbonates or similar compounds. 

The titration of free cyanide in zinc and cadmium baths is 
unsatisfactory, because the results are influenced by the presence 
of free alkali and ammonia and the end points are uncertain. In 
a given plant it may be possible roughly to control such baths by 
arbitrary but consistent titrations of free cyanide, but the results 
do not have quantitative significance. It is therefore customary 
to determine the total cyanide and to compute the free cyanide 
from the metal content on the assumption that certain double 
cyanides are present. 

Total Cyanide. Direct Titration. To titrate the total cya¬ 
nide with silver nitrate, it is necessary to make such additions as 
will form soluble compounds with the metal present and will 
release the cyanide originally combined with the metal. For 
example, in a zinc bath, addition of an excess of sodium hydroxide 
forms soluble sodium zincate and liberates all the cyanide, which 
can then be titrated in the presence of potassium iodide. 

NajZn (CN)4 + 4NaOH = NazZnOg + 4NaCN + 2H2O 

In cadmium baths addition of an excess of ammonium hydroxide 
keeps the cadmium in solution and permits titration of the total 
cyanide. 

Example. Total cyanide in a zinc bath. A 25-ml sample of a zinc bath 
was diluted to 250 ml, and a 25-ml sample was taken (equivalent to 2.5 ml of 
the original bath) and diluted to 200 ml; 5 ml of a 10 per cent solution of 
NaOH and 10 ml of a 2 per cent solution of KI were added, and the solution 
was titrated with O.IN AgNOa (equivalent to 0.2iV NaCN) to a faint per¬ 
manent-yellow precipitate of Agl; 30 ml of AgNOt was required. The total 
cyanide in the bath is therefore 

^ X 0.2JV - 2.4iyr 
Z.o 

Suppose that titration of the zinc (page 174) in this bath showed that the 
zinc content was I.IN. This is equivalent to LliNr NaCN to form Zn(CN)2 

^ Thompson, M. R., Monthly Rev. Am. ElectropUUere* Soc,, vol. 18, May, 
1931. 
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and an additional LIN NaCN to form Na2Zn(CN)4. Hence in this bath 
the calculated free NaCN is equal to 2.4 — (1.1 + 1.1). 

2.4 ~ 2.2 * 0.2N free NaCN 
0.2 X 49 = 9.8 g/1 or 1.3 oz/gal of free NaCN 

Actually this value has little meaning unless the content of free alkali is 
also known. 

Distillation. When NaQN or KCN is treated with dilute 
acid, hydrocyanic acid, HCN, is evolved. This operation is con¬ 
ducted in a distilling flask, and the HCN is distilled out and 
collected in an excess of sodium hydroxide to form NaCN. The 
latter may then be titrated with silver nitrate. If this procedure 
is applied to determine the total cyanide in plating baths, certain 
precautions must be observed. The CuCN or AgCN that pre¬ 
cipitates on the addition of acid to the double cyanide is insoluble 
and not easily decomposed by the excess acid. The following 
procedure has been found to yield accurate results:^ 

A 5-ml sample of the cyanide bath is placed in a distilling flask 
and diluted with 50 ml of water. The outlet is arranged to distill 
into a flask containing about 70 ml of 0.4N NaOH. One hundred 
milliliters of a 1 to 10 HCl solution are poured into the distilling 
flask, and distillation is continued till about 50 per cent of the 
solution is distilled over. The solution in the receiver is then 
titrated with OAN AgNOs after the addition of KI.. The result 
represents the total cyanide (including ferrocyanide) present in 
the bath sample. 

The results for total cyanide as determined by distillation can 
be used to compute the free cyanide (page 191). Owing to uncer¬ 
tainties in the constitution of the double cyanides and to the 
possible presence of ferrocyanides, the computed values for free 
cyanide are somewhat indefinite. They may serve, however, for 
control of a given bath in continuous operation. 

pH. All cyanide baths are alkaline, f.e., have a pH above 7, 
because in aqueous solution the alkali cyanides hydrolyze accord¬ 
ing to the equation 

NaCN + H2O NaOH + HCN 

The hydrocyanic acid, HCN, is chemically a very weak acid; hence 
the solution is alkaline. The cyanide present in the complex 
cyanides such as NaAg(CN)2 is less readily hydrolyzed; hence a 

^Hbiman, S., and McNabb, W. M., Jnd. Eng. Chem., AruU. Ed., vol. 10, 
p. 698, 1938. 
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pure solution of the double salt is slightly less alkaline than an 
equivalent solution of the alkali cyanide. To some extent, there¬ 
fore, the pH is an indication of the content of free cyanide. How¬ 
ever, the cyanide solutions always contain carbonate, formed 
either by absorption of carbon dioxide from the air, e.g., by falling 
spray, or by saponification or oxidation of the cyanide. Sodium 
and potassium carbonate solutions are also alkaline as a result of 
hydrolysis. Many cyanide baths contain free alkali, either added 
as such or formed by dissolving zinc oxide or cadmium oxide in 
sodium cyanide. 

Measurement and control of the pH of cyanide baths is now a 
common practice.^ The colorimetric determination of pH in 
alkaline solutions is usually less satisfactory than in acid solutions, 
because the salt errors are larger and less consistent.^ Errors also 
arise in glass electrode measurements of strongly alkaline solutions 
unless a special glass is used. The latter method is more repro¬ 
ducible than the colorimetric and with appropriate corrections 
serves to control the baths. 

Alkaline Hydroxide, The total alkali in a zinc or cadmium bath 
can be approximately determined by first adding enough ferro- 
cyanide to precipitate the zinc or cadmium (as determined by a 
previous titration). Sufficient silver nitrate is then added to 
precipitate all the cyanide present. The solution containing the 
precipitates is then titrated with 0,2N HCl, using phenolphthalein 
as indicator. This titration is equivalent to the total NaOH plus 
one-half the Na2C03. If much carbonate is present, it should be 
determined and a correction made in the titration for total alkaline 
hydroxide. 

In a sodium stannate bath the free alkali is determined by first 
adding a slight excess of barium chloride to precipitate the car¬ 
bonate. Without filtration the solution is titrated with standard 
acid, using thymolphthalein as the indicator. 

Carbonate. Because carbonate accumulates in cyanide baths 
and may require removal, its occasional determination is desirable. 
The method most commonly used involves precipitation of barium 
carbonate, which is filtered out, washed, and dissolved in standard 
acid, the excess of which is titrated. 

^Hogaboom, G. B., Monthly Rev, Am, Eleclroplatera* Soc,^ vol. 24, p. 713, 
1937. 

> Thompson, M. R., J, Research Natl, Bur, Standardsf vol. 24, p. 423, 1940, 
RP 1291. 
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To 10 ml of the cyanide bath, 1 ml of strong ammonium hydroxide 
is added, and the solution is diluted to 50 ml and heated nearly 
to boiling. An excess of barium chloride or nitrate is added. 
The precipitate of barium carbonate, BaCOs, is filtered out and 
washed with hot water. The filter and precipitate are placed in 
a small flask with 50 ml of water, and a measured volume of 
standard HCl is added. After the precipitate has dissolved, the 
excess acid is titrated with standard NaOH, using methyl orange 
as the indicator. 

Example. The precipitate of BaCOa obtained from 10 ml of the bath was 

dissolved in 25 ml of 0.2N HCI. The excess of at^id required 12 ml of 0.2N 

NaOH to neutralize it. Hence the carbonate required 

25 - 12 = 13 ml of 0.2N HCl 

The carbonate in the bath was therefore 

or 

0.26 X 
138 

2 
= 18.0 g/1 or 2.41 oz/gal of K2CO8 

Metal Content of Cyanide Baths. Preparation of Sample. In 
order to determine the metal content of a cyanide bath, it is usually 
necessary first to destroy the cyanide. This is best accomplished 
by adding an excess of acid and evaporating in a hood to expel the 
hydrocyanic acid and most of the excess acid. Either hydro¬ 
chloric or sulfuric acid will decompose the cyanides. Use of sul¬ 
furic acid is generally preferable, because it permits heating to 
higher temperatures and thereby destroys any organic matter. 
If, as in the Rochelle salt copper bath, considerable organic com¬ 
pounds are present, a mixture of HNO3 and H2SO4 should be used. 
In any case if any dark color persists when the sulfuric acid is 
evaporated to fumes, a few drops of concentrated HNO3 are care^ 
fully added and evaporation is continued. For most cyanide 
baths the following procedure is satisfactory. 

To a 10-ml sample, add slowly 20 ml of 1 to 1 sulfuric acid. 
Evaporate in a hood till dense white fumes appear. If the residue 
is dark, add a few drops of concentrated HNOs and again evaporate 
to fumes. Cool and dilute carefully with water to 50 ml. The 
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solution is th6n ready for most of the metal determinations, which 
may be carried out by regular methods such as the following. 

CoppBB. Iodide-thiosulfate titration (page 173). 
SiLVBR. Thiocyanate titration. The silver is titrated with a 

sodium thiocyanate, NaCNS, solution, using ferric ammonium 
sulfate as the indicator, which gives a pink color when an excess 
of thiocyanate is present. 

A solution containing about 10 g/1 of NaCNS is standardized 
against O.IN AgNOj. To 10 ml of AgNOs, diluted to 100 ml, 1 
ml of a 2 per cent solution of ferric ammonium sulfate is added. It 
is then titrated with the NaCNS to the appearance of a pink color. 
The titration is made similarly of the diluted residue from the 
evaporation of a 10-ml sample of the silver bath with sulfuric acid. 

ExamjAe. If 20 ml of O.lfV^ AgNOj required 19 ml of NaCNS, the latter is 

~ X 0.1 = 0.105Ar 

If 10 ml of the silver bath required 24.2 ml of NaCNS, the bath is 

94 9 
^ X 0.105 = 0.254N 

0.254 X 108 = 27.4 g/1 or —— = 3.34 troy oz/gal of silver 

Gold. 1. Precipitation. In the residue from the acid evapora¬ 
tion of a gold bath, the metal gold can be precipitated by the 
addition of ferrous sulfate or of hydrogen peroxide, filtered, 
washed, ignited, and weighed as gold. If evaporation is continued 
to white fumes of sulfuric acid, the gold is completely precipitated. 

2. Fire assay. Gold can also be determined by a fire assay. A 
sample of the gold bath is evaporated and mixed with an excess 
of litharge, PbO; the mass is dried and heated to fusion in a clay 
crucible, producing a lead button that contains all the gold and 
silver. This lead button is oxidized in a muffle furnace in a cuyel 
of bone ash. The resulting small bead that contains the gold and 
silver is weighed. If much silver is present (as in a green gold 
solution), the gold and silver are parted with nitric acid. 

3. Iodine titration. If copper and iron are absent, the gold 
can be determined by titration with iodide and thiosulfate. In 
this process the gold is first reduced by the KI from the trivalent 
to univalent condition and iodine is liberated. 

AuCla + 3KI * Aul + I2 + 3KC1 
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The liberated iodine is titrated with thiosulfate, using starch as 
the indicator. Because gold-plating solutions are usually dilute, 
0.0liV Na2S208 is used and is standardized against a known amount 
of gold. An excess of Na2S208 is added and is titrated back with 
O.OliV I2 solution. It is preferable to dissolve the gold in aqua 
regia or to evaporate the gold bath with aqua regia and then with 
hydrochloric acid on a steam bath, avoiding overheating, which 
may decompose the auric chloride, AuCh. 

Example, Exactly 0.04 g of pure gold was dissolved in aqua regia, evap¬ 

orated with HCl, and diluted to 50 ml; 1 g of KI was added and a few drops 

of starch solution. Titration with O.OIN thiosulfate was continued till 

after the blue color disappeared, and then O.OIN iodine was added till the 

blue color just appeared. If 47.2 ml of the Na2S208 and 5.8 ml of an exactly 

equivalent I2 solution were used, the 0.04 g of gold was equivalent to 

47.2 - 5.8 = 41.4 ml of the NaaSaOs 

Therefore each ml of the was equivalent to 0.040/41.4 =« 0.00097 g 

of Au. 

If 25 ml of the gold bath required 42.6 ml of Na2S208 and 3.6 ml of I2 solu¬ 

tion, the gold was equivalent to 

42.6 - 3.6 = 39 ml of Na2S208 

The bath therefore contained 

X 39 X 0.00097 = 1.51 g/1 

or 

1.51 X 2.44 = 3.7 dwt/gal 

or 

1.51 X 0.122 = 0.184 troy oz/gal of goli 

4. Colorimetric. The gold can also be determined colori- 
metricallj" after addition of orthotolidine (page 163) to the 
solution that has been evaporated with aqua regia to destroy 
cyanide. Since in this method a very small sample of the gold 
solution is employed, it is preferable to evaporate a larger sample, 
e.g.y 10 ml, with aqua regia and to dilute the residue, still containing 
some aqua regia, to, for example, 11. A small sample, e.g.y 10 ml 
(equivalent to 0.1 ml of the bath), is then carefully evaporated with 
hydrochloric acid in a stream of pure air to expel the acid without 
reducing any of the gold. If a spectrophotometer is available, it 
can be used both to determine the gold content of solutions and 

the thickness of gold deposits. 
This method is used for determining gold in gold-alloy baths^ in 

^ Nell, K., Platingy vol. 35, p. 345, 1948. 
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a scheme of analy^s that also includes methods for copper, nickel, 
phosphate, carbonate, and free cyanide in such baths. 

Zinc, The zinc can be titrated with ferrocyanide (page 174) 
in the solution obtained after evaporation with sulfuric acid. 

Zinc and Copper in- Brass Baths. In the residue from 
evaporation with add, copper may be determined electrolytically 
(page 172) after the addition of a few drops of nitric acid. The 
zinc is then titrated with ferrocyanide (page 174) in the residual 
solution. 

Cadmium. 1. Volumetric. Cadmium may be titrated with 
ferrocyanide under the same conditions as zinc (page 174). Any 
zinc present in the bath is included in the titration. The ferro¬ 
cyanide should be standardized against pure cadmium. 

2. Electrolytic. Five milliliters of the bath is diluted to 80 ml, 
a slight excess of ammonia is added, and the solution is electrolyzed 
with platinum electrodes. With a rotating anode and a gauze 
cathode, at about 1.5 amp/dm^, electrolysis is usually complete in 
2 hr. 

Tin. 1. Total tin content, a. Volumetric. This method 
depends upon the reduction of the tin in acid solution by sodium 
hypophosphite, of which the excess is destroyed by boiling. The 
resultant stannous tin is titrated with a standardized iodine solu¬ 
tion, with care to exclude access of air which would reoxidize the 
stannous tin. The following reagents are employed. 

Solid sodium hypophosphite. 
Hydrochloric acid (1 to 1). 
Mercuric chloride, saturated solution. 
Citric acid, 50 g in 100 ml of water. 
Potassium iodide, 40 g/1. 
Starch solution, 1 per cent. 
Standard iodine solution, OAN, 

The titration is conducted in a 500-ml Erlenmeyer flask provided 
with a' one-hole stopper, in which is inserted a glass tube drawn 
down to a fine tip. 

To 5 ml of the plating bath add 20 ml of HCl (1 to 1), 5 g of 

hypophosphite dissolved in 80 ml of HCl (1 to 1), and 1 ml of 
mercuric chloride. The solution is boiled gently for 10 min. 
Five milliliters of KI solution, 1 ml of starch, and 50 g of citric 
acid are then added, together with a few pieces of marble, CaCOs 
(which on dissolving liberates CO2 and so excludes air). The 
flask is stoppered and cooled quickly under running water. T|^e 
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tip of the burette is then inserted instead of the glass tube, and 

titration with the iodine is conducted to the appearance of a blue 

color. 

Examifie. If 5 ml of the tin bath required 27 ml of Q.\N iodine solution, 
27 

the bath is equivalent to X 0.1 * 0.54iV iodine. In the analysis the tin 

is first reduced to stannous tin, Sn^^ and then is oxidized by the iodine to 

stannic tin, Sn^^. Hence one atom of tin is equivalent to two atoms of 
iodine, and this tin bath is 0.54/2 == 0.27ilf in tin. It therefore contains 

0.27 X 118.7 = 32.1 g/1 or 4.28 oz/gal of metallic tin 
♦ 

6. Gravimetric. The total tin content can be determined by 

evaporating to dryness 10 ml of the bath with 10 ml of concen¬ 

trated nitric acid. The insoluble residue of metastannic acid is 

filtered on a filter paper, washed with hot water, ignited, and 

weighed as SnOs, which contains 78.76 per cent of tin. 

2. Stannous tin content, a. Volumetric. A 25-ml sample is 

acidified with HCl and titrated quickly with O.liV iodine solution. 

The calculation is similar to that for total tin content. If much 

stannous tin is present, it should be subtracted from the total tin 

content to give the stannic tin. 



CHAPTER VII 

PREPARATION FOR ELECTROPLATING 

GENERAL PRINCIPLES 

Prior to the application of electroplated coatings it is essential 
that the surface of the basis metal be cleaned. The common 
foreign materials likely to be present on metal surfaces may be 
roughly divided into three major groups. The first class, often 
designated as grease or soil, includes all greasy, oily compounds 
that may have been applied to prevent corrosion during storage 
(such as slushing compounds), those applied during machining 
operations {cutting compounds), and those greases and waxes 
present in the polishing and buffing compounds used to smooth 
the metal surfaces. Even if the latter are so-called ^‘greaseless^^ 
compounds containing abrasive, glue, and a preservative, they 
may, for convenience, be included in this major group, since they 
have lubricating properties. 

The second class of contaminants includes all foreign particles 
that are not derived from the basis metal. These include the 
abrasive constituents of polishing and buffing compounds as well 
as any other dust or particles of metal that may adhere to the 
greasy surfaces. In general, the removal of the greasy materials, 
except with organic solvents, loosens and detaches these solids 
unless the latter are firmly attached to the surface. An extreme 
case of firm adhesion is represented by particles of sand or steel 
that may be embedded in the metal surface as a result of sand or 
shot blasting or rolling. 

The'third class of contaminants consists of those metal com¬ 
pounds, usually oxides, which are formed or left on the metal 
surface as a result of casting, rolling, machining operations, 
and heat-treatment. In specific cases, other substances such as 
graphite and sulfides may be present on the metal surfaces. 

In general, it is essential to remove all foreign substances from 
a metal surface prior to plating. In fact, it was formerly con¬ 
sidered axiomatic that adherent, impervious coatings could be 
applied only to metal surfaces that were perfectly clean. Recent 

200 
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proposals to produce an oxide film on aluminum or a phosphate 
film on steel prior to plating involve deliberate contamination of 
the metal surface. If such procedures yield adherent coatings^ 
and if the compounds are actually still present to any great extent 
between the basis metal and the coating, these usages appear to 
furnish the proverbial exception to the rule that a metal surface 
should be clean before plating. Apparently the adhesion of 
plated coatings to anodized aluminum depends on the intentional 
production of pores in the oxide film through which adhesion 
occurs. The phosphate coatings on steel are largely removed 
during the plating operation.^ 

Under any commercially practicable procedures, the metal 
surfaces are unlikely to be absolutely clean, especially because 
solid, liquid, and gaseous substances may be adsorbed on them. 
In a comprehensive paper on this subject Ernest H. Lyons, Jr.,* 
developed the thesis that for practical purposes no surfaces are 
absolutely clean before plating and that the production of adher¬ 
ent coatings depends upon the elimination of objectionable films, 
in some cases by substituting harmless films. This paper and its 
discussion represent a very timely and instructive r4sum6 of our 
knowledge (and ignorance) of the factors involved in the prepara¬ 
tion of metals for plating. We must therefore fall back on the 
somewhat equivocal statement that all harmful substances must 
be absent from the metal surface to ensure adherent plated 
coatings. 

In a recent summary of the principles of preparing metal sur¬ 
faces for electroplating Walter R. Meyer® defines a clean metal 
surface as one on which there are no interfering films that are 
thicker than the order of magnitude of the atomic spacing of the 
basis metal and deposited metal. If thicker films are present, 
they prevent the atoms of the deposited metal from approaching 
those of the basis metal closely enough to permit the attractive 
forces of adhesion to be exerted. 

One serious obstacle to exhaustive research on the cleaning of 
metals is the difficulty of defining when a surface is clean. The 
criteria most commonly applied are (1) the absence of a water 
breaky i.e.y the complete wetting of the surface when it is rinsed in 
water; (2) freedom from any loose smut that can be rubbed 

^ Trans. Electrochem. Soc.j vol. 84, p. 336, 1943. 

* Trans. Electrochem. Soc.y vol. 88, p. 281, 1945. 
* Presented at Wayne University, Detroit, in 1948. 
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off; and (3) the production of continuous, adherent coatings. 
None of these tests furnishes quantitative evidence of the degree 
of cleanness of the surface. As will be seen, most solutions for 
final removal of grease aie alkaline and have a low surface tension. 
Such solutions are very difficult to rinse off, owing to adsorption 
of alkali on the metal surface. This residue of cleaning solution 
may cause the film of water to bridge over small areas of grease 

and hence may yield fictitious evidence of freedom from water 
break. If such a surface is pickled in acid, the alkaline film is 
neutralized and the presence of any grease is revealed by failure 

to pickle uniformly on those areas. For this reason, freedom from 
water break is a valid evidence of cleanness only if the surface has 
been dipped into acid, preferably hydrochloric, and again rinsed. 

Even then, freedom from water break is no proof that finely 
divided smut may not be present, as shown by production of a 
hazy deposit in a bright-nickel bath. 

The ability of a steel surface to receive an adherent coating of 
copper by immersion in copper sulfate may serve as a test for 
the cleanness of the surface.' 

As explained in Chap. V, there are at present no entirely satis¬ 
factory nondestructive tests for adhesion and no quantitative 
methods that can be applied to plated articles. Hence the most 
that can be said of a given cleaning procedure is that it does or 
does not yield sufficiently adherent coatings to meet particular 
requirements. 

Proposals have been made to test the efficiency of cleaning pro¬ 
cedures by initially applying a suitable oil and then exposing the 
cleaned surface to ultraviolet light, which causes fluorescence of- 
any residual oil. Such a test may be helpful to compare the 
periods of time required by different materials or procedures 
to remove practically all the oil. It is unlikely to furnish 
evidence regarding the presence of the very minute quantities of 
ml that may still affect the adhesion of subsequently applied 
coatings. 

There is a need for more fundamental studies on the presence, 
composition, removal, and effects of films on metal siirfaces. The 
application of new research tools such as X ray, electron diffrac¬ 
tion, and the electron microscope may throw light on these dif¬ 

ficult problems. 

^ Hogaboom, G. B., Proc, Am, Electroplaiera* Soc,t p. 215» 1948. 
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REMOVAL OF GREASE AND SOLIDS 

Definitions. Most of the greasy or oily compounds that may 
be present on metal surfaces can be divided into two classes: those 
which are and those which are not saponifiable, according to 
whether or not they react with alkalies to form soaps. The 
simplest saponifiable compounds are the fats, represented by 

stearin, which is used in some buffing compounds. Stearin is an 
ester, i,e., an organic salt, known as glycerin stearate, formed by the 
combination of glycerin (glycerol), which is an alcohol, and stearic 
acid, which is a fatty acid. When stearin reacts with an alkali, 
such as sodium hydroxide, it is saponified, i.e., is converted into a 
soap, with the liberation of glycerin. This reaction, used in 
making soap, may be represented as 

Glycerin stearate + sodium hydroxide 
stearin 

= sodium stearate + glycerin 
soap 

Similar reactions occur between alkali and other common fats, such 
as those derived from oleic and palmitic acids, which are present in 
many greases and oils. One important distinction between fats 
and the alkali soaps derived from them is that the former are 
insoluble and the latter are soluble in water. In the usual short 
time in alkaline cleaning solutions, very little saponification of fats 

occurs. 
Many of the unsaponifiable oils and greases consist of hydro¬ 

carbons, i.e., compounds of hydrogen and carbon, which may be 
derived from petroleum. These hydrocarbons may vary in con¬ 
sistency from very light liquids such as gasoline to lubricating oils 
and solid waxes such as paraffin. These substances are prac¬ 
tically unaffected chemically by alkaline solutions, and hence their 
removal is accomplished by physical methods. 

Various types of waxes are applied to metals, either in buffing 
compositions or as stop-offs, including natural waxes, such as 
beeswax, carnauba and candelilla wax, and artificial waxes. If 
the latter contain chlorine, they may under certain conditions 
react with water to liberate hydrochloric acid, which may corrode 
the metals. Waxes usually contain some constituents that are 
saponifiable and some that are not. 
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The use of alkaline solutions for cleaning metals usually involves 
some saponification of any fats present on the metal or in some 
cases of added fats, such as rosin, to form at least a small amount 
of soap. The soap aids in the removal of greases of all kinds by 
lowering the surface tension (page 85) of the solution and thus 
fostering the formation of an ^'emulsion/^ in which fine oil par¬ 
ticles are held in suspension in the aqueous solution. An emulsion 
(such as cream, a suspension of fat particles) is similar to a colloidal 
solution except that the suspended particles are liquid instead of 
solid. Formation of emulsions is fostered by the presence of 
polar compounds, such as soap, which consist of large molecules, 
usually oriented in chains. One end of such a molecule is more 
strongly attracted to water, i.e., is hydrophilic, and the other to oil, 
z.e., is hydrophobic. Consequently, the surface tension' of the solu¬ 
tion containing such substances is lowered, and the oil or grease 
tends to break up into small particles that may remain suspended 
in the water solution, forming an ^‘oil-in-water” emulsion. The 
formation of stable or permanent emulsions is undesirable, as it is 
better to permit the oil to separate and be skimmed off. 

Most modem cleaning mixtures contain surface-active materials, 
i.e., wetting agents (page 85). These improve the detergent 
action by changing the surface tension of the solution and thereby 
displacing oil films on the metal surface and deflocculating, i.e., 
taking into suspension, the solid dirt particles. 

There are three principal methods for removing oils and fats, 
each with numerous modifications. The first is by means of 

. organic solvents, in which almost all oils, fats, and waxes dissolve 
to some extent. This method is known as solvent cleaning or vapor 
degreasing. In the second method, known as emulsion cleaning, 
the surface is treated with an oil containing a wetting agent that 
forms with the grease present an emulsion which can be readily 
rinsed off. In the third method cleaning is accomplished by 
means of alkaline solutions, with or without the passage of current. 
When current is used, it is designated as electrolytic cleaning. 

In most processes of preparation for plating, the major part of 
the grease is removed by organic solvents or emulsifiers and the 
final cleaning is accomplished by electrolytic cleaning in alkaline 
solutions. Small articles to be barrel-plated are usually cleaned 

by immersion in suitable alkaline solutions. 
Organic Solvents and Vapors. Almost any organic liquid has 

some solvent action on greases and waxes. The solvents used in 
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cleaning metals are limited to those which most nearly meet cer¬ 
tain requirements. It is desirable that they be (1) nonflammable, 
(2) nontoxic, (3) noncorrosive, (4) volatile, and (5) capable of 
dissolving the greases or waxes present. Gasoline and similar 
volatile hydrocarbons are so flammable that their use is seldom 
justifled. Higher boiling hydrocarbons, such as kerosene, are less 
readily flammable but are less volatile and have less solvent power. 
They are therefore not used much except in connection with 
emulsion cleaners, to be discussed shortly. Mixtures of gasoline 
(naphtha) with chlorinated solvents such as carbon tetrachloride 
are nonflammable and are sometimes used for cleaning. 

In recent years the most commonly used organic cleaner is 
trichloroethylene, C2HCI3, which is used especially in so-called 
“vapor degreasing.” Frequently tetrachloroethylene or per- 
chloroethylene (perchlor) is employed, because it has a higher boiling 
point, which permits better solution of certain greases or waxes. 

In vapor degreasing advantage is taken of the solvent power of 
the compound and its relatively low boiling point. In most of the 
devices used for such cleaning three stages are involved. In the 
first step the greasy articles are immersed in the liquid, which is 
kept boiling, usually by heat from steam coils or electric heaters. 
In this way the largest part of the grease is removed and is retained 
in the compartment that holds the contaminated solvent. In the 
next step the articles are dipped in the clean condensed liquid to 
cool them. Next they are suspended in the vapor from the boil¬ 
ing liquid. As long as the temperature of the articles remains 
below that of the vapor, the latter will condense on the metal 
surface and will run back into the first liquid compartment. This 
condensed liquid dissolves and carries away the grease left on the 
surface but may leave solid particles, e.gf., of buffing abrasive, or of 
metallic dust, in cracks or comers. The articles are allowed to 
drain well before being brought into the air for the last solvent to 

evaporate. 
Two important factors govern the details of such operations. 

The toxicity of this and other chlorinated solvents demands that 
as little as possible escape into the room atmosphere and that 
good ventilation be provided. Special care must be used when 
cleaning out such apparatus, including at all times the use of 

suitable gas masks. 
In the pure state the chloroethylenes are not corrosive to metals, 

but if moisture is also present, at high temperatures the solvent 



206 ELECTROPLATING AND ELECTROFORMING 

hydrolyzes to form‘small amounts of free hydrochloric acid, which 
may corrode the articles or the containing equipment. For this 
reason it is desirable to exclude moisture as much as possible, e.g., 
by keeping the apparatus closed, especially in humid weather, 
when the moisture of the air can condense on the inner cooled walls 
of the chamber. If aluminum is present and aluminum chloride is 
formed by incipient corrosion, it may hydrolyze and still further 
accelerate corrosion. Because it is not practicable to exclude 
moisture entirely, it is customary to add to the chloroethylenes 
certain inhibitors^ usually organic amines. These both retard 
decomposition of the solvent and neutralize any hydrochloric acid 
that is set free. By their use it is possible to operate for long 
periods in equipment made of galvanized steel. 

While solvent degreasing removes practically all greases and 
some waxes, it does not remove all solid particles, and hence it does 
not leave the surface clean enough for plating. It is therefore 
always followed by electrolytic cleaning. 

Emulsion Cleaning. In emulsion cleaning, advantage is taken 
of the fact that, especially at high temperatures, most greases are 
soluble in oils or high-boiling hydrocarbons such as kerosene, which 
are much cheaper than chlorinated solvents. As these hydro¬ 
carbons are not very volatile, it is difficult to remove them from 
the metal surface. If, however, suitable wetting agents (including 
soaps) are present, which foster emulsification of the solvent, the 
latter, together with the grease, can be readily removed by an 
aqueous solution in a subsequent operation. Just as with vapor 
degreasing, emulsion cleaning is usually a 'precleaning step, to be 
followed by electrolytic or immersion cleaning. 

Two procedures are used in emulsion cleaning. In one, the 
metal articles are immersed at room temperature in a solution con¬ 
sisting of a solvent and a wetting agent. This penetrates into and 
softexis or dissolves the greases or resins present. Especially when 
caked polishing compound adheres to the metal, the emulsion can 
be sprayed onto the surface at a sufficient pressure to loosen the 
soil. The articles are then rinsed off with a stream of very hot 
water, which may be made slightly alkaline and which forms an 
emulsion with the mixture on the surface and thereby carries it 
away. This process is similar to the common practice of removing 
lampblack or other pigments from the hands by first rubbing them 
with a mineral oil and then washing in soap and water. 

In the other process the oil, wetting agent, and solvent are mixed 
directly with an alkaline cleaner or with water only, and the mix- 
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ture is heated and agitated. The emulsion thus formed serves to 
loosen the grease and dirt. 

One of the principal advantages of emulsion cleaning is that it 
removes solid particles more effectively than do organic solvents. 
In the presence of an emulsion, especially one of oil particles 
suspended in water, most of the finely divided solids present pass 
into the interface between the oil and water and are thereby 
carried away from the metal surface. 

Alkaline Solutions. Composition, As previously explained, 
grease can be removed from a metal surface by alkaline solutions. 
If the sole purpose were to render water alkaline, addition of a 
strong alkali, such as caustic soda or potash, would be the simplest 
and most effective method, especially if saponification were the 
principal step in cleaning. The early use in the plating industry 
of strong potash solutions rested on this misconception. Even if all 
the oil to be removed were saponifiable, formation of a small amount 
of soap would serve to remove the remainder by emulsification. 

Addition of sodium or potassium hydroxide is usually desirable, 
but there is no advantage in using high concentrations. If, how¬ 
ever, a dilute solution of sodium hydroxide only were used, it 
would be rapidly consumed, e,g,, by saponifying grease or by 
absorbing carbon dioxide from the air. 

All modern alkaline cleaners involve the use of, salts that 
hydrolyze in aqueous solution to form alkaline solutions, i.e., with 
a pH distinctly above 7. Such hydrolysis of a salt occurs whenever 
the base is stronger, ^.c., is more dissociated, than is the acid com¬ 
bined in the salt. The hydrolysis of typical salts used in alkaline 
cleaning may be illustrated by the following equations, which 
indicate that the reactions are reversible. Hence, liberation of a 
little alkali stops the hydrolysis, and addition of more free alkali 
will reverse the process, z.e., re-form the salt. 

Na^COa ^ 2H2O = H2CO8 + 2 NaOH 
sodium water carbonic sodium 
carbonate acid hydroxide 

Na3P04 + H*0 = Na2HP04 + NaOH 
trisodium water disodium sodium 
phosphate hydrogen 

phosphate 
hydroxide 

NaaSiOa + 2H2O = H2SiO, + NaOH 
sodium water metasilicic sodium 

metasilieate acid hydroxide 
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Such a salt is frequently referred to as an alkali. It serves as a 
reservoir from which a small amount of free alkali is released and is 
replenished if it is used up. Consequently, such a solution tends 
to maintain a nearly constant pH. Depending on the salt con¬ 
centration and the temperature, the resultant pH is usually from 
8 to 11. To obtain a pH above 12, free alkali must be added. 
Each salt has, however, specific properties that influence its 
detergent action, apart from the pH. 

The desirable and permissible pH of a cleaner depends partly 
upon the metal to be cleaned. Steel and iron are practically 
unattacked by strong caustic solutions; hence the pH of these 
cleaners may be high. (Iron is, however, attacked by caustic if 
made anodic at high current densities.) Copper, brass, and similar 
alloys are more likely to be tarnished by strong alkalies; hence a 
pH from 10 to 11 is preferable. Because aluminum, tin, zinc, and 
lead all dissolve in alkalies, the pH of solutions for cleaning these 
metals should be no higher than is necessary to achieve cleaning, 
e.g.f from 9 to 11. If sodium silicate is added, somewhat more 
alkaline solutions may be used without attack of aluminum. 

If the resultant pH were the only consideration, there would be 
little choice in the selection of compounds for cleaners. Of more 
practical importance are the surface tension and the deflocculat- 
ing power, which depend on other factors as well as pH. In 
recent years the use of complex phosphates, such as tetrasodium 
pyrophosphate, Na4P207, and hexametaphosphate, (NaP03)6, has 
increased because they are more effective deflocculators than the 
orthophosphates. However, much of this advantage is lost in 
cleaning solutions that are used for long periods, as is customary 
in the plating industry, because in hot aqueous solutions all forms 
of phosphate revert to orthophosphate. 

While it is essential that the cleaning solution have emulsify¬ 
ing properties, it is not desirable to produce too stable emulsions, 
as the solutions then become contaminated and fail to clean. On 
cooling, the oil or grease separates and can be skimmed off, partly 
as a result of saltigig out, thus increasing the effective life of the 
cleaners. ^ 

The four alkaline compounds most commonly used in cleaners 
are (1) sodium hydroxide, (2) sodium carbonate, (3) sodium 
phosphate (in some form), and (4) sodium silicate (usually meta¬ 
silicate). The concentrations and proportions of these con¬ 
stituents are varied to meet specific requirements, such as the 
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basis metal to be cleaned and the type of soil to be removed. A 
high concentration of sodium hydroxide is usually included only 
for cleaning steel. Use of sodium silicate is undesirable if com¬ 
plete rinsing is not feasible, e.gf., in screw holes or lapped joints, 
because any residual silicate may be converted to silica gel in sub¬ 
sequent pickling operations. As this gel cannot be readily 
removed by rinsing, it may later leak out and cause poor adhesion 
and staining. The total concentration of compounds is usually 
from 4 to 8 oz/gal (30 to 60 g/1). 

When dry-cleaning mixtures are prepared for distribution, it is 
necessary to avoid caking as a result of moisture absorption. 
Sodium carbonate (soda ash) is a useful addition to prevent 
caking. If the cleaning solution is made up from the separate 
compounds, any desired proportion may be used. A simple 
cleaner may contain 3 oz/gal (23 g/1) each of sodium carbonate 
and trisodium phosphate, 1 oz/gal (8 g/1) of sodium metasilicate, 
and 1 to 2 oz/gal (8 to 15 g/1) of caustic soda, especially if steel is 
to be cleaned. Some wetting agent may also be added. 

The extensive use of hot, strong soap solutions, e.g., in the soap 
soak frequently employed depends upon the fact that soap solu¬ 
tions have low surface tension. Soap solutions may be effective 
through their emulsifying action or, more commonly, through 
their displacement of oil films and dirt particles, even when no 
permanent emulsion is formed. They are commonly used to 
remove the bulk of the grease and are followed by electrolytic 
cleaning. 

Electrolytic Cleaning. All hot alkaline solutions have a clean¬ 
ing action on metals, but the time required to produce a clean 
surface varies with the composition of the cleaner and the type of 
grease to be removed. It was early learned that electrolytic clean¬ 
ing is more rapid than immersion, and some form of electrolytic 
cleaning is now almost universally used as the final cleaning 
operation before plating. In general, this process involves 
passage of current through a hot alkaline solution (at 180 to 200®F 
or 75 to 90°C) with the articles to be cleanedxonstituting one of 
the electrodes. Electrolytic cleaning is not craveniently applied 
to bulk articles to be barrel-plated. Hence, immersion cleaning 
is most commonly employed for such products. 

Until recent years cathodic cleaning was always used; i.6., the 
objects were made cathodic, with either the steel tank or separate 
steel plates serving as the anode. This usage was based partly 
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(but erroneously) upon the fact that at the cathode 2 volumes of 
hydrogen are evolved for each volume of oxygen at the anode; 
hence there is more violent stirring at the cathode. At the cath¬ 
ode free alkali is liberated and may slightly accelerate cleaning. 
On the other hand, any metallic impurities dissolved in the cleaner, 
especially any lead, tin, or zinc, are likely to be deposited on the 
cathode in the form of films that may cause poor adhesion. 
Especially in the cleaning of brass and other nonferrous metals, it 
was therefore customary to employ cathodic cleaning, followed by 
a short reversal of current to dissolve anodically traces of pre¬ 
cipitated metals. These steps should always be conducted in 
separate tanks. 

In recent years, especially in large-scale plating operations, 
anodic cleaning of steel usually follows or replaces cathodic clean¬ 
ing, and for some purposes their combination has proved effective. 
Surface-active materials tend to migrate to the anode. Another 
favorable factor of anode cleaning is that at the anode oxygen is 
evolved and may oxidize or destroy traces of certain organic com¬ 
pounds which may be present on the steel surface. By the same 

process, however, there may be slight oxidation of the steel to 
form ^'passive'' films; in fact, this is one method of treating a steel 
surface to foster subsequent separation of a deposit in electro¬ 
forming. Prior to electroplating of adherent deposits an acid 
dip or pickle always follows alkaline cleaning, so any trace of 
oxide produced by anodic cleaning is thereby removed. Use of 
anodic cleaning prevents deposition of any dissolved metals and 

. also of any suspended oxides of silicon or iron that would normally 
migrate to the cathode. Anodic cleaning is not suitable for cast 
iron, probably because the silicon present may be oxidized to 
silica, Si02. 

^ Anodic cleaning of nonferrous metals is also practiced. The 
periods of cleaning are shorter than for steel, because most non- 
ferrous metals, especially those containing tin, zinc, lead, or 
aluminum, tend to dissolve anodically in alkaline solutions and 
hence to be etche^ To some extent this etching can be retarded 
by the use of confounds such as silicates, phosphates, or car¬ 
bonates that tend to produce insoluble films on the specific metals. 
In such cases an acid dip must follow in order to yield a clean 
metallic surface. 

In general, the same types of compounds are used in electrolytic 
cleaning solutions as for immersion cleaning. They should be 
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selected to yield well-conducting solutions. Another important 
factor is the avoidance of compounds such as soaps or wetting 
agents that produce large amounts of foam. Accumulation of 
such foam, necessarily filled with hydrogen and oxygen, may lead 
to explosions from the sparks produced in attaching or detaching 
racks from the bus bars. Even though such explosions seldom 
cause structural damage, they may scatter hot alkaline solutions 
and injure the workmen. 

The current density used in electrolytic cleaning is often 
determined by the available voltage. For most purposes, current 
densities of 5 to 10 amp/dm^ or 50 to 100 amp/ft® are employed for 
cathodic cleaning and lower current densities for anodic cleaning. 
Too high a current density, especially anodic, may cause smut on 
both steel and brass. The tank voltage required is usually from 4 
to 6 volts. 

REMOVAL OF OXIDES 

General. The processes above described serve principally to 
remove the soil, including grease and other organic materials, 
from the metal surface, together with solid particles that are 
retained by the grease. After the surface has been so cleaned, 
there is usually a film of oxide, which must be removed prior to 
plating. With steel, this oxide may consist of red rust produced 
by atmospheric corrosion, heavy black scale produced in rolling 
and forging operations, a thin blue film formed in heat-treating 
and machining, or an invisible oxide film that is usually present on 
apparently clean steel as a result of forming operations, as well as 
on other metals such as aluminum, magnesium, zinc, lead, and 
copper. 

The methods used for removal of oxides generally involve their 
solution by means of an acid. The type and concentration of 
acid, its temperature, and the time of treatment vary with the 
kind and amount of oxide to be removed. Removal of heavy 
scale on steel or brass may require long, drastic treatments. Thin 
films, e,g,j on blued steel, can be removed in 1 or 2 min. Apparently 
bright steel, e.gf., cold-rolled steel, usually receives a 10- to 20-sec 
dip into dilute acid, which also serves to neutralize any residual 
alkaline film. In general, the term pickling refers to severe or 
continued treatment, while the term dipping refers to a short 
treatment, e.^., for less than 1 min. 

Pickling Steel. General. On steel the principal acids used are 
hydrochloric and sulfuric. In general, hydrochloric acid is more 
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effective, because it dissolves the iron oxide more rapidly and its 
salts are more soluble, but it is more expensive. Hence for large- 
scale pickling, sulfuric acid is more commonly used. For many 
pickling operations solutions approximately 2N are used, although 
more concentrated hydrochloric acid is more rapid and effective. 
To produce 2^^ solutions, 1 vol of concentrated hydrochloric acid 
(sp gr 1.18) is mixed with 5 vol of water; e,g., 1.25 pt of HCl is 
diluted with water to form 1 gal; or 1 vol of concentrated sulfuric 
acid (sp gr 1.84) is mixed with 15 volumes of water, e.g,y 0.5 pt of 
H2SO4 is diluted with water to form 1 gal. 

Sodium acid sulfate, NaHS04, or niter cake, a by-product of the 
manufacture of nitric acid, is sometimes substituted for sulfuric 
acid. Even when the same concentration of ^^free” sulfuric acid 
is present, the pickling action is slower than with sulfuric acid. 

Hydrofluoric acid, HF, is used to remove silica (sand) left in 
castings or embedded by sand blasting, and from alloys containing 
silicon. A concentration of about 2iV’, corresponding to 0.5 pt of 
the 50 per cent commercial HF to 1 gal, is often used, generally 
with the addition of some sulfuric acid. 

In the pickling of steel it is desirable to accelerate the solution 
of the oxides but to retard that of any exposed steel. The latter 
action represents a waste of acid and of the steel. Some attack 
of the steel is desirable to provide evolution of hydrogen, which 
may detach the scale, and sometimes to provide a slight etching of 
the steel. Substances known as inhibitors are often added to 
hydrochloric or sulfuric acid to retard attack of the steel and also 
to form a scum on the liquid surface, which cuts down the loss of 
acid by spray. They are usually organic compounds or mixtures, 
which may contain or give rise to colloids. While the action of 
inhibitors is not fully understood, it may involve the migration of 
colloids or of strongly polar groups to the bare steel surface and an 
increase in the overvoltage of hydrogen, whereby the reaction of 
the acid on the steel is retarded. When acid containing an 
inhibitor is used to pickle steel, it may leave a very thin film of 
inhibitor (or its products) on the surface. It is therefore desirable 
to follow the pickling by a brief anodic cleaning in alkali to 
remove any inhibitor film. 

Electrolytic Pickling, Occasionally, electrolytic pickling of 
steel is employed, especially for strip steel or wire. Both direct 
and alternating current have been employed, and with direct 
current, the articles may be made either cathodic or anodic. In 
cathodic pickling, the use of the current serves to keep the steel 
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cathodic, so that it is not appreciably attacked by the acid, which, 
however, continues to dissolve the oxide. Successive cathodic and 
anodic picklings are often used on steel, e.g,^ on strip steel, and 
prior to brass plating for rubber adhesion. 

Anodic pickling of steel before plating is more commonly used 
in Europe than in the United States. For this purpose about 
70 per cent H2SO4 is commonly employed, although more dilute 
solutions are also used. The purpose of the strong acid is not 
so much to remove oxide as to remove smut and to etch the 
surface in a manner and degree that will promote adhesion of 
subsequently deposited coatings, especially heavy deposits used 
for building up worn parts. Nickel-silver (or nickel-brass) for 
tableware is cathodically pickled in sulfuric acid (32®B6, or 1.28 
sp gr, equivalent to 37 per cent H2SO4). When electrolytic 
pickling is employed, it is inadvisable to use those inhibitors or 
wetting agents which tend to form excessive foam that may cause 
explosions. Certain wetting agents are acceptable. 

Embrittlement of Steel by Pickling (and Plating^ In the pickling 
and cathodic cleaning of steel, some hydrogen is always evolved 
and some is dissolved in the steel. The presence of this hydrogen 
is believed to be chiefly responsible for the embrittling of steel, 
especially high-carbon spring steel, as a result of pickling and 
plating operations. This effect is most pronounced and signifi¬ 
cant in steel parts that are subjected in use to alternating stresses, 
as in airplanes, and it may lead to serious structural failures. 
While many studies have been conducted on this subject, the 
causes and effects of this embrittlement are not well understood, 
partly because of the difficulty of devising laboratory tests that 
yield reproducible and significant results. The evidence thus far 
obtained leads to the following tentative conclusions: 

The principal cause of brittleness is the absorbed hydrogen. 
This is evolved gradually on standing at room temperature and 
more rapidly at temperatures from 100°C (212°F) to 200®C 
(392°F). After standing or heating, the brittleness is entirely 
removed, except that which results from deep etching of the steel. 
The use of sodium acid sulfate and of certain inhibitors in pickles 
or of anodic pickling may reduce the absorption of hydrogen and 
the embrittlement. 

The effects produced in plating operations are less definite.^ 
Plating of zinc or cadmium from cyanide baths may produce em- 

^ Zapffb, C. a., and Haslem, M. E., Trans, Am. Soc. Metcda, voL 39, p. 
341, 1946. 
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brittlement of hi^h-carbon steel, but their relative effects have 
not been definitely established. The embrittling effects of 
chromium plating may involve the absorption of hydrogen, the 
mechanical notch effect of the cracks, and stresses present in 
the hard, brittle chromium coatings. One effect of zinc coatings, 
whether produced by plating or hot-dipping, is associated with the 
continued use of the zinc-coated steel parts at high temperatures, 
c.jf., 600®C (900®F), under which conditions the zinc tends to 
cause intergranular disintegration of the steel. 

Pending more exhaustive and conclusive studies of this embrittle¬ 
ment, it is expedient, especially with high-carbon steel, to (1) 
reduce the period of acid pickling, (2) use plating baths with 
relatively high cathode efficiencies, and (3) bake the plated parts 
at least 1 hr at about 200°C (392®F). 
* Pickling and Dipping of Copper Alloys. The removal of heavy 
scale, consisting of cuprous and cupric oxide, from brass is usually 
accomplished in brass mills by a mixture of sulfuric acid and 
dichromate. The> removal of lighter scale produced by brazing or 
hard soldering is generally done by treatment with dilute sulfuric 
acid, e.fl'., about 60 g/1 or 8 oz/gal of H2SO4. This process is often 
followed by a black hoily i.e., treatment with a solution made by 
adding about 5 fl oz/gal of HNOs and 0.025 ff oz/gal of HCl to a 
spent bright dip (see below). If this leaves a smut on the brass, 
it can be removed with a bright dip. 

Some copper alloys received for plating or other finishing 
require a bright dip. The solution contains sulfuric and nitric 
acid, a very small amount of hydrochloric acid, and sometimes 
finely divided carbon, e,g,y lampblack. The latter produces more 
uniform action, possibly by selective absorption and subsequent 
release of hydrochloric acid. The solution is kept in stoneware 
jars surrounded by running water, to keep the temperature below 
40°C {104?F). 

The composition of bright dips depends upon the alloy to be 
treated and the surface desired. The data in the following table 
are derived from an article by A. K. Graham.^ These formulas 
are adapted for bulk dipping and are slightly more dilute than those 
used for individual pieces, which can be removed and rinsed more 
quickly. The volume relations have been computed on the 
assumption that there is no change in volume on mixing, but 

* Trana, Am, Eledroehem, Soc,, vol. 62, p. 289, 1927. 
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actually the final volume is 3 to 5 per cent less than the sum of the 
constituents. 

Dips for Brass 

Com- Scaling dip Bright dip 

pounds 
Sp g g/i ml/l fl oz/gal g/1 ml/1 fl oz/gal 

H,S04 mi 700 49 435 55 
HNO, 119 100 9 72 9 
HCl mm 22 5 0.5 2.5 2 
H2O BIh 544 68 491 ' 491 63 

Solutions have also been developed for the chemical polishing, 
i,e., bright dipping, of aluminum alloys. 

Pickling Zinc and Die Castings. In the preparation of zinc 
die castings for plating, it is customary to use dilute hydrochloric 
acid and to reduce the pickling time, for example, to 10 to 15 sec. 
Overpickling of zinc alloys tends to remove the more dense sur¬ 
face skin of chilled zinc, thereby exposing possibly less dense 
metal as well as forming a scum of the metal constituents other 
than zinc, especially copper. For the same reason overcleaning 
of zinc in alkaline solutions should be avoided. 

Pickling of other metals involves use of appropriate acids. For 
aluminum and its alloys nitric acid is usually employed. For 
lead the use of fluoboric acid, HBF4, has been suggested, because 
both HCl and H2SO4 leave insoluble salts and HNOa is too active. 

Electropolishing. In recent years methods of anodically pick¬ 
ling metals have been developed that leave the surface bright and 
may thus serve as a substitute for mechanical polishing. These 
methods, known as electropolishing, have been developed for 
several purposes, including (1) preparation of specimens for 
microscopic examination; (2) producing a uniformly bright sur¬ 
face on finished unplated articles; (3) as a taking-off tool, i.e., to 
change the dimensions, in some cases preparatory to plating with 
another metal to the original dimensions; (4) to provide a bright 
clean surface to be electroplated; and (5) to brighten plated 
surfaces. At present, application (2), brightening of metal sur¬ 
faces, especially stainless steel, is the most extensive application 
of electropolishing and does not have any necessary direct relation 
to electroplating. It is probable, however, that electropolishing 
will find important applications for brightening of plated metal 
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surfaces and also as a step in the preparation for plating. Because 
of these varied possible uses and of the relation of electropolishing 
to other methods of electrol3rtic pickling, it is included in this 
chapter. 

A comprehensive summary of electropolishing was published by 
C. L. Faust/ in which numerous references to papers and patents 
are cited. In 1947, at the Third International Conference on 
Electrodeposition, four papers on electropolishing were presented, 
some of which contain extensive bibliographies. With few excep¬ 
tions, these processes involve anodic treatment of the metals at 
high current densities in relatively concentrated acid baths: When 
brightening is thereby accomplished, it is the result of the more 
rapid attack of the elevated portions of the rough surface than of 
the depressions. The process does not usually obliterate scratches 
or pits of appreciable depth, although it may round them off. The 
net result is to produce a surface that is microscopically smooth 
and therefore bright, but not necessarily a perfectly smooth or 
plane surface, since some waviness is usually present. 

While no complete theory of electropolishing has yet been 
developed, all the available evidence indicates that its success 
depends upon the presence or formation of viscous high-resistance 
films, which tend to fill in depressions and thereby reduce the 
anodic current density that would otherwise prevail in these 
depressions. Because there is more opportunity for removal and 
replenishment of the film on the high spots or peaks, as a result of 
the higher current density and gas evolution there, the attack is 
more rapid on these high spots. To achieve this goal, it is neces¬ 
sary that the solution be relatively concentrated and hence 
viscous and that the salts produced in the reaction be relatively 
insoluble, so that they assist the formation and retention of 
viscous films in the depressions. To avoid local pitting, it is 
essential that the solutions do not become dilute (e.g., by absorp¬ 
tion of water) and that the relatively high required current density 
is maintained over the entire surface, if necessary by the use of 
auxiliary cathodes. Because the solution resistance and anode 
polarization are relatively great, higher tank voltages are required 
than in most plating, e.g., up to 12 volts. Because the solutions 
are viscous, there is a tendency for streaks to appear on the 
polished surfaces. This action can be prevented by mild uniform 

^ Pfoc. Am, EUdropUiiers* Soc,, p. 49, 1946; p. 223, 1948. Also Wernick, 

S., ^'Electrolytic Polishing and Bright Plating of Metals,” 1948; and Jacqttbt, 

P* A., MeUH Finishing, vol. 47, p. 48 and 83, 1949. 
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agitation. Rapid agitation is usually undesirable because it 
counteracts the desired effect of the high viscosity. The use of 
elevated temperatures usually decreases the viscosity, and the 
temperature must therefore be carefully maintained at the pre¬ 
ferred value for a given bath. 

The most commonly used baths for electropolishing contain 
sulfuric, phosphoric, chromic, nitric, or citric acid or a combination 
of these. A mixture of perchloric acid and acetic anhydride is 
very effective, but its use involves a serious explosion hazard (illus¬ 
trated by a disastrous explosion in Los Angeles on Feb. 20, 1947). 
This mixture should not be used except on a small scale, as in 
metallographic polishing, and then only if extreme care is used to 
avoid elevation of the temperature or contamination with dele¬ 
terious substances, especially organic matter. 

Mixtures of sulfuric and phosphoric acid are effective for polish¬ 
ing most types of stainless steel as well as many plain-carbon 
steels. In a solution containing 40 to 43 per cent of H2SO4 and 
40 to 46 per cent of H8PO4 at 180 to 200°F (82 to 93®C) an anode 
current density of 250 to 500 amp/ft^ (27 to 54 amp/dm^) is 
employed. Addition of a small amount of chromic acid to this 
bath retards tarnish of the polished steel after it is rinsed. 

Another bath used for stainless steel contains 55 to 60 per cent 
of citric acid, 15 to 20 per cent of sulfuric acid, and 20 to 30 per 
cent of water. The anode current density is 75 to 145 amp/ft^ 
(8 to 16 amp/dm*). 

Electropolishing of brass involves more difficulties than does 
that of stainless steel, including more tendency for formation of 
streaks and dark stains. In one process^ a solution of approxi¬ 
mately the following composition is recommended for electro¬ 
polishing rolled brass parts prior to plating with bright nickel 
and chromium: 

Electropolishinq Brass 

M g/1 oz/gal 

Phosphoric acid, HsP04 (sp gr 1.75)_ 1.8 200 27 
Chromic acid, CrOs. 1.8 180 24 
Sodium dichromate, Na2Cr207*2H20_ 1.4 420 56 
Sulfuric acid, H2SO4. 0.9 90 12 
Hydrofluoric acid, HF. 0.25 5 0.7 
Propionic acid, HC8H5O2. 1.6 120 16 
Water, to make. 1/1 11 1 gal 

Temperature, 24®C (75®F) 
Current density, 140 to 350 amp/ft* (15 to 37 amp/dm*) 

^Berqer, P., Proc, Third IrUem, Electrodepoaition Conf,, p. 33, 1947. 
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Electropolishing of nickel deposits can be accomplished in 
73 per cent sulfuric acid or in a solution containing 15 per cent 
H2SO4 and 63 per cent HaPOi. In the former solution A. W. 
Hothersall and R. A. F. Hammond^ employ a current density of 
250 amp/ft* (27 amp/dm^) at about 30°C (86®F) for a very short 
period. This treatment has been suggested for brightening 
regular dull nickel deposits and also semibright nickel or even 
bright nickel that may require light buffing on some areas. For 
such uses Faust suggested the term electrobuffing? 

When electropolishing is applied to plated coatings, considerar 
tion must be given to the solution of the coating, e,g,, nickel, during 
the electropolishing, and sufficient metal must be deposited to 
yield the desired thickness after polishing. Because the throwing 
power of the polishing may exceed that of the plating process, such 
computations should be based on the thinnest part of the deposit, 
which is commonly designated in specifications. If proper allow¬ 
ances are made for thickness, the electropolishing does not increase 
the porosity of the coatings. 

Much further study of electropolishing is required to realize its 
full possibilities in the plating industry. For example, it is not 
now known to what extent the use of electropolishing prior to 
plating will affect the adhesion or porosity of a particular deposit 
on a specified basis metal. 

Mechanical Cleaning. The use of mechanical operations to 
prepare metals for plating includes such processes as blasting with 
sand or steel shot, tumbling with various materials to debur or 
burnish the surfaces, and the various types of polishing and 
buffing operations. It is not feasible in this text to describe these 
processes and equipment or even to discuss their principles. It is 
important to note that these operations may have important 
effects upon the appearance, adhesion, and porosity of the sub¬ 
sequently plated coatings. Many of these operations may not 
only change the contours of the metal surfaces but may also 
produce profound changes in the structure of the metal on the 
surface, e.g,j by producing a weak or brittle “work-hardened^^ 
layer. One of the purposes of dipping, pickling, or electropolishing 
operations prior to plating is to remove such weakened layers. On 
the other ^nd, excessive pickling, e.^., of steel or zinc-base die 

^ J, ElectrodeposUora* Tech. Soc., vol. 16, p. 83, 1940. 
• For electropolishing of silver, see Gbat, D., Proc. Am, Electroplatera* Soc, 

p. 241, 1948. 
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castings, may be detrimental because it may remove the denser, 
sounder layer produced by rolling or casting and expose more 
porous metal and also release insoluble impurities as a scum on 
the surface. 

Typical Cycles for Preparing Metals for Plating. In an effort 
to coordinate and emphasize the essential steps in the preparation 

of metals for plating, certain “recommended practices" have been 
prepared and published by the ASTM. It should be recognized 
that these methods are still in a tentative stage and that, even after 

further revision, they cannot cover all types of basis metal and of 

coatings for all possible purposes. They may serve, however, as a 
guide for the selection of those cycles which will meet more 

specific requirements. Among these is a tentative recommended 

practice* for plating on low-carbon steel. A similar recommended 
practice for preparing high-carbon steel is in preparation by ASTM. 

Other typical cycles for plating on brass* and on zinc-base 

die castings® have been published. 

> ASTM Standards, Part I-B, p. 769, 1946. 
* Blum, W., and Stbaussbr, P. W. C., J. Research NM. Bur. Standards, 

vol. 24, p. 443, 1940, RP 1293. 
• Nixon, C. F., Monthly Rev. Am. Electroplaters’ Soc., vol. 34, p. 298, 1947. 



CHAPTER VIII 

PREPARATION FOR ELECTROFORMING AND ELECTRO¬ 
TYPING AND FOR DEPOSITION ON PLASTICS 

Electroformingj as first defined by one of the authors, is “the 
production or reproduction of articles by electrodeposition/’ Its 
most important applications are electrotyping and similar methods 
of making printing plates, the production of phonograph matrices 
and of sheets, tubes, or other shaped articles by electrodeposition. 
One essential feature of these processes is that they involve 
separation of the deposit from the form or base on which it was 
produced. Even though most of these processes involve relatively 
thick metal deposits, there is no justification for applying the term 
electroforming to the production of thick, adherent metal coatings 
that may be used to build up worn or overmachined parts. The 
term building up more accurately describes this process. 

Because electroforming is often conducted on nonmetallic molds, 
including plastics, some of the operations are similar to those for 
plating permanent deposits on plastics. Hence the latter subject 
is included for convenience in this chapter. Typical modern 
applications of electroforming are described in recent articles.^ 

PRODUCTION OF METAL MOLDS 

In order to produce or reproduce an article by electrodeposition, 
it is necessary to have a form on which to deposit, preferably a 
negative of the desired product, as only thus can an accurate 
reproduction be made. Occasionally, whfen no high accuracy of 
dimension or surface finish is required, it is possible to use a 
positive, but underdimensioned form as the mold. 

Whenever it is feasible to employ a metal mold, its use is advan¬ 
tageous as the surface is electrically conductive and requires no 
treatment except to permit separation of the subsequent deposit. 

' Savage, F. K., Fiandt, R. M., Reid, D. B., and Ppbffbrlb, P. R., Proc, 
Am. EkctropUxtera* Soc,, p. 173, 1944. Kasdan, Alfred S., Proc, Am, Elec- 
tropUUerf^ Soc,, p. 116, 1947. Safranbk, W. H., Dahle, F. B., and Fadst, 

C. L., Electroplating, vol. 35, p. 39, 1948. 
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Metal molds can be made by casting, pressure molding, machin¬ 
ing, or electrodeposition. 

For producing cast-metal negative molds, use of low-melting 
alloys is advantageous because these can be cast in metal, plaster, 
or even wood or plastic positives that do not withstand high 
temperatures, and the alloys can be subsequently melted out of 
the electroformed shells. The lowest melting common alloy is 
‘Wood^s metaV* which contains 50 per cent of bismuth, 26 per 
cent of lead, and 12.5 per cent each of tin and cadmium and melts 
at about 70®C (158°F). In recent years two low-melting alloys 
known as Cerrobase and Cerrotru have been developed, the former 
being an alloy of bismuth and lead, melting at 125®C (255®F), and 
the latter of bismuth and tin, melting at 139®C (281®F). 

The principal production of metal molds by pressure is the lead 
molding for electrotypes (page 234). In certain cases, such as the 
production of sheets or tapered tubes, the molds can be made by 
mechanical operations such as machining and surface grinding or 
lapping until the desired finish is obtained. For this purpose, 
chromium steels are advantageous because they foster separation. 

The use of electrodeposited negatives is advantageous when 
accurate reproduction and large numbers of similar electroformed 
products are required, as then the electrolytic negatives can be 
used repeatedly. (Cast or pressed molds are generally used only 
once.) By electrodepositing the negatives, it is possible to 
reproduce accurately the finest lines and details that can be 
observed with a microscope. Two good examples of electro¬ 
formed negatives are in the reproduction of engraved printing 
plates at the U.S. Bureau of Engraving and Printing and the 
production of phonograph record matrices. In the first of these 
processes a negative, or alto, of an engraved steel plate (a basso) is 
made by first treating the steel with graphite and water, rinsing, 
treating with a dichromate solution, and then depositing a layer of 
nickel, followed by a thick deposit of iron. This alto is separated 
and used as a form on which basso plates are deposited. 

The production of phonograph matrices involves an original 
recording in wax or other plastic material. The surface of this 
plastic recording is made conductive, e.g., by means of an evap¬ 
orated gold film or a chemically deposited silver coating, after 
which copper is deposited to produce a negative shell, known as a 
master matrix. On this plate a number of master records, or 
mothers, (which are positives) are deposited. These serve as 
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forms on which the pressing matriceSy or working masters or 
stamperSf are deposited. The latter may have an initial nickel 
surface and are usually plated with chromium to increase their 
resistance to abrasion during the molding. By such processes 
several ‘^generations'^ of plates may be reproduced with no 
detectable loss in accuracy. 

TREATMENT OF METALLIC SURFACES TO PERMIT SEPARATION 

It is necessary so to treat the metal surface that it is still con¬ 
ducting but will not produce any firm bond with the deposited 
metal. In effect, a uniformly unclean surface is desired. It is 
usually necessary to have a slight bond so as to prevent prema¬ 
ture separation. 

Mechanical Films. It is possible but difficult to apply very 
thin films of grease, e.gf., by treating the metal surface with a dilute 
solution of a grease or wax in a volatile solvent such as gasoline. 
This is more practicable on plane surfaces than on those with lines 
or depressions, where too much grease may be retained. 

The use of finely divided graphite is often satisfactory. It may 
be applied in the form of dry powder or as a mixture with water. 
In either case it is brushed on vigorously and the excess is removed 
with a powerful stream of water. Measurements of the gain in 
weight indicate an average thickness of graphite of not over about 
0.000002 in., which does not affect the contour or design. 

Chemical Films. In principle, these methods involve the forma¬ 
tion on the metal surfaces of films of chemical compounds that are 
somewhat conductive, usually because they are so thin. The 
simplest (chemically) of such coatings are the passive films that 
are naturally present on chromium and nickel and many of the 
alloys containing one or both of these metals. These films 
probably consist of adsorbed or chemically combined oxygen. 
They are advantageous because they are generally very thin and 
uniform. They are not usually effective if the deposition involves 
any steps, such as use of acidified chloride solutions, that may 
remove the passivity. The use of stainless steel and chromium- 
nickel alloys such as Inconel warrants consideration whenever 
permanent rigid molds can be used. 

When plain-carbon steel or nickel is used as the mold, it can be 
made passive by (1) treatment with an oxidizing agent such as a 
chromate or (2) making it anodic in an alkaline solution, e.^., 
dilute sodium hydroxide. Both of these treatments may also be 
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helpful on the chromium alloys to ensure that the surfaces are 
passive. 

Another method involves the formation of sulfides by treatment 
of the metal surface with any soluble sulfide, such as sodium 
sulfide, Na2S, or polysulfide, Na2Sx. This will react with most 
metals, including iron, nickel, lead, bismuth, silver, and copper, to 
form corresponding sulfides, which are somewhat conducting 
(especially silver sulfide). One practical problem is that it is 
difficult so to control the rate of reaction as to avoid too thin or 
too thick a film, which will lead, respectively, to sticking or to 
premature separation. For lead, bismuth, and copper, a solution 
containing 1 oz/gal (7.5 g/1) of Na2S is used, and for nickel, a 
stronger solution. 

Soluble chromates, dichromates, or chromic acid, e.jf., Na2Cr04, 
Na2Cr207, or CrOs, react with lead or silver to form insoluble 
chromates. About 0.5 oz/gal (4 g/1) can be used. 

When the metal employed does not readily lend itself to separa¬ 
tion, a very thin coating of another metal may be deposited on it 
and subsequently treated to yield separation. A good example is 
the use of silver iodide on copper phonograph matrices and map 
plates. The copper is treated with a silver cyanide solution such 
as the following: 

N g/1 oz/gal 

Silver cyanide, AgCN. . 0.3 37.5 5.0 
Silver chloride, AgCl. . 0.3 40 5.3 
Sodium cyanide, NaCN. . 1.8 90 12.0 

This solution is poured or brushed onto the clean copper surface, 
preferably mixed with an inert powder such as whiting (CaCOs) to 
form a thin paste. A thin film of silver is thus produced on the 
copper by displacement. This is treated with a dilute solution 
of iodine, which can be prepared by diluting 1 fl oz of phar¬ 
maceutical tincture of iodine with water to make 1 gal. Tincture 
of iodine has the formula 

g/1 oz/gal 

Iodine, Ij. 70 9 
Potassium iodide, KI. 50 7 
Water, H20. 50 (ml) 7 
Alcohol, C2HBOH, balance 

This treatment produces a thin film of silver iodide, Agl, which 
permits deposition and separation of the deposited metal. 
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TREATMENT OF NONMETALLIC SURFACES 

Before depositing metals on nonmetallic substances such as 
glass, rubber, wax, plastics, leather, or wood, it is necessary to 

render the surface conductive. If the material is porous, e.gf., 
plaster, leather, or wood, it must first be rendered impervious to 
the plating solution. 

Making Surfaces Impervious. One of the best means is to soak 
the object in melted wax, usually kept at a temperature slightly 
above 100®C (212®F) so as to expel most of the water as well as the 
air present in the pores. The soaking should continue till the 
evolution of bubbles of steam or air has almost ceased. Too high 
a temperature (over 71®C or 160°F) should not be used for mate¬ 
rials such as leather that are rendered brittle at high temperatures. 
Almost any wax is effective. For leather, paraffin is preferred, 
and for other materials higher melting waxes such as beeswax and 
ceresin are preferable. After the articles are well soaked, they 
are removed and allowed to drain and cool. 

For large objects that cannot be readily immersed in wax, treat¬ 
ment with a solution of wax in a solvent such as carbon tetra¬ 
chloride can be employed. In that case sufficient time should be 
allowed, preferably at a slightly elevated temperature, for all the 
solvent to evaporate. 

Another treatment, applied especially to leather, involves the 
use of several coats of a waterproof varnish, lacquer, or shellac. 
A good spar varnish or a melamine lacquer is generally satisfactory. 

Rendering Surfaces Conductive. When wax or varnish is 
employed, copper powder or graphite can be used to make a 
conducting surface. The copper powder should be free of the 
grease in which it was ground. If grease-free powder is not 
obtainable, the regular powder should be treated with a solvent 
such as benzol. The dry powder is brushed on the surface of the 
wax or on the varnish when the last coat is just tacky. Graphite 
is cheaper than copper powder and is used in large-scale operations 
such as electrotyping (page 230). 

For industrial metal deposition, e.g., on wax, glass, and plastics, 
chemically deposited silver films are commonly applied by methods 
similar to those used for silvering mirrors. In all these processes 
the production of the silver film is brought about by mixing, just 
when required, an ammoniacal solution containing a silver salt and 
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one containing a reducing agent. Information on several of these 
processes, as applied to mirrors, is summarized in a publication 
from the National Bureau of Standards.^ 

The silver solution is prepared by adding just enough ammonium 
hydroxide (sp gr 0.90) to a silver nitrate solution A to redissolve 
the precipitate of silver oxide, Ag20, that was first formed by the 
addition of either KOH or NH4OH. If too much ammonia is 

added, subsequent silver deposition will be prevented, and too 
little ammonia leaves a precipitate that may cause faulty silver 
films. It is customary to prepare a separate solution of silver 
nitrate B, which should be carefully added to combine with any 
excess of ammonia and to produce a slight darkening of the 
solution. 

Caution, It is very important to note that, when ammoniacal 
silver solutions evaporate to dryness, the residues are explosive 
and may cause serious accidents. For this reason all waste 
solutions should be at once disposed of, e.g.^ by adding hydro¬ 

chloric acid, which precipitates silver chloride that may be 
recovered. Bottles containing the solution should be kept closed 
to prevent evaporation. 

Among the reducing agents that can be used are (1) sucrose 
(cane sugar) C12H22O11 (or more strictly, the invert sugars, dextrose 
and levulose, C6H12O6, which are formed by treating sucrose with 
dilute acid); (2) Rochelle salt and sodium potassium tartrate, 
NaKC4H406‘4H20; (3) formaldehyde, HCHO; and (4) hydrazine, 
N2H4 (or its salts). The following formulas are typical for some 

of these processes. 

Brashear (Sugar) Method 

1. Silver solutions: g/1 oz/gal 
A, Silver nitrate, AgNOa . 50 7 

Potassium hydroxide, KOH. 25 3.5 
B. Silver nitrate, AgNOs. 65 9 

Solution A rendered ammoniacal as above 
2. Reducing solution: 

Granulated sugar. 90 12 
Nitric acid, HNOa (sp gr 1.42). 4 (ml) 0.5 (floz) 

No. 2 solution should be boiled for 5 min and allowed to cool or it 
can be allowed merely to stand for 1 week before use. About 175 
ml/1 of ethyl alcohol can be added to preserve the solution. One 

^ Nail, Bur, SiandardSf Circ, 389, 1931. 
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part by volume of reducing solution is mixed with 4 parts of the 
ammoniacal silver solution. 

Rochblle Salt Method 

1. Silver solutions: g/1 oz/gal 
A and B. Silver nitrate, AgNO#. 100 13 

Solution A rendered ammoniacal as above 
2. Reducing solution: 

Silver nitrate, AgNOj. 2 0.27 
Rochelle salt, NaKC4H40e*4H20. 1.7 0.22 

Equal volumes of the ammoniacal silver solution and reducing 
solution are mixed as required. 

Formaldehyde Method 

1. Silver solutions: g/1 oz/gal 
A and B. Silver nitrate, AgNOs. 20 2.7 

Solution A rendered ammoniacal as above 
2. Reducing solution: 

Formaldehyde, 40 per cent solution. 200 (ml) 27 (fl oz) 

One volume of reducing solution is required for 5 vol of the 
ammoniacal silver nitrate. 

It is customary to mix the silver and reducing solutions just as 
they are poured onto the surface to be silvered, e.gr., by allowing 
them to run in from adjacent stopcocks. In one method, applied 
especially for silvering plastic electrotype molds, the two solutions 
are mixed and applied as a spray. For silvering small objects 
such as plastic buttons, they can be rotated in the mixed solution 
in a small stoneware barrel. 

Prior to silvering, the surface must be perfectly clean. The 
suitable procedure will depend upon the material to be coated. 
Glass can be cleaned with alcohol or other solvent to remove grease 
and then with concentrated nitric acid, which should be thor¬ 
oughly rinsed off, after which the glass is kept in distilled water to 
prevent it from drying. For plastics, solvents must be selected 
that will not appreciably soften or attack the particular plastic but 
will slightly roughen it.^ For plastic electrotype molds, solvents 
should be used that do not roughen the surface. Mild alkaline 
cleaners can be used for the final cleaning. 

Just before silvering it is necessary to sensitize the surface in 
order to foster the uniform deposition of silver. The most com¬ 
monly used reagents are stannous chloride, SnCl2*2 H2O (e.gf., 
10 g/1 + 40 ml/1 of concentrated HCl), and stannous sulfate, 
SnS04 (e.g.f 26 g/1 + 10 ml/1 of concentrated H2SO4 + 150 ml/1 of 

^ Nabcus, H., Trans, Eledrochem, Soc*, vol. 88, p. 371, 1945. 
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C2H6OH). When the cleaned glass or plastic surface is treated 
for about 1 min with such a solution and rinsed, a very small 
amount of the reducing agent is probably adsorbed on the surface. 
This may furnish reducing nuclei that initiate reduction of the 
silver and thus cause more uniform silver films. 

It is possible to deposit other metals such as copper^ and gold on 
nonmetallic surfaces by chemical reduction, but these methods 
have not been extensively applied. 

Another effective method of metalizing surfaces is by vacuum 
eva'poration? In this process the metal to be vaporized is sup¬ 
ported on and heated by a wire of tungsten or molybdenum 
through which current is passed. The heater and the object to be 
coated are enclosed in a glass vessel that is evacuated to a pressure 
of less than 0.001 mm, i.e., so low that there is insufficient oxygen 
to oxidize the deposits. When the heating coil reaches a suf¬ 
ficiently high temperature, the enclosed metal evaporates and is 
deposited on all adjacent surfaces, including the one to be coated. 
Many metals, including copper, silver, gold, and aluminum, can 
be so deposited. For subsequent plating, gold or silver films are 
often used, 6.g., in the phonograph industry. 

Cathode sputtering may also be used to coat nonconducting 
materials with metals but is less convenient than evaporation. 
This process is also conducted in an evacuated vessel, in which the 
article to be coated is made anodic or is placed between the anode 
and cathode and the cathode consists of the metal to be deposited, 
6.gf., platinum or gold. A potential up to 10,000 volts can be used. 

Another method used to metalize glass or porcelain involves the 
application of a paint consisting of very fine silver powder and 
flux suspended in a suitable drying oil. When the paint is dry, 
it is heated to a sufficient temperature to burn off the oil and to 
flux the coat of silver, on which additional silver or other metals 
may be deposited. 

For some purposes, a conducting paint is made by suspending 
copper powder in a lacquer which has been so diluted with thinner 
that, when it dries, there is insufficient solid material left to 
insulate the copper particles from each other. Commercial con¬ 
ducting lacquers containing, for example, silver dispersed in an 
organic medium are now available. 

ARCUS, H., Metal Finishingy vol. 46, p. 64, 1947; and Proc. Am. Elec- 
troplatere* Soc., p. 157, 1948. 

* Burns, R. M., and Schuh, A. E., “Protective Coatings for Metals,” 
Reinhold Publishing Corporation, New York, 1939. 
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Still another method sometimes applied to leaves and flowers 
(previously rendered impervious) is to dip them into a solution of 
silver nitrate, allow them to dry, and then expose them to hydro¬ 
gen sulfide gas, which produces a conducting film of silver sulfide. 

The choice of methods and materials depends upon the products 
to be plated. Specific examples will be given for electrotyping 
and the plating of plastics. 

PREPARATION FOR ELECTROTYPING 

Electrotyping involves the reproduction of surfaces to be used 
for printing. The original form may consist of (1) type (locked 
in a ‘‘chase*’), usually an alloy of lead, tin, and antimony; (2) 
photoengraved half-tone or line-cut plates, usually of zinc or 
copper; (3) previously produced electrotype plates, used as pat¬ 
terns; (4) engraved copper or steel plates, such as are used for 
intaglio printing; or (5) a combination of any or all of these sub¬ 
jects. For present purposes all the steps up to the electro¬ 
deposition will be considered as preparation. 

Because the original plates are positives^ i.e., are the same as the 
desired printing plate, it is necessary first to prepare a negative 
mold on which the final printing surface is deposited. Four 
methods of molding are now used in electrotyping for letterpress, 
or surface, printing, viz., (1) wax molding; (2) use of waxlike 
“plastic” sheet molding material, backed with metal foil, e.g., a 
product known as tenaplate, (3) sheet plastic molding; and (4) 
lead molding. Methods (1) and (4) have long been used, while (2) 
and (3) are more recent developments. 

Wax Molding. The essential steps in wax molding are as 
follows; The wax is melted in a steam-heated kettle and is then 
poured over flat sheets of electrotype backing metal or aluminum, 
known as cases, that rest on a fiat-rimmed wax table. The layer 
of wax, about 1/8 to 1/4 in. (3 to 6 mm) thick, is heated with a 
flame to remove air bubbles before it is allowed to solidify. After 
cooling, the surface is shaved by a machine to yield a smooth surface 
and a definite thickness (about 1/16 in. or 1.5 mm). Before mold¬ 
ing, the subjects are slightly warmed, e.g., to 100 or 110®F (38 to 
43‘*C), in a heated cabinet. The surfaces of the wax and also of the 
subject are bnished with molding graphite to prevent sticking of 
the wax and subject. The subject is laid face downward on the 
wax, and a pressure of about 1,000 to 1,500 Ib/in.* (70 to 105 
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kg/cm®) is applied in a hydraulic press. The molded case is 
lightly shaved to remove wax forced above the surface and is 
carefully heated with a small flame to remove burrs and slightly 
round the edges. (The printing faces of the letters are in the 
bottoms of the depressions and hence are unaffected by these treat¬ 
ments.) The wax mold is rendered conducting by means of 
graphite, usually applied in a so-called ‘^emulsion,'' actually a 
suspension of graphite in water. 

It is difficult to define quantitatively the properties of a suitable 
molding wax. It must have such hardness at slightly elevated 
temperatures that it can be molded at reasonable pressures and 
yet be hard enough at room temperature to retain its shape. It 
must be plastic and not viscous; i.e., it must not flow ifnless some 
minimiun pressure is applied. This distinction is illustrated by 
the behavior of wax and pitch. If a thin rod of each of these 
materials is supported at two points, the plastic wax will scarcely 
bend, while the viscous pitch, even though it may be much harder, 
will sag and continue to do so for long periods. If a viscous wax 
were used for molding, it might flow at room temperature and 
thereby lose the details of the impression or cause serious dimen¬ 
sional changes. In addition the wax must not be sticky, as this 
would cause difficulty in separating it from the type form. The 
coefficient of expansion should not be too high, as then the wax 
may crack on cooling or may cause a concave face^ a difficulty some¬ 
times observed with beeswax. The wax should have very fine 
crystals, z.6., be microcrystallinej in order to avoid crystal bound¬ 
aries on the surface, especially in impressions of fine half tones. 

It is possible to measure the penetration hardness by means of a 
penetrometer, used for testing asphaltic products. A few unpub¬ 
lished tests on a satisfactory electrotypers^ wax with a 150-g load 
for 15 sec yielded at 25°C (77°F) values from 25 to 33. The hard¬ 
ness value of 35°C (95®F) (about the molding temperature) 
should be about one-half that at 25®C. Wax with a higher ratio, 
e,g.f three times as hard at 25®C as at 35®C, proved to be quite 
unsuitable because its hardness changed too rapidly with 
temperature. 

In earlier years Austrian ozokerite was the principal wax used in 
electrotyping, but during the First and Second World Wars it was 
unavailable. Early attempts to use American ozokerite (found 
in Utah) were unsuccessful, but subsequently suitable mixtures 

were prepared. In recent years molding waxes that closely 
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approach ozokerite in behavior have been developed from 
petroleum. 

When the green or browm ozokerite was employed, additions of 
paraffin or petrolatum were usually made and also of some resin, 

white pine pitch, Burgundy pitch, or Venice turpentine. 
One advantage of the waxes obtained or synthesized from petro¬ 
leum is that suitable substances can be added by the producer 

to yield consistently the desired properties. 
The temperature of the wax in the steam 

kettle should not exceed 110®C (230®F), as other¬ 
wise the wax composition will change rapidly 
by volatilization of some constituents. 

Application of Graphite. Although wax mold¬ 
ing of electrotypes is rapidly being superseded 
by other methods, it is still in extensive use. It 
is possible to render the surface of wax molds 
conductive by the use of silver films (as used 
on plastic molds); however, graphite is most 
commonly used on wax. It may be applied for 
two purposes: (1) to facilitate the molding, for 
which a molding graphite is used, and (2) to 
make the surface conductive. For the latter 
purposes the graphite can be applied dry, or wet 
in a suspension in water, often but erroneously 
called an emulsion. 

The principal properties of graphite that 
determine its usefulness are (1) purity, (2) fine¬ 
ness, and (3) conductivity, which is related to 
(1) and (2). The purity can be determined by 

Fio. 4B. Frame burning off a sample in oxygen and weighing 

the rete of^oov^g The loss in weight is assumed to 
of nickel on a graph- represent graphite but will include any other 
ited wax surface. fonns of carbon that may be present. 

The fineness is measured by means of standard mesh sieves, e.g,j 
with 100, 200, or 326 meshes per linear inch (40, 80, and 130 
meshes per centimeter). A weighed sample, e,g,j 10 g, is placed on 
the 325-mesh sieve, mixed with water, and stirred with a fine brush 
while a fine stream of water enters the sieve. When no more 
graphite passes through, the residue is dried and weighed. It is 
then treated similarly on the 200- and 100-mesh sieves, although 
water is not necessary for the latter. 
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The effective conductivity of the graphite is conveniently 
determined by measuring the time required for nickel to deposit 
over a given area under specified conditions. A frame such as in 
Fig. 43 is filled with wax, shaved to a plane surface, and coated 
with the graphite to be tested either dry or wet. An area exactly 
equal to 2.5 by 15 cm (1 by 6 in.) is obtained by scraping the edges. 
Contact is made to the graphite through a brass strip connected to 
the hanger. A solution containing 0.5Ar nickel sulfate (70 g/1 or 
9 oz/gal of NiS04'7H0) and O.liV ammonium chloride (5.3 g/1 or 
0.7 oz/gal of NH4CI) is used at a pH of 5.6 and a temperature of 
25®C (77®F). The anode and cathode are 10 cm (4 in.) apart, and 
a potential of 3.0 volts is applied. The period required for the 
nickel to cover the graphite completely is designated as the 
covering time. 

Laboratory tests and plant observations led to recommendation 
of the specifications listed in the following table, which have been 
closely followed by industry. 

Specifications for Elbctrotyping Graphite 

Type 

Fineness, minimum per cent 
through sieve No. 

Carbon 
content, 

minimum 
per cent 

Time of 
covering, 
maximum 

min 325 200 100 

Dry polishing. 50 8 
Wet lead. 50 10 

The graphite for wet leading should readily mix with water to 
form a suspension containing about 2 lb of graphite per gallon of 

water (240 g/1). 
The adhesion of graphite to wax when an aqueous suspension is 

applied illustrates the selective effect brought about by differences 
in surface tension. Because the surface tension between wax and 
graphite is less than that between water and graphite, the latter is 
attracted to the wax. If, however, a mixture of chalk (calcium 
carbonate) and water were applied to the wax, very little chalk 
would adhere to the wax. One advantage, especially of natural 
graphite, is that it is usually in fine fiakes that overlap and thus 
foster continuous contacts. A few tests have shown that the 
average thickness of a film of graphite applied dry to wax is about 
0.00002 in. (0.0005 mm) and if applied wet it is only aboyt half 

that thick. 
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Oxidizing of gra^hited wax cases produces a thin film of copper 
that increases the conductivity of the surface and shortens the 
covering time. In this .process the graphited surface is* covered 
with a dilute, slightly acid solution of copper sulfate and very fine 
iron powder. The solution is then agitated by shaking the case, 
moving it with a brush, or whipping a fine spray of water over the 
surface. Each of these iron particles sets up with the graphite a 
small local cell, in which the iron dissolves and deposits a film of 
copper on the graphite. The term oxidizing applied by electro¬ 
typers to this process is technically correct, since the iron is 
oxidized and the copper is reduced. 

Wazlike Sheet-molding Material. As explained on page 234, 
the use of lead molds in electrotyping is not generally applicable 
to type-metal forms because the required pressures would deform 
the type metal. On the other hand, the plates produced from wax 
molds may require a great deal of finishing, partly because there is 
so much opportunity for the wax to flow. A kind of molding 
sheet known as Tenaplate, which has been in successful use for 
about 15 years, represents a composite of a metal and a wax mold. 
It consists of a thin sheet of a fairly soft metal such as aluminum or 
copper, on the surface of which is a relatively thin layer of a special 
waxlike mixture coated with a thin layer of molding graphite. 
When a type form is molded in such a sheet, the metal deforms to a 
considerable extent, but the exact impression is taken by the wax 
surface. The net result is a mold that is a more accurate repro¬ 
duction of the original type face, and bench operations are 
minimized. 

The surface of such a mold must be rendered conductive. In 
the early years of this process graphite was applied, but with the 
development of methods for silvering plastics (page 234) the 
Tenaplate molds are now usually silvered, after which deposition 
of. nickel or copper is conducted in the regular way. Tenaplate 
permits greater flexibility of handling, storing, shipping, and 
revising than is possible with wax molds. 

Plastic Molds. Probably the most important and novel devel¬ 
opment in electrotyping in recent years is the use of sheet plastic 
in place of other mediums for molding and of silvering in place 
of graphite to render the surface conducting. The elimination of 
wax and graphite makes it possible to keep an electrotyping plant 
clean and more hygi^c than formerly. Plastic molding is so 
rapidly replacing wax and lead molding in the electrotype industry 



PREPARATION FOR ELECTROFORMING 233 

that in a few years the older processes may disappear entirely. 
Plastic molds can be readily shipped, with a saving in trans¬ 
portation costs. 

Most successful results have thus far been obtained with sheets 
of a copolymer of vinylacetate and vinylchloride such as is sold 
commercially under the trade name of Vinylitey although efforts 
are being made to employ plastics that have a somewhat lower 
molding temperature and lower coefficient of expansion than Viny- 
lite. The Vinylite is obtained in the form of sheets about 0.03 in. 
(0.8 mm) thick, which have been colored, e.g., white, green, or 
black, by a suitable dye or filler. The color aids the inspector to 
detect any flaws in the impression. A dull, slightly matte surface 
is now preferred. 

In plastic molding, the type form is first warmed to a tempera¬ 
ture of about 130®F (54®C) on an electrically heated platen. The 
plastic sheet is then laid face downward on the form, and the 
plastic is warmed to a temperature of about 250®F (123®C), after 
which the assembly is placed in the molding press. A relatively 
low pressure, 500 Ib/in.^ (35 kg/cm^), is required. The mold 
and form are then allowed to cool under light pressure, e.g., 
10 lb/in.2 (0.15 kg/cm^), after which the mold is removed from 
the form. 

The face of the mold is then coated with silver by one of the 
methods described on page 234 to render it conductive. Spray¬ 
ing of the silvering solutions is especially effective on electrotypes, 
because it ensures complete coverage of the surface, including the 
sides of dots and letters. 

Nickel or copper as required is then deposited on the silvered 
mold, e.g,y about 0.001 in. (0.025 mm) of nickel followed by 0.006 
in. (0.15 mm) or more of copper for nickel electrotypes or merely 
about 0.008 in. (0.2 mm) of copper for copper electrotypes. The 
shell is then held flat by a suction device while the mold is pulled 
off. One distinct advantage of plastic molds is that, unlike wax, 
Tenaplate, or lead molds, they can be resilvered and used repeat¬ 
edly to make duplicate plates. They may also be heated, pressed 
flat, and used to mold other forms. In order to prevent sticking 
of the electrotype metal to the silvered face of the shell during the 
backing operation, the shell can be treated with a solution of 
sodium sulfide and soap, which produces a thin black film of silver 
sulfide. This is also advantageous in assisting the finisher to make 
the printing surface plane. 
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Lead Molds. Lead molding was formerly used extensively in 
electrotsrping of fine half tones to obtain fine reproductions. 
Because of the. high pressures required (8,000 Ib/in.^ or 560 
kg/cm’), this process ctuinot be employed for molding subjects 

containing type metal. It is, however, sometimes used for 
making molds of previously fabricated electrotypes that contain 
type matter. 

A thin, smooth sheet of lead about 0.04 in. (1 mm) thick is used. 
In some cases this has on the surface a very thin layer of tin, which 
prevents oxidation of the lead during storage. This tin-faced lead 
is not recommended for copper electrotypes, as the acid copper 
bath attacks the tin. To prevent the lead mold from sticking to 
the form, both are lightly dusted with molding graphite. In some 

cases a dilute solution of a grease in a solvent is applied instead 
of graphite. 

In order to permit separation of the electrotype shell from the 

lead mold, the latter is first treated with a very dilute solution of 
sodium or potassium dichromate, e.g., about 1 g/1 or 0.13 oz/gal of 
NajCriO?. This produces a very thin film of lead chromate, 
PbCrO^, on the lead surface. 

PLATING ON PLASTICS 

Most of the principles of the steps required to plate metals on 
plastics are referred to previously in this chapter. The term 
plcUing is justified because it is desirable to obtain adherent coat¬ 

ings. Actually the degree of adhesion of metal deposits on plastics 
is not equal to that on metals, (1) because there is no strong bond 
between metal and plastic and (2) because, if such a bond existed, 

the tensile strength of the plastic is usually much less than that of 
the metal coating. The two procedures that lead to fair adhesion 
of coatings on plastics are (1) the customary practice of plating the 
complete surface, which leaves no edges to start peeling, and 

(2) sufficient roughening of the plastic surface to produce some 
mechanical bond of the metal. One factor that tends to disclose 

any relatively poor adhesion on plastics is the usual higher coef¬ 
ficient of expansion of the plastic than of the metal coating. If, 
therefore, the plated object is heated, e.g., in buffing or in subse- 
qu^t use, the plastic expands and may stretch the metal coating 
and cause the latter to blister when the temperature returns to 
normal. 
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A good r48um4 of methods of plating on plastics was published 

by H. Narcus.* 

The principal essential steps are as follows: 

1. Slight roughening of the surface to remove the glaze, or skin, 

and also any burrs from the surface. This can be accomplished 

by (o) tumbling with pumice and water, (5) blasting with fine 

alundum, or (c) chemical etching in either an acid or alkali that 

will slightly attack the surface of that plastic. 

2. Cleaning in a mild alkali such as trisodium phosphate or 

O.lN (0.4 per cent) sodium hydroxide. 

3. Sensitizing the surface, e.g., by dipping for 1 or 2 min in a 

solution containing stannous chloride, SnCl2‘2H20, 10 g/1, and 

concentrated hydrochloric acid, 40 ml/1. 

4. Application of the silver film, e.g., by the formaldehyde 

method (page 226). 

5. Deposition of copper. An initial coat from a bath containing 

copper sulfate, CuS04‘5H20, 75 g/1 (10 oz/gal), and H2SO4. 

2.5 g/1 (0.3 oz/gal), followed by deposition from a bath containing 

250 g/1 (33 oz/gal) of CuS04’5H20 and 40 g/1 (5 oz/gal) of 

H2SO4. 
6. Deposition of other metals as desired. 

> Trans. Eledrochem. Soc., vol. 88, p. 371, 1945. 



CHAPTER IX 

ELECTRICAL EQUIPMENT 

SOURCES OF CURRENT 

Generators. Obviously the most essential requisite for electro¬ 
deposition processes is a source of low-voltage direct current. As 
it is not practicable to distribute current to any great distance at 
as low an emf as 6 to 12 volts owing to the excessive cost of the 
large copper conductors which would be necessary to minimize 
transmission losses, it is customary for electroplating and electro¬ 
typing plants to generate their electric power or to transform it 
from a commercially transmitted emf, (usually 220 or 440 volts) to 
that required. A low-voltage generator^ is frequently employed, 
driven from a shaft operated by steam power or by a motor im¬ 
pelled by the commercial current. In the latter case the shafts of 
the motor and generator are usually connected together, or the 
motor is assembled on the generator shaft, forming a motor-' 
geTieraioT set, such as is now used extensively in the electrodeposi¬ 
tion industries. Rectifiers are also used (page 241). 

The fundamental principle of the generator is that, when a coil 
of wire is rapidly routed in a magnetic field in such a way that 
it cuts lines of force, a current is produced in the wire. Con¬ 
versely, when a current is passed through a movable coil placed 
in a magnetic field, there is a tendency for the coil to rotate to 
a position in which the maximum number of lines of magnetic 
force will be enclosed. This latter effect is the basis of the electric 
motor. In principle, therefore, a motor and a generator may have 
exactly the same construction. Such an arrangement becomes a 
generator if the coil is rotated by some external mechanical force 
or a motor if a current is passed through the coil by the application 
of an emf from an external source. The four most essential elec¬ 
trical parts of a d-c generator (or motor) are the armature, field 
magnets, commutator, and brushes. The armature, which carries 

^The word dynamo^ which is frequently but incorrectly used in place of 
generatOTf is a contraction of dynamo electric machine and may therefore 
refer to either a motor or a generator. 
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the moving coils, consists of a cylindrical stack of thin disks of 
silicon steel. The coils of insulated wire are wound in slots run¬ 
ning lengthwise of the armature. The field magnets, usually four 
or more in number, consist of soft iron cores, magnetized by the 
passage of a current through coils of wire surrounding them so that 
the inner ends are alternately of north and south polarity. The 
commutator is the device for collecting and reversing the current. 
It consists of segments of copper insulated from each other and 
from the shaft by thin sheets of mica. The terminals of the arma¬ 
ture coils are connected to the commutator bars in such a way 
that, as each coil leaves one pole and approaches the next one, 
which is of opposite polarity, the connections between the coil and 
the external circuit are also reversed, and hence the direction of 
the current outside the machine is the same at all times. The 
brushes are the terminals of the current leads, which pick up the 
current from the commutator and transmit it to the leads and 
thence to the bus bars. 

The most essential differences in the types of generators used 
for electrodeposition are in the relation between the current pass¬ 
ing through the field and through the armature. The four 
arrangements that have been used in plating generators are 
represented diagrammatically in Fig. 44. 

The most important consideration in the choice of winding for 
such generators is the maintenance of a constant voltage when the 
load in the tanks changes greatly. Any one of the arrangements 
may yield a constant voltage as long as the load in the tanks 
remains constant. 

The current that passes through the field coils may be derived 
from the generator itself, in which case the generator is said to 
be self-excited. The residual magnetism of the field magnets is 
sufficient to produce the initial field required to start the gener¬ 
ator. In the self-excited shunt-wound generator, the field coils 
are in parallel with the armature and only a part of the generated 
current passes through the field coil. Suppose that with such a 
generator the amount of work in the plating tanks is increased. 
This decreases the tank resistance, and the voltage at the genera¬ 
tor brushes decreases because of the increased voltage drop in 
the armature. The current in the shunt fields therefore decreases, 
and the voltage at the generator terminals drops and can be main¬ 
tained only by changing the field rheostat. Such a machine 
therefore has a drooping voltage characteristic. 
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The 8eJf--excited eompound-wound generator has two separate 
field windings:- one of which is in parallel with the armature as in a 
shunt-wound generator and the other a winding of low resistance 
in series with the armature and called the series winding. As the 
load in the tank increases, the current through the series winding 
also increases. This raises the generated voltage. If this just 
offsets the decrease which would occur with the shunt winding 

Fia. 44. Typical generator windings, (a) Self-excited, shunt-wound, (b) 
Self-excited, compound-wound, (c) Separately excited, shunt-wound, (d) Sep¬ 
arately excited, compotuid-wound. A,' armature. Fi, series held coil. Fs, shunt 
field coil. E, exciter. /2, field rheostat. T,R,, tank rheostat. T, tank. 

only, the generator has a fiat voltage characteristic. If it more 
than compensates for the decrease due to the shunt winding, the 
generator is overcompounded and the voltage tends to build up as 
the load increases'. Small machines are generally self-excited 
compound-wound. 

In separately excited generators the current required for the 
field coils is furnished from an outside source, e,g,, direct current 
at 110 to 220 volts from a power line, or from a separate small 
generator installed to furnish the exciting current. The so-called 
^'separately excited shunt-wound” generator is simply a generator 
in which the entire field current is furnished from outside. Strictly 
speaking it is not "shunt-wound,” but the above expression has^ 
come into ccnnmon use^ probably in contrast to the term separately 
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excited compoundrwound. The latter has a winding of low resist¬ 
ance in series with the armature. Although it is difficult to handle 
very high currents through the series coils, many large generators 
are compound-wound. Separately excited shunt-wound gener¬ 
ators are frequently used on large machines if a wide range of 
voltage control is required. 

The type of motor to be employed to operate the generator is 
determined by the source of current available and by the required 
power output and efficiency of the generator. If alternating 
current is applied, an a-c motor must be installed, in which case the 
motor-generator set serves both as a rectifier and transformer. The 
approximate size of the motor required may be calculated as 
follows: Suppose that it is desired to operate a generator to yield 
2,000 amp at 6 volts. The power output will then be 2,000 X 6 = 
12,000 watts, or 12 kw. If we assume a generating efficiency of 
80 per cent, it will be necessary to supply to the generator 
100/80 X 12,000 = 15,000 watts. The motor must therefore be 
able to deliver that amount of power to the generator, i.e., it must 
be a 15-kw motor, or (since 1 hp equals 746 watts) it must deliver 
15,000/746 = 20.1 hp. In such a case a 20-hp motor should 
usually be installed unless the generator will frequently be 
subjected to overloads. 

The power efficiency of the generator set is equal to the product 
of the motor efficiency and the generator efficiency. In the above 
case if the motor has an efficiency of 85 per cent, the motor 
generator set will have an efficiency of 0.80 X 0.85 = 68 per cent. 
The motor transmits to the generator only 85 per cent of the 
power furnished to it, and the generator in turn yields only 80 
per cent of that amount. In order to secure 12,000 watts, it will 
therefore be necessary to supply to the motor 100/68 X 12,000 = 
17,600 watts, or 17.6 kw or 23.5 hp. The same result is obtained 
if we calculate from the power requirement and efficiency of the 
motor, i.e., 100/85 X 15,000 = 17,600 watts. Even though the 
power consumption represents a very small part of the cost of 

the electroplating operations, consideration should be given, espe¬ 
cially in large plants, to the possible losses arising from defective 
design or faulty operation of generators. Thus even with the 
above moderate-sized generator, an increased expense of 5 per cent 
ovor a period of 300 working days of 9 hr each, with electricity at 
$0.05 per kilowatt-hour, would represent an annual loss of about 

$119. 
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The size and number of generators to be used in any plant will 
depend upon conditions of operation. In those rather unusual 
cases where contiauous operation is essential, it may be advisable 
to provide at least two generators to permit occasional overhauling 
and repairs. In such an installation each generator should have 
a current capacity slightly in excess of the normal requirement so 
that it will not be overloaded when the entire burden is placed 
upon it. When both generators are available, however, the load 
should be divided so as to have each operating with a wide margin. 
Even when continuous operation is not essential, in all plants 
requiring over 1,000 amp the expense of two generators is usually 
warranted by the greater freedom from shutdowns, the ability to 
take care of ^‘peak loads,'' and especially the greater freedom of 
voltage adjustment. Thus, for example, in a plant with a max¬ 
imum requirement of 1,500 amp, much greater flexibility can be 
obtained with two 1,000-amp generators than with one 1,500- or 
even ope 2,000-amp set. 

A generator with two commutators is advantageous; in fact it 
is common practice to design all generators except in very small 
sizes with two commutators. Such generators are now built 
with four terminals, which can be connected in such a way as to 
give 6 or 12 volts or to give both voltages at once on a three- or 
four-wire system. Such a generator is cheaper and more efficient 
than two separate generators of the same total power output and 
is nearly as flexible, except for the possibility of shutdowns for 
repairs. For most cases it will be found preferable to have the 
two conunutatora similar, e,g,y each generating 6 volts. In special 
cases it is possible to have different voltages on the two com¬ 
mutators, e,g,, 10 and 5 volts. Such an arrangement does not, 
however, permit the full output of the generator to be secured at 
any one voltage. 

The principal factors in the care of plating generators are the 
lubrication of the bearings and the care and adjustment of the 
brushes and commutators. Of the several types of brushes used, 
those consisting of a mixture of graphite, carbon, and copper, 
commonly called metal graphite^ are most satisfactory. For 
plating generators it is necessary to have as low an electrical 
resistance as possible and a low friction coefficient. The exact 
adjustment of the brushes depends upon the machine design, but 
in any case sparking should be reduced to a minimum. Dust 
from the air or from the brushes should be blown away from the 
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commutators and armature at frequent intervals. The com¬ 
mutators should be kept smooth and clean and ordinarily should 
not be lubricated. The formation of a chocolate brown film on 
the commutator generally indicates good operation, and this film 
should not be removed. 

Rectifiers. As electrical energy is distributed to plants in the 
form of alternating current (ac) at 110 or 220 volts, it is necessary 
for use in electroplating to rectify it, i.e., to change it to direct 
current (dc), and also to use a step-down transformer to reduce the 
voltage, usually to 6 or 12 volts. As previously noted, a motor- 
generator set operated with alternating current serves as both a 
rectifier and a transformer. During the past fifteen years exten¬ 
sive use has been made in the plating industry of other devices, 
known as metal rectifiers^ in place of motor generators. Associated 
with such a rectifier is a step-down transformer, which reduces the 
voltage of the alternating current from, for example, 220 volts to 
the voltage required to yield the desired low voltage from the 
rectifier. 

All these rectifiers involve a boundary surface through which 
current will pass readily in one direction but with diflBculty, if at 
all, in the other direction. If then to such a boundary, an alter¬ 
nating current is applied in which the current flows alternately in 
two directions, e,g,, with 60 complete cycles per second, only the 
half of the current that flows in the appropriate direction will con¬ 
tinue to flow through the boundary, which serves as a barrier to 
the other half of the current. Since the portion that passes 
through goes in only one direction, it results in a direct current 
that is not continuous but pulsating. This is illustrated in Fig. 45, 
in which a r presents the curve for direct current if only one half 
the current is rectified. If, however, both sides of a single-phase 
current are rectified so as to pass in the same direction, a curve 
such as b for full-wave rectification is obtained, which is con¬ 
tinuous but not uniform in voltage. A current represented by b 
can be used in many plating operations, but it has been reported 
to be unsatisfactory for critical processes such as chromium 
plating. It is preferable therefore to employ three-phase alter¬ 
nating current, which with full-wave rectification yields a curve 
such as in c, in which there is a ripple of only about 7 per cent in 
voltage, with a frequency of 360 cycles/sec. This ripple is of 
about the same magnitude and frequency as that present in direct 
current obtained from a motor generator. There is no evidence 
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that this slight ripple yields any different results in electrodeposi¬ 
tion from those obtained with a continuous uniform current from 
a battery. 

At present tlu^ types of rectifiers are in common use in the 
plating industry, in which the surface of the rectifying plates con¬ 
sists respectively of (1) cuprous oxide, CU2O; (2) magnesium and 

Fio. 46. Typical rectification curves, (a) Half-wave rectification. (6) Full- 
wave, single-phase rectification, (c) Full-wave, three-phase rectification. 

cuprous sulfide, CU2S; and (3) selenium. Each of these types 
possesses advantages and limitations, the exact definition of which 
may require longer years of experience. 

The initial electrical efficiency of these rectifiers at full load is 
relatively high, e,g.f 70 per cent, but it decreases somewhat with 
time. The operating efficiencies of some types of rectifiers are 
less than 50 per cent if account is taken of the entire electrical 
input, including losses in transformers and controls. Because 
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considerable heat is generated in the passage of current through 
rectifier plates and their efficiency is decreased at high tempera¬ 
tures, it is necessary to provide cooling. This is most commonly 
done by blowing a stream of clean cool air through by means of 
ventilating fans. This air should preferably be drawn directly 
from outside in order to avoid dust and fumes, which reduce the 
efficiency. Oil cooling has also been employed, but it may 
introduce certain fire hazards. 

It is difficult at this time to decide upon the relative advantages 
and disadvantages of rectifiers and motor-generator sets. During 
the Second World War, a large number of rectifiers were introduced 
into plating in the United States. Experience with these as well 
as the longer experience with rectifiers in England should make it 
possible to define the fields for which each source of power is best 
suited. The following factors should be taken into consideration. 

1. Because rectifiers have no moving parts except the ventilat¬ 
ing fans, their maintenance requires less attention than that of 
generators, in which bearings must be lubricated and brushes 
adjusted or replaced. 

2. Rectifiers are commonly constructed in relatively small units, 
of 500 amp at 6 volts, any number of which can be readily 

connected in series or parallel to suit the current requirements of a 
given process. Their use is therefore somewhat more flexible than 
that of generators, which are less conveniently operated in series or 
parallel. 

3. The efficiency of a rectifier at full load is less than that of a 
large motor-generator set, but at lower loads, e.g., at 25 per cent 
load, the efficiency of the rectifier is likely to be better than that 
of a generator set, in which considerable energy is required to 
operate the motor at even zero load. 

4. As at present constructed and rated, rectifiers will not with¬ 
stand so heavy or continuous overloads as will generators. This 
difference may, however, be based primarily on the margins 
allowed in the ratings of the two types of equipment. 

Storage Batteries. One other source of direct current that 
should be considered is the storage battery, which may prove very 
useful to electroplaters for (1) small-scale experiments, (2) elec¬ 
troanalysis of solutions, and (3) occasional plating with gold, 
silver, or platinum. The principal type of commercial storage 
battery is the lead peroxide battery, often designated as the lead 
accumulator or the chloride accumidator. The Edison battery, 
which contains iron, nickel oxide, and caustic soda solution, is 
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less used but is especially valuable for occasional service, as it does 
not deteriorate rapidly on standing. 

Electrical batteries. are usually classified as 'primary and 
secondaryf which classes are illustrated, respectively, by the simple 
Daniell cell and the storage cell. In each form electrical energy is 
produced as the result of a chemical reaction. The essential dif¬ 
ference between the two types of batteries is that in the secondary 
cells the chemical reaction is reversible but not (efficiently) in the 
primary cells. A secondary or storage cell, when charged, is in no 
way essentially different from a primary cell. When it is dis¬ 
charged (or preferably only partly discharged), it is possible, by 
the application of a current of opposite direction from an external 
source, to reverse the chemical action that has tal^en place and 
thus to reproduce the compounds that were present in the origi¬ 
nally charged cell. Such a cell therefore serves as a reservoir for 
electricity, since it is capable of being successively charged and dis¬ 
charged. It is important to note, however, that in such a cell the 
stored energy is present in the form of chemical compounds, 
capable of undergoing a chemical reaction that under favorable 
conditions will produce a current. It is not stored in the same 
simple sense that electrical energy is stored in a statically charged 
object such as a condenser. 

When fully charged, the ordinary storage cell consists of two 
kinds of plates or grids constructed of lead and containing in the 
interstices of the one (the positive plates) lead peroxide, Pb02, a 
brown powder, and in the other (the negative plates) a sponge of 
metallic lead. These grids, arranged alternately, are immersed in 
an electrolyte consisting of sulfuric acid and water. When this 
cell is discharged, e,g,, by allowing the current to flow between the 
terminals attached to the two plates, the following reaction in the 
cell as a whole occurs from left to right; 

Pb02 + Pb + 2H2SO4 2PbS04 + 2H2O 

This may be considered as occurring in two steps, thus: 

Pb02 + Pb 2PbO 
2PbO -h 2H2SO4 2PbS04 + 2H2O 

The reactions occurring at the two plates may be represented 
as follows: 

Positive plate: 
PbOa + Hj » PbO + H2O 

PbO + H2SO4 = PbS04 + H2O 
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Negative plate: 
Pb + O = PbO 

PbO + H2SO4 = PbS04 + H2O 

In effect, the lead peroxide plate is reduced and the lead plate is 
oxidized, in each case forming lead monoxide (PbO, litharge), 
which in the presence of the sulfuric acid forms water and lead 
sulfate, a white powder. When the cell is fully discharged, each 
of the plates is covered with lead sulfate and so much of the sulfuric 
acid has been combined that the concentration of sulfuric acid in 
the electrol3rte has been reduced, as may be shown by a simple 
hydrometer reading. For satisfactory operation it is necessary to 
avoid the formation of inactive lead sulfate, as it is difficult to 
recharge a cell that is badly sulfated. In every case lead sulfate is 
formed during the discharge of the cell, but under proper condi¬ 
tions this is in a crystalline form which is readily acted upon 
during recharging. If, however, the battery is allowed to stand 
uncharged, the plates become sulfatedy i.e., the lead sulfate is dense 
and hard, and the cell cannot be easily recharged. 

When a cell is recharged, the opposite reactions occur; i.e., all 
the above reactions take place from right to left. There are, 
however, secondary reactions during both charging and discharg¬ 
ing, which therefore reduce the efficiency of the cells below the 
theoretical 100 per cent. 

Storage batteries should never be used to furnish a current 
above their specified discharge rate or beyond their rated capacity. 
When fully charged, the lead batteries should have an emf of about 
2.2 volts, and the electrolyte should have a specific gravity at 25°C 
(77®F) of about 1.28. Distilled water should be added at intervals 
to replace that lost by electrolysis (evolution of hydrogen and 
oxygen), but no sulfuric acid should be introduced unless there has 
been actual mechanical loss. The batteries should never be 
allowed to discharge below 1.8 volts and preferably not below 
2 volts. In any case they should be recharged at intervals of a 
few weeks whether they have been discharged or not. 

It is a simple matter to recharge batteries by current from an 
electroplating generator. For each cell to be charged, an emf 
of about 2.6 volts is necessary. A generator designed for 6 volts 
may be used for two cells by adjusting the field rheostat so as 
to produce 6 volts for two cells, or when the generator is not 
otherwise in use, it is frequently possible to secure, for the small 
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curr^ts required, an emf of 7 to 7.6 volts, i.e., sufficient to charge 
three cells in series. The rate (in amperes) for charging and dis¬ 
charging and the total capacity are specified for each type and 
size of battery. To prevent reversing the polarity of the generator, 
a relay should be provided, which opens the circuit if the current 
is reversed. 

TYPES OF CURRENT 

As previously stated, electrodeposition of metals is conducted 
almost exclusively with direct current. In recent years modifica¬ 
tions have been proposed in which the current is interrupted or 

Fio. 46. Typical ourrent>time curve for periodic reverse current plating. 

reversed. Such modifications may influence the anode or cathode 
polarization and hence the electrode efficiencies and may change 
the structure or appearance of the deposits. 

Periodic Reverse Current. In one process, known as periodic 
reverse-currerU platin^j^ the current is reversed for 10 to 60 per cent 
of the period used for direct-current plating, e.g., with 5 sec direct 
and 1 sec reverse current (Fig. 46). If the anode and cathode 
efficiencies were equal and were unchanged by the cyclic process, 
one-fifth of the metal deposited by the direct current would be 
dissolved by the reverse current and the actual cathode efiiciency 
would be four-sixths, or 67 per cent, of that obtainable with the 
same total current as direct current. Actually it is claimed that, 
because of the replenishment of metal ions at the cathode surface 
during the reversal periods, the d-c cathode efficiency may be 
higher than normal, in which case the over-all efficiency may be 
greater than 67 per cent. It should be emphasized that, whenever 
any appreciable part of the current is reversed, the over-all 
cathode efficiency must be less than 100 per cent. 

^ Jermstbdt, G.’ W., Metal Finishing, vol. 45, p. 68, 1947; and Plating, 
vol. 35, p. 708,1948. 
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In this particular process, it is reported that, especially in 
cyanide copper baths, smoother and denser thick deposits are 
obtained in a shorter time, because a higher current density can 
be used. Probably during the reversed part of the cycle, a process 
similar to electropolishing occurs (page 215). 

Interrupted Direct Current. In another process the direct 
current is merely interrupted for short intervals, so that the current 
is always passing in the same direction but not continuously. This 
process has been suggested as a means of obtaining smoother or 
brighter deposits. If, for example, the direct current flows for 
5-sec intervals and is interrupted for 1 sec between periods of 
flow, there is a greater opportunity for replenishment of the 
cathode film to occur through diffusion and convection. Thereby 
the cathode polarization is decreased, and the cathode efficiency 
may be increased. In consequence a higher current density 
can be used and a given weight of metal can be deposited in a 
shorter total period, even though the current is not flowing 
continuously. 

Superposed Alternating Current. For many years specific 

studies have been made upon the effects of a superposed alternat¬ 
ing current upon the processes of electrodeposition, but no exhaus¬ 
tive researches have been published, and few advantages have been 
conclusively established. If, for example, the maximum value of 
the alternating current applied was exactly equal to that of the 
direct current, the net result would be an interrupted, variable, 
direct current, in which the maximum value was the sum of the 
alternating current and direct current and the minimum was zero. 
If, instead, the alternating current were greater than the direct 
current, a periodic reversal would occur. In either case it may be 
expected that the anode and cathode polarizations would be 
decreased and the electrode efficiencies increased. However, a 
decrease in throwing power would be expected because of the 
decrease in polarization. In certain zinc baths it has been 
reported that a combination of superposed altehiating current 
and an appropriate addition agent yielded results not obtainable 
with either one alone. 

One of the few industrial processes in which superposed alternat¬ 
ing current is employed is the Wohlwill process for refining gold. 
The use of the alternating current tends to loosen the silver 
chloride that is formed on the impure gold anodes and hence 
reduces the anode polarization. 
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Far more study required to understand and predict the effects 
of these various types of current in a given deposition process. 
Their use must be justified by improvements in quality of 
the product that compensate for the additional current and 
equipment which may be employed. However useful they may 
prove, they do not now constitute a panacea or a revolution 
in plating. 

Bipolar Electrodes. Sometimes it is more convenient to plate 
the interior of a hollow object by an arrangement known as a 
bipolar electrode^ or an intermediate electrode. In this process an 

Fig. 47. Diagram of tank and electrodes used in series copper refining. 

electrode is placed between the anode and cathode, without being 
electrically connected to either. The end nearest to the regular 
anode becomes cathodic, while the other end becomes anodic, and 
current passes from it to the cathode to be plated. This principle 
is illustrated in the well-known series process of copper refining, 
illustrated in Fig. 47. In a suitable tank, current passes from an 
anode at one end of the tank to a cathode at the other end. Be¬ 
tween these two primary electrodes are placed a large number of 
plates consisting of impure copper and not connected electrically 
to either electrode. The current from the primary anode deposits 
copper on the near side of the adjacent intermediate electrode, 
from the other side of which copper dissolves and deposits on the 
next electrode. The net result is to replace impure copper with 
pure copper on each intermediate electrode. 

In one of the few papers on the applications of this principle to 
electroplating F. K. Savage^ gives examples of the use of bipolar 
electrodes to deposit metal into recessed portions of a cathode. 
This application is illustrated diagrammatically in Fig. 48. 

In such an arrangement current passes from the anode A to the 
portion D of the bipolar electrode, which may be relatively large 
and serve as a collector of current, all of which must then pass 
through the projecting arm E and through the solution to the 

* MorMy Rev, Am. Electroplatera* Soc., vol. 29, p. 301, 1942. 
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inside of the article C, connected to the cathode bar J5. If A is a 
soluble anode, metal dissolves from it and deposits upon D and 
must be removed at intervals. If E is soluble, it dissolves and 
must be replaced at intervals. If E is insoluble, e.^jf., steel in a 
cyanide bath, it can be used indefinitely. For certain applications 
E may be a rod of the metal to be plated, with no extension D. In 
that case one end of E becomes larger from deposition of metal and 
the other becomes smaller. By merely reversing this electrode at 
intervals it can be used indefinitely. 

Fio. 48. Diagram illustrating the use of bipolar electrodes in electroplating. A, 
anode. B, cathode connection. C, cathode. D, collector end. E, discharge 
end of bipolar electrode. 

In special cases it is possible to have D consist of an article that 
is to be plated on only one side or on only the outside, in which case 
it is plated simultaneously with C and is replaced at intervals. 

The principal advantage of the bipolar electrode for certain 
purposes is that it avoids the necessity of separate connections that 
are required for a regular inside anode. It also makes it possible 
to collect and direct into a cavity a larger current than can con¬ 
veniently be carried by a regular anode. The use of a bipolar 
electrode usually involves the application of a higher bath poten¬ 
tial, which must be justified by its advantages. 

CURRENT DISTRIBUTION 

Conductors. In dealing with small currents derived, for 
example, from storage batteries, any ordinary conducting wires 
can be used. With currents of 100 amp or more, as commonly 
used in electroplating and electrotyping, the size of the conductors 
becomes an important consideration. The two factors that 
govern the minimum size of conductors are the loss in available 
potential due to the resistance and the heating of the conductors. 
The chief reason for using low-resistance conductors is that the 
available emf is usually limited, and if there is an appreciable 
resistance in the line, this is equivalent to reducing the generator 
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voltage by an amount proportional to the product of the current 
and resistance, i.e., the IR drop. Thus if a current of 100 amp 
is passed through a conductor with a resistance of 0.01 ohm, the 
potential drop through this conductor is 100 X 0.01 = 1 volt. 
If, therefore, the emf at the generator is 6 volts, that at the 
tanks will be only 6 volts. 

The power lost in the conductor is equal to PR; therefore in 
the above case there would be a loss of 100 X 100 X 0.01 = 100 
watts. This power is all converted into heat, which is objection¬ 
able because of the inconvenience and danger of overheated 
conductors and because the resistance and hence the voltage loss 
increases as the temperature is raised. The actual temperature 
that is reached in the conductor is determined by the size (or 
weight) of the bar, by the surface expbsed to radiation, and by the 
temperature of the surroundings. 

All the above considerations show the importance of using 
conductors of the proper material, size, and shape. The metal 
most commonly used is copper, since it has the best conductivity 
of any metal with the exception of silver and, moreover, it is 
relatively resistant to acids and alkalies. 

Aluminum has been suggested for bus bars. It has a volume 
resistivity about 1.5 times that of copper; hence to carry a given 
current an aluminum conductor should have 1.5 times the cross 
section of a copper conductor. As, however, the density of 
aluminum is less than one-third that of copper, the larger alumi¬ 
num conductor will weigh only about one-half as much as the 
copper. Their relative prices at a given time will determine which 
is cheaper. Aluminum is fairly resistant to atmospheric corrosion, 
but because it always carries a slight oxide film, more care is 
required to obtain and maintain a low resistance at the places where 
aluminum bus bars are bolted together. Aluminum is more 
susceptible than copper to corrosion by acids and salts and is 
therefore not very suitable for tank bars or hangers. 

The size of the copper conductors should be such that for 
short runs not more than 1,000 and preferably not over 750 amp 
should be carried per square inch of cross section. Every effort 
should be made to reduce the length of the bus bars, but where 
for any reason it is necessary to make runs of over 20 ft, the cross 
section should be increased so that not over 500 amp/in.^ will be 
carried. With a run of 20 ft and return, making 40 ft in all, with 
a copper conductor carr3dng 1,000 amp/in.^, there will be a mini- 
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mum voltage drop of over 0.3 volt, t.e., over 5 per cent of that 
usually generated (6 volts). By doubling the cross section so as to 
carry only 500 amp/in.^ the voltage drop will be reduced to about 
0.15 volt. Where large installations are involved, it is a simple 
matter to calculate, from the cost of power and of copper, what is 
the most efficient size of conductors. This is reached when the 
annual interest on the copper cost is equal to the annual cost of the 
power lost in the conductors. Heretofore there has been a great 
tendency in plating and electrotyping plants to use round conduct¬ 
ors of annealed copper. Experience shows, however, that flat bars 
are much better for several reasons. They expose a greater area 
for radiation; they can be readily mounted on walls; two or more 
bars can be used to build up conductors of any desired capacity; 
and they can be readily bolted to each other or to branch bars. 
Two convenient sizes are 1 by 1/4 in., which will carry up to 200 
amp, i.e., as much as is commonly used on a small electroplating 
tank, and 2 by 1/4 in., which latter can be used to build up conduct¬ 
ors of any desired capacity. These bars can be purchased in lengths 
of, for example, 20 ft, and used to construct almost any distribu¬ 
tion system. Where the bars overlap, it is desirable to increase 
the cross section, in order to make up for the increased resistance 
of the joint and of the brass bolts. 

The bars on the tanks are required not only to carry the current 
but also to sustain the weight of the anodes and cathodes. In 
such cases hard-drawn copper should be employed, as it is stronger 
and its resistivity is only slightly greater than that of soft annealed 
copper. In many plants, especially when the tank bars are very 
long, brass bars are employed instead of copper. There is no 
objection to this if the brass bars are large enough to have a 
resistance no greater than that of copper of the necessary con¬ 
ducting size. Brass is not suitable, however, for acid copper 
solutions as used in electrotyping, as it may be appreciably 
attacked and may contaminate the solutions. In most cases the 
wires used for suspending the work need not be of large size. 
Simple observation of whether or not they become appreciably 
heated will serve as a guide: Copper is usually employed, 
although iron wires may be entirely satisfactory if of proper size, 
and their use may simplify salvage of the metal deposited upon 
the wire. Where a large rack is used in electroplating or a hanger 
in electrotyping, consideration should be given to the current that 
it is required to carry, which may amount to 100 amp or more. 
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Contacts. Even more important than the size of the conductors 
is the method of making contacts throughout the circuit. The 
resistance of a single poor contact may be several times as great as 
that of the bus bars. Wherever possible, therefore, connections 
between bars, etc., should be made permanent, either by soldering 
the contacts or at least by bolting together the cleaned surfaces. 
It is a common practice to connect bus bars by the use of standard 
bus bar clamps, which ensure a good tight contact without the 
necessity of drilling holes through the bars. By amalgamating or 
silver-plating the cleaned surfaces, or inserting tin foil before 
bolting them together, a better contact is secured and the joint is 
protected against corrosion. In a well-designed system it is 
possible to have (except for switches) continuously soldered or 
welded lines from the generators to and including the tank bars. 

This still leaves possibilities of poor contacts in the anode and 
cathode hooks. Too often the assumption is made that round 
tank bars are preferable because by twisting a wire around them 
or by supporting a curved hanger upon them a large contact area 
is secured. Actually, it will be found that, even if, as is usually 
not the case, both surfaces are very well cleaned, actual contact 
is made at only a few points. Such a contact is satisfactory 
provided there is a sufficient mass of conducting metal imme¬ 
diately adjacent. If, then, we wish to assure positive contact at a 
few points, this can probably be better secured upon bars with 
sharp edges than upon rounded bars. Thus, for example, if a 
hook is suspended upon or a wire is twisted around a square bar, 
it is practically certain to make a good contact on at least two 
or three points, whereas a few particles of dirt or oxide upon a 
round bar may cause complete insulation of the wire. Tank 
bars of hard-drawn copper 3/4 by 3/4 in. (19 by 19 mm) in cross 
section have been used very successfully and will sustain con¬ 
siderable weights on spans of over 3 ft (92 cm). For electrotyping, 
special hangers might be found preferable, but even the regular 
hanger with a curved section can be used with square bars. 

The anode hooks should, wherever possible, be cast, driven, 
screwed, or soldered into the anodes so as to make permanent 
contacts. Copper anodes for acid copper solutions usually 
have the hook connected to the anode by pouring lead (or type 
metal) around the hook connection, which also serves to prevent 
the hook from being dissolved off at the top of the solution. Nickel 
anodes are usually supported by nickel or monel metal hooks. 
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Of these, the pure nickel is least likely to be corroded, and if it 
is, it will not contaminate the solution. Unless such hooks are 
used, it is preferable to have small lugs or projections upon the 
anodes extending above the solution level. 

The switches and fuses employed on the service lines are of 
the customary types, as the current used (e.g., 220 volts) is 
generally small. On the low-voltage lines, however, with currents 
amounting often to as much as 3,000 or 5,000 amp, line switches 
would be quite large and correspondingly expensive. For this 
reason switches for over 1,000 amp are very rarely installed, and 
usually no switches are used on the tanks except in connection 
with the rheostats. This is entirely satisfactory, since with 6 or 
even with 12 volts there is very little danger of damage except 
from a dead short. This is best guarded against by the installation 
of fuses or circuit breakers in the motor circuit or of circuit 
breakers of appropriate capacity in the low-voltage line. 

Rheostats. Similarly, it is usually desirable to avoid as much 
as possible the installation of rheostats in the line to regulate the 
voltage, as rheostats for over 500 amp are expensive and trouble¬ 
some and are necessarily inefficient, since they do not in any way 
reduce the power required to operate the motor-generator set. 
Where more than one kind of work is involved, requiring different 
tank voltages, it is preferable to regulate the generator voltage by 
the field rheostat so as to secure the maximum voltage required for 
any work and to employ rheostats on each of the tanks requiring 

lower voltages. 
Rheostats are constructed of suitable resistance wire, such as 

nickel, nichrome, silchrome, or constantan. Two types of rheostats 
are in use, in which, respectively, the resistance coils are in series 
and in parallel, represented diagrammatically in Fig. 49. 

Suppose that in each case there are five coils, which have 
resistances of 0.01, 0.02, 0.03, 0.04, and 0.05 ohm, respectively, 
and that the generator voltage is 6 volts. Then, disregarding 
the resistance of the tank and lines, the current secured by vari¬ 
ous adjustments of the rheostats can be calculated as follows: 

In a series rheostat, the resistance at any point will be equal 
to the sum of the resistance up to that point; e.g,, at point 3, the 
resistance will be 0.01 + 0.02 + 0.03 = 0.06 ohm and the current 
will be 6 0.06 = 100 amp. By similar calculations it can be 
shown that for the five steps the currents will be respectively 
600, 200, 100, 60, and 40 amp. With the simple form of series 
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rheostat no greater number of adjustments can be made than there 
are coils. By using two moving contacts, greater flexibility can be 
secured. It shouldxbe noted that with series rheostats, as more 
coils are put into circuit, the current is decreased. Therefore, the 
coil of lowest resistance must be large enough to carry the 

maximum current desired. 

PARALLEL 

Fig. 49. Diagram of series and parallel rheostats. 

In a parallel rheostat the resistance is decreased and therefore 
the current is increased as additional coils are introduced into 
the circuit. Hence all the coils are in use when the maximum 
current is to be carried. The number of adjustments is equal to 
the number of combinations that can be made. It is possible by 
means of five coils, with resistances in the proper ratios, to secure 
a large number of adjustments between the lowest and highest 
resistances. It will be recalled (page 37) that the resistance of 
two or more coils in parallel is less than that of either of the single 
coils. The reciprocal of the total resistance is equal to the sum of 
the reciprocals of the separate resistances, or \/R = 1/Ri + 
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\/R% + l/flsi etc. This can be more readily recalled if we 
remember that the conductance is equal to the reciprocal of the 
resistance. It is quite obvious, therefore, that, if two coils of 
equal conductance are in parallel, the current can pass twice as 
readily as through one coil; in other words, the conductance is 
equal to the sum of the two separate conductances. 

With parallel coils having the resistances above specified, the 
current that will pass when any one coil is in circuit is equal 
to the emf (in this case 6 volts) divided by the resistance of that 
coil, therefore, respectively, 600, 300, 200, 150, and 120 amp. 
Suppose now that coils 1 and 2 are in the circuit; then the resist¬ 
ance and current can be calculated thus: 

R Ri Ri 

1 
0.01 

+ 
0.02 

= 100 + 50 = 150 

therefore 
1 

R = -^ = 0.0067 
150 

7 = ^ = 
R 

With a given emf (omitting the tank resistance) in a parallel 
rheostat the current carried by the two coils is equal to the sum 
of that carried by each of the coils separately. The resistance 
of the coils should therefore be selected so as to yield conduct¬ 
ances (and not resistances) that can be added together like the 
weights in a set. Instead of having the resistances in the ratio of 
1, 2, 2, 5, 10, etc., their reciprocals should be in such ratios. The 
resistances will then be in the proportion of 1, 2, 5, 5, 10, etc. 

The effective resistances of rheostats are usually expressed in 
terms of their voltage drops when their rated current is passed. 
Thus, a coil with a resistance of 0.01 ohm and a current of 300 
amp will have a voltage drop (IR) of 

300 X 0.01 = 3 volts 

A very simple form of parallel rheostat for experimental work, 
with commercial current of 110 or 220 volts, can be made by 
arranging a bank of incandescent lamps in parallel. No switches 
are necessary, as the lamps can be screwed in or out as desired. 

Another form of rheostat which is useful for experimental 
work is the carbon rheostat, which consists of plates of carbon in 
a frame with a screw for adjusting the pressure. The resistance 
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is decreased by screwing the plates closer together and vice versa. 
The carbon rheostat has the advantage of permitting continuous 
instead of stepwise adjustment, but the disadvantage is that the 
resistance changes decidedly if the plates are shaken or wet 
or if they become heated by the passage of heavy currents. For 
general use, therefore, parallel rheostats, such as can be readily 
constructed from suitable coils and switches, are preferable. If 
it is desired to cut out all resistance in the line, a separate switch 
must be provided to short-circuit the rheostat. 

CURRENT MEASUREMENT 

Electrical Instruments. The purpose of an ammeter is to 
measure the current flowing in a circuit at any given instant, 
while a voltmeter is used to measure the potential difference 
between two parts of a circuit. Both instruments depend upon 
the same principle. When a current is passed through a coil 
of wire surrounding the core of a fixed permanent magnet, the 
coil tends to rotate. If this rotation is opposed by any force, 
such as a spring or the torsion in a wire, or by gravity, the angle 
of rotation is determined by the number of turns in the wire and 
the current passing through it. With a given coil of definite 
resistance, the rotation of the coil, as indicated by a needle 
attached to it, may serve as a measure of the current or of the 
voltage, since the magnitude of the former is determined by 
that of the latter. There are two principal types of instruments 
used. In the D’Arsonval type the magnet is fixed in position 
and the coil is free to move on an axis, while in the soft-iron type 
the ccril is fixed in position and the piece of soft iron is moved by 
the passage of the current. The latter instruments are cheaper 
but somewhat less accurate and reliable than those of the 
D^Arsonval type and are therefore rarely used. 

The essential difference between an ammeter and a voltmeter 
as actually constructed is that the ammeter has a very low resist¬ 
ance and the voltmeter a very high resistance (up to several 
thousand ohms). The reason for this difference is clear if we 
consider the positions in which these instruments are placed in 
a circuit (Fig. 50). The ammeter is always placed in series with 
the tank, i.6., in the main circuit, so that all the current passes 
through it or, as will be explained later, through it and the shunt 
connected with it. If, therefore, the ammeter (including the 
shimt) has a resistance comparable to that of the tank, it will 
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materially reduce the current passing through the latter. Its 
resistance is hence made very low by the use of a few coils of 
relatively large wire. The voltmeter, on the other hand, is 
always connected across the tank, i.e., in parallel with it. In 
such an arrangement, if the voltmeter has a low resistance a 
relatively large proportion of the current will pass through it 
and hence be deflected from the tank. For this reason the volt¬ 
meter usually has a coil consisting of a large number of turns , of 
fine wire. 

, AMMETER 

+ - 

AMMETER 
X-SHUNT 

TANK 

VOLTMETER--^ 

Fig. 50. Position of ammeter and voltmeter. 

If an appreciable current were passed through the ammeter 
coil, it would produce excessive heating. It is customary, there¬ 
fore, to pass only a definite part of the current through the coil. 
This is accomplished by arranging in parallel with the ammeter 
coil another coil or shunt of lower resistance, which bears a 
definite ratio to that of the ammeter coil. Thus if the two 
resistances are in the ratio of 9 to 1, 9/10 of the current passes 
through the shunt. The graduations on the ammeter scale will 
in that case be so numbered as to indicate ten times the current 
that actually passes through the ammeter coil and therefore to 
denote the entire current to be measured. For portable instru¬ 
ments of moderate range, such shunts are often contained in the 
case with the ammeter, but for larger ranges, outside shunts are 
provided which are connected in series in the main circuit in which 
the current is to be measured. These shunts are simply conductors 
of definite resistance, to the ends of which the ammeter leads are 
attached. Since the accuracy of the readings depends upon the 
ratio of the resistance of the shunt to that of the ammeter includ¬ 
ing the leads, the latter should not be exchanged or altered in 
length. For small currents ammeters are often provided with 
three ranges, e,g,f 1.6, 5, and 15 amp, secured by means of appro¬ 
priate self-contained shunts and corresponding binding posts. 
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The great amilarity between an ammeter and a voltmeter 
may be illustrated by the fact that they can be used interchange¬ 
ably, with proper adjustments. Thus a sensitive voltmeter (e.gf., 
a millivoltmeter) can be used to measure the current passing 
through a copper bar of definite cross section by simply applying 
the two terminals to points a definite distance apart on the bar. 
Suppose that the terminals of a millivoltmeter are applied to two 
points 12 in. (30 cm) apart on a round copper conductor 1 in. 
(2.5 cm) in diameter. Such a bar has a cross section of 1,000,000 
drcidar mih} From a table of conductivities, such as are given 
in many electrical handbooks, it will be found that the resistance 
of 12 in. of such a bar is approximately 0.00001 ohm. If, there¬ 
fore, the potential drop indicated by the millivoltn^eter is 0.002 
volt (2 millivolts), the current may be calculated: 

E 0.002 
R 0.00001 

200 amp 

Even when it is not important to know the exact current on a 
given bar, such measurements may be very useful in determining 
quickly if the same current is flowing through each of several bars 
or tanks. To make these measurements it is convenient to have 
the two voltmeter leads attached to a small board, so that the 
wires make contacts at a definite distance apart, e.g., 12 in. This 
method may be used to measure the actual or relative currents 
flowing on any bars without disturbing the connections in any way. 

In any case measurement of the current on a tank or even 
on a given bar indicates only the rate of flow of electricity and 
not the current density, which is the factor that determines the 
rate of deposition in any tank. This can be approximately 
calculated if the area of the work is known. With complicated 
shapes it is, however, difficult to compute this area, and where 
racks are used their areas must also be taken into account. Even 
when all these calculations are made, the result gives only the 
average current density and is no indication of the actual thick¬ 
ness of deposit upon different parts of an object. With irregular 
shapes or objects with deep recesses the current density and 
thickness of deposit may be more than five times as great on 
some parts as on others. It is partly for these reasons that the 

^ A circular mil is defined as the area of a circle 0.001 in. (1 mil) in diameter. 
A round bar 0:5 in. (500 mils) in diameter has a cross section of 500 X 500 » 
250,000 cir mils. 
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ammeter is not more generally used in electroplating. It is pos¬ 
sible to reproduce current conditions on a given class of work 
simply by regulation of the voltage, provided the composition of 
the solution, the temperature of the solution, and the anode and 
cathode areas and polarizations remain constant. Such an assump¬ 
tion is, however, never warranted, and therefore the ammeter and 
voltmeter should both be used to ensure uniformity of operation. 

Where it is desirable to measure and control with considerable 
accuracy the actual weight of metal deposited, e,g,, in silver or 
gold plating, this can be accomplished by means of an ampere- 
hour meter. This measures the actual quantity of electricity 
that passes in a given interval. In many cases the ampere-hour 
meter for electroplating is so devised that a bell is rung when a 
certain number of coulombs have passed. It is important to 
remember that this instrument measures the quantity of elec¬ 
tricity and not the weight of metal deposited, which is propor¬ 
tional to it only if the cathode efficiency remains constant. Thus 
if on two different days, owing to differences in the temperature 
or composition of the solution or to a change in current density, 
the cathode efficiency of a silver bath is 90 and 99 per cent, 
respectively, 10 per cent more silver will be deposited on the 
latter day than on the former by the same quantity of electricity, 
as measured by an ampere-hour meter. The instrument does 
not, therefore, ensure a definite weight of metal even when so 
calibrated, although it does aid in securing uniform results. 
Actually, however, the cathode efficiencies in silver baths are so 
nearly 100 per cent that no appreciable error is likely to occur. 
In chromium plating, the cathode efficiency varies so greatly 
with the current density that readings with an ampere-hour 
meter give no indication of the weight or thickness of chromium 
deposited. 

Where it is desired to determine the cathode efficiency in an 
electroplating bath, this can be calculated approximately by 
weighing the cathodes before and after plating and noting the 
current and period of plating. Any such results are, however, 
only a rough approximation, due to the possible fiuctuations in 
the current strength or to errors in the ammeter calibration, the 
measurement of the time, and the accurate weighing of the 
cathodes. For such purposes it is therefore preferable to make 
observations upon a smaller scale, using a copper (or silver) 
coulometer (page 32) to measure the quantity of electricity. 
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LOCATION OF EQUIPMENT 

In the installation of. electrical equipment in a plating plant, 
it is often necessary to qompromise between the considerations 
of protection and convenience of equipment. At best, the atmos¬ 
phere of a plating plant is certain to have a high humidity and 
more or less acid fumes or alkaline spray. It is therefore neces¬ 
sary to protect the generators and instruments so that they 
may preserve their efficiency and accuracy. If, however, this 
effort at preservation results in the location of the generator 
where it is inaccessible and is therefore neglected or of the 
ammeters at a point where they are never consulted, more harm 
than good is accomplished. 

The generator should be mounted on a solid base, preferably 
of concrete, and should be bolted rigidly in place. It should be 
as close to the plating tank as is feasible and preferably at a point 
intermediate between the tanks, so as to avoid excessively long 
bus bars. It should be protected as much as possible from 
dust and fumes and should be provided with good ventilation 
either from a window or by a fan. In many cases these condi¬ 
tions may be met by housing the generator on one side of a 
plating room, with a wood and glass partition around it. The 
occasional practice of supporting a generator near the ceiling 
is questionable, as it is thereby made inaccessible and is also 
subject to the action of the heated vapors that rise toward the 
ceiling. By placing the generator upon a concrete base, raised, for 
example, 6 in. above the floor level, it is protected against damage 
from spilled solutions, overflow of water, etc. 

Rectifiers should be kept away from heat and fumes, and should 
be provided with an ample supply of clean, cool air. 

The starting switches, circuit breakers, field rheostat, and 
main voltmeter and ammeter should be located upon a switch¬ 
board close to the generator but facing the plating room. Thus, 
for example, the switchboard can be made a part of the partition of 
the generator housing. The tank rheostats, voltmeters, and 
ammeters are preferably located close to the tanks, so that they 
can be read or adjusted as work is introduced or removed. Where 
a considerable number of tanks are placed close together, it 
is sometimes convenient to have the voltmeters and ammeters 
mounted upon a single switchboard, which may be the same as 
that for the generator. In such a case it is possible to use a 
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mtdtiple switch for the voltmeter, by means of which the voltage 
on each tank may be read. If the generator is working at nearly 
its full capacity, a change in the load on one tank may change the 
generator voltage and thus necessitate adjustment of the field 
rheostat or of the other tank rheostats. Thie can be accomplished 
more readily if all are on one panel board. 

The bus bars from the generator to the tanks are usually run 
overhead. Where the plating room is located above the base¬ 
ment floor, it is often an advantage to run the bus bars down 
through the floor and along the ceiling of the room beneath. 
Connections to the tanks are then made through waterproofed 
openings in the floor. If the latter is of cement, the openings 
may be surrounded by a ring of cement. If wooden floors are 
used, asphalt may be placed around the duct through which the 
bars pass. In any case they should be as completely accessible 
as possible. Two advantages of running below the floor are that 
usually the distance is thereby shortened, and the space above 
the tanks is more free. This is an especial advantage where 
mechanical conveyors of any type are to be used, as is often 
feasible in large plants. 

In practically all electroplating plants the tanks are arranged 
in parallel. Such a plan is justified by the fact that there is 
seldom sufficient work of a similar size and shape to permit 
that balancing of cathode areas which is necessary for successful 
series operation. As the actual emf required in many plating 
baths is not over 3 volts, it is possible to operate two tanks in 
series with the customary 6-volt generator, but not usually 
practicable, for the above reason. 

In electrotyping plants it is customary to operate two acid 
copper tanks in series. This is possible because the forms are 
usually of similar size or at least of only a few sizes and the voltage 
required to produce current densities even from 50 to 75 amp/ft^ 
(5.5 to 8 amp/dm®) is usually less than 3 volts. In unusual cases, 
where the work is very uniform and where solutions of high 
conductivity and large copper conductors are used, it is possible 
to operate three acid copper tanks in series on a 6-volt generator 
and secure 50 amp/ft^ (5.5 amp/dm*). This practice is not, 
however, adapted to general conditions. 

Where a considerable variety of work is involved, as in a plating 
plant requiring, for example, 6 volts on plating tanks and 12 volts 
on plating barrels, or in an electrotyping plant operating copper 
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f^tilfo at 3 volts and nickel tanks at 6 volts, it may be advantageous 

to employ the three-wire system, which is based upon the use of a 
generator with a double commutator. In this system, as shown 

in Fig. 61, it is desirable approximately to balance the currents 

TWO AND THREE WIRE SYSTEM 

FALSE NEUTRAL SYSTEM 

Fig. 61. Typical tank arrangements for two-armature generator. 

used on the two sides of the line but not so closely as in a simple 

series arrangement. A slight modification is made in the jahe 

neutral system also illustrated in Fig. 51. 



CHAPTER X 

TANKS AND THEIR EQUIPMENT 

Under this.heading may be considered the apparatus used 
for preparing, containing, and operating plating solutions. The 
first consideration is the material of which the tanks are to be 
constructed, which in any given case is determined principally 
by (1) resistance to attack by the solutions concerned, (2) mechan¬ 
ical strength for the loads involved, and (3) cost, including 
investment, upkeep, and depreciation. Other factors, such as 
electrical and thermal conductivity, may also influence the choice 
of materials. 

MATERIALS OF CONSTRUCTION 

The materials that have been used or suggested for the con¬ 
struction of plating tanks include wood, iron (or steel), stoneware, 
concrete, and soapstone and for small or experimental tanks, 
glass, enameled iron, and plastics. No one of these materials 
possesses all the desired properties. Their relative advantages 
and disadvantages will be discussed in the light of the above- 
mentioned considerations. For general purposes we may con¬ 
sider all the solutions as (1) nearly neutral, e,g,, water and nickel- 
plating solutions; (2) acid, 6.(7., pickles and acid copper solutions; 
and (3) alkaline, e.g.j cleaning solutions and cyanide copper, 
brass, or silver-plating solutions. Where the materials do not 
possess the desired chemical resistance, appropriate linings will be 
considered. 

Wood. In the past by far the greatest number of plating tanks 
were constructed of wood, lined if necessary with other materials. 
This general use of wood was due not so much to its cheapness 
or special fitness for the purpose as to the fact that it is usually 
accessible and can be fabricated by mechanics with customary 
training and equipment. Wood is not so resistant to the action 
of solutions as are many other substances, and with present 
lumber prices a well-made wood tank may cost as much as one 
made of other materials. 

263 
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The essential constituent of wood is cellulosei a substance 
that is not appreciably acted upon by either dilute acids or 
alkalies. The disintegrating action of such solutions upon wood 
is therefore due primarily to the removal of the constituents 
that bind the fibers together. (In the manufacture of paper 
pulp from wood, hot solutions of alkali or of salts are used to 
remove the constituents other than cellulose.) The desirable 
properties of wood for plating tanks are therefore impermeability 
and freedom from readily soluble constituents.. The woods 
that have been found most satisfactory are cypress, maple, 
and redwood, all of which are extensively used. 

The initial action of solutions upon wood results in the extrac¬ 
tion from the wood of certain constituents, such as tannins 
(from oak or chestnut) and resins (from pine, etc.), the removal 
of which not only weakens the wood but may also result in serious 
contamination of the solutions. Where wooden tanks are to be 
used without linings, it is therefore advisable to soak them for 
several days with a solution of similar reaction, e.g., with water 
or with dilute sulfuric acid, and to discard this solution. 

The life of a wood tank depends largely upon its construction. 
It is necessary to use good workmanship to ensure tight joints, 
which are usually tongiie and grooved. The tanks should be 
reinforced not only with monel bolts at the ends but also with 
rods running through the boards at intervals of 18 to 24 in., e.g., 
one in each end and three in each side and three in the bottom 
of a tank 3 by 6 by 3 ft deep. The thickness of the boards will 
depend principally upon their length; e.g., for a length of 3 ft or 
less, 2-in. stock will suffice; for 3 to 6 ft, 3-in. stock is used. As 
most plating tanks are not over 3 ft deep, there is not much 
hydrostatic pressure developed. 

Linings for Wood. For water or for nearly neutral solutions, 
e.g.f nickel-plating baths, wood tanks can be used without any 
linings. This practice has the advantage of keeping the boards 
wet and swelled, thus maintaining tight joints. For acid solu¬ 
tions they must, however, be lined with some acidproof material. 
Wood tanks are not suitable for strongly alkaline solutions even 
when fined, as the wood is readily attacked by even occasional 
contact with alkali. All wood tanks should be painted on the 
outside, preferably with a bituminous paint. 

For many purposes bituminous linings prove very satisfactory. 
Asphalt, tar, or petroleum products can be used successfully. 
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For this purpose the material should have a melting point of at 
least 200®C (390°F), it should not soften or flow at temperatures up 
to 75®C (135®F), and it should be hard but not brittle at ordinary 
temperature. It should be applied in a molten condition, either 
by means of swabs or by pouring it on the surface and spreading it 
with a suitably sized board. The tanks should be first cleaned and 
dried, and a coat of a bituminous primer applied with a brush. 
Such a primer can be purchased or can be made by dissolving some 
of the solid bitumen in benzene (benzol). The priming coat 
should be allowed to dry to a slightly ^^tacky^^ condition before 
applying the hot asphalt or tar. 

For weakly acid baths the inside of wood tanks can be painted 
with varnishes containing synthetic plastics. 

Another type of lining that has been suggested but not exten¬ 
sively used is made of rubber applied to the wood in such a way 
as to adhere firmly. As rubber is flexible and not readily attacked 
by dilute acids, such linings may prove very useful for electro¬ 
plating tanks. It is not suitable for strongly alkaline solutions, 
as these may extract sulfur from it. 

For acid copper solutions used in electrotyping, lead-lined 
tanks are extensively employed. Such a tank is, in effect, a lead 
tank supported by the wood tank. The lead should be fairly 
thick, at least equal to 6-lb lead (weighing 6 Ib/ft^), which is 
approximately 1/10 in. (2.5 mm) in thickness. It must be united 
at the joints and corners entirely by lead burningj which is accom¬ 
plished by melting the edges together with a blowtorch, an opera¬ 
tion requiring great skill and experience. Where tanks are over 
3 ft deep, it is desirable to anchor the lead to the walls at several 
points. In any case it should be fastened along the top edges by 
brass screws. As the lead is scarcely attacked by dilute sulfuric 
acid, it makes a very durable though rather expensive lining. Its 
chief disadvantage is its electrical conductivity, giving rise to 
occasional shbrt circuits, which not only cause a loss of current but 
also result either in deposition of metal on the linings or in the 
liberation of acid in the solution according to whether the lining 
becomes the cathode or anode. For this reason it is customary in 
electrotyping plants to cover the lead lining with a thin wood or 
plastic lining, which serves only to prevent the electrodes from 
touching the lead. Efforts to coat the lead with a bituminous 
covering have not been very successful, as the coating tends to 
peel off and expose the metal. 
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Iron and Steel. For alkaline solutions, iron or steel tanks are 
almost exclusively used. They should be of heavy-gage metal, 
as otherwise they are readily deformed or may be corroded 
through from the outside. They are usually welded by means 
of either acetylene or arc welding, preferably with a double 
lap weld. The principal precaution to be observed in this welding 
is that the metal should not be burnt; i.e., there should be no 
oxide inclusions in the weld. In several cases leaks in iron tanks 
have been traced to the presence of oxide in the welds. Iron 
oxide may be readily dissolved by alkaline cyanide solutions, 
especially if, as in electrolytic cleaning, the tank is made the 
anode. Steel plating tanks possess the same disadvantage as 
lead, of being conductive and therefore tending tp cause short 
circuits. This conductivity, however, is frequently utilized in 
electrolytic cleaning by making the tank serve as the anode. 

Rubber and Plastic Linings. Extensive use is made of rubber- 
lined steel tanks for acid and neutral baths. Rubber of suitable 
quality is very resistant to such solutions, and its good insulating 
properties prevent short circuits to the tank. 

Prior to the Second World War, rubber-lined tanks were almost 
exclusively used for bright-nickel-plating solutions. It was then 
found that some of the materials used to vulcanize the rubber were 
extracted in sufficient amounts to contaminate the nickel baths 
and yield unsatisfactory deposits. Through experience, acceler¬ 
ators for the rubber vulcanization were found that had no harm¬ 
ful effects. In selecting a rubber lining, care should be exercised 
to ensure that it is suitable for the solution to be used. 

During the past five years great advances have been made in 
the production of synthetic rubber of various types. It is reported 
that some of these are even more resistant to pickling and plating 
solutions than is natural rubber. For example, certain synthetic 
rubbers have been successfully used with cyanide baths. Ex¬ 
perience with these new types of rubber is needed to define their 
advantages and limitations. 

Among the many plastics that have come into use in the last 
decade, some appear promising for lining plating tanks, including 
those for chromic acid baths. Here again the experience is too 
brief to warrant definite conclusions at this time. The important 
point is that entirely new substances are now available for the con¬ 
struction of tanks and other plating equipment and should receive 
careful consideration, especially in making new installations. 
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For chromium plating, steel tanks are generally employed. 
They should not be used without linings, because under these 
conditions, considerable iron may dissolve, especially if the 
tank becomes anodic. For this reason it is a common practice 
loosely to insert linings of reinforced glass. Lead-lined iron tanks 
are most extensively used for chromium plating, in some cases 
with an additional glass lining, or better, with a plastic lining 
such as polyethylene. 

Fused-glass-lined tanks, such as are used in many chemical 
operations, are also satisfactory for chromium-, silver-, and gold- 
plating baths. 

Stoneware. Vitrified stoneware is very resistant to dilute acids 
and may therefore prove useful for plating tanks. It is usually 
glazed, but stoneware of high quality does not depend upon the 
glaze for resistance to acid. It is attacked, however, by hydro¬ 
fluoric acid. In most cases where hydrofluoric acid is used in 
plating solutions, e.g., in lead and occasionally in nickel solutions, 
it is combined with boric acid to form fluoboric acid, which has 
only a very slight action on stoneware. For such solutions, how¬ 
ever, the stoneware should be coated with asphalt as a precaution. 
For small installations, e.gf., up to 100 gal, stoneware tanks are very 
satisfactory for chromium plating. 

Stoneware is slightly attacked by dilute alkalies and markedly 
so by strongly alkaline solutions and is therefore not suitable for 
use for cleaning solutions. The chief advantages of stoneware 
tanks are their resistance to the chemical action of many solutions, 
their low electrical conductivity, and high thermal conductivity. 
The last property is an advantage when it is necessary to keep the 
solutions cool, e.gf., in summer. Their principal disadvantage is 
their relative fragility and consequent danger of breakage in 
transit and in use. The latter danger can be minimized by the use 
of suitable wooden guards at comers where the tanks are likely to 
be hit, and by resting them on sand. 

Concrete. Reinforced concrete tanks have been used occasion¬ 
ally for plating and electrotyping. They can be built of cheap, 
readily available materials and in any size oi shape that may be 
desired. They are, however, not usually portable and must 
therefore be destroyed if the plant location is changed. Concrete 
is not very resistant to acids and alkalies, and consequently the 
tanks must be lined, e.g., with asphalt. They also are subject to 
cracking from heavy impacts. 
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Soapstone. A variety of soapstone, known as alberene, has been 
employed very largely for sinks used in chemical laboratories. 
This material when free from imperfections is fairly resistant to 
dilute acids and alkalies. The chief difficulty in its use for plating 
tanks is that of securing satisfactory joints. These are usually 
formed by means o£ metal dowel pins, and a cement (e.g., litharge 
and glycerin) is used to fill the cracks. Such a cement is likely 
to be attacked by continued exposure to acids or alkalies. If 
attacked, the result is not only leakage of the joints but also 
exposure of the metal dowel pins, which then corrode and by 
expansion crack the stone. If alberene tanks are used, the joints 
at least should be thoroughly coated with a plastic material. 

Glass, Hard Rubber, and Enameled Iron. For small experi¬ 
mental tanks, e,g,f up to 1 gal (4 1), rectangular glass battery jars 
are most convenient. They are reasonably cheap, are practically 
unacted upon by acids or alkalies, and permit observation of the 
position and condition of the electrodes. If heated gradually, 
they can be used to contain hot solutions, although at times they 
are poorly annealed and may crack most unexpectedly. Even for 
larger sizes they are very useful, but the danger of breakage is 
greater. For this reason rubber or plastic jars are sometimes 
preferable. Rubber is quite resistant to acid solutions but not to 
alkaline. It softens at high temperatures and cannot, therefore, 
be used safely at temperatures much above 40®C (104°F). Enam¬ 
eled iron has practically the same resistance to acids and alkalies 
as has glass but has the disadvantage that after long use the 
enamel is likely to chip off. Enameled iron tanks and also stain¬ 
less steel tanks are used for gold and platinum plating. 

Greater consideration should be given to the size of plating 
tanks. In general, it is desirable to have them as large and 
especially as deep as conditions justify. A large volume of solution 
is advantageous in reducing the effect of changes in concentration 
or composition that may occur during the operations. A relatively 
deep plating tank is desirable because it facilitates the settling of 
suspended matter. The added investment for the larger volume 
of solution required in large or deep tanks is usually justified. 

INSULATION 

In any case, but especially when using metal or metal-lined 
tanks, it is necessary to use some insulating material to support 
and separate the bus bars along the edge of the tanks. Except 
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for the presence of moisture or of the solutions, there would be 
no difficulty in securing suitable material, as with an emf of only 
6 or at least 12 volts, there is little chance for direct electrical 
leakage. The principal difficulty is that of securing insulating 
materials which will not absorb or be attacked by the solutions. 
If the insulating strips become impregnated with the solutions, 
they become electrolytically conductive. Under such conditions 
there is not only a loss of current but also an attack of the bus bars. 
The most common practice is to use wood strips or blocks and to 
replace them when they show disintegration. It is advantageous 
to impregnate the wood by dipping it into heated wax or asphalt. 
Frequent coating with shellac also prolongs the usefulness of the 
wood. Other materials are, however, preferable to wood. Hard 
rubber, bakelite, and other plastics are very suitable, and the 
greater expense will probably be balanced by the increased 
resistance to attack. Stoneware strips or tiles and porcelain tiles 
are resistant but somewhat fragile and subject to chipping if hit 
by the heavy anodes. Alberene stone resists neutral or slightly 
acid solutions, but when subjected constantly to conditions that 
permit the concentration of acid solutions by evaporation, it is 
rapidly disintegrated. Glass is satisfactory in all respects except 
its fragility. There is need for the development of an inexpensive 
insulating material that will be nonabsorbent and will resist the 
action of acids and alkalies. Among the new plastics, polyethylene 
is very promising. 

In connection with insulation it is important to prevent any 
pipes used in the tanks from getting into the circuit. This can 
be most readily accomplished by connecting each pipe with an 
insulated joint consisting of hard rubber. A simple insulated 
joint consists of several inches of rubber steam hose. 

In recent years the need for insulating certain parts of the 
plating racks has arisen, especially in connection with automatic 
plating and with chromium plating. In such cases it is desirable 
to avoid the loss of current and of metal upon the rack itself. 
In principle the rack should be insulated entirely, except where 
it makes contact with the cathode bar and with the articles to be 
plated. The ideal insulating material for this purpose should 
resist both alkalies and acids as well as the plating bath, so that 
the racks can pass through the cleaners and pickles without 
injury. Certain new plastic coatings fully meet these require¬ 
ments. For many purposes rubber coatings are satisfactory. 
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They are, however, attacked by strong alkalies and by chromic 
acid. Vitreous enamel resists moderate concentrations of most 
acids and alkalies but ia so brittle that cracks soon develop and 
permit corrosion of the underlying metal. 

In connection with insulation, the stopping off of certain areas 
of the cathode may be considered. This procedure is especially 
useful in producing thick deposits, e.g., in building up certain 
surfaces, or in electroforming. Some new plastic substances are 
suitable for general use in acid and alkaline baths and in hot and 
cold solutions. Up to temperatures of about 40®C (104®F) 
certain waxes such as paraffin and ozokerite are generally useful, 
and higher melting synthetic waxes can be obtained now. Their 
adhesion to metal surfaces can be increased by the addition of a 
small amount of a resin. For acid solutions bituminous coatings 
are quite useful and can be obtained with relatively high melting 
points, c.flf., above 100®C (212®F). Bituminous paints or enamels, 
especially after baking, are more resistant but more brittle and 
may be difficult to remove subsequently. Certain plastic lacquers 
are useful for stopping off in chromium plating and can be colored 
to define their area better. They are often applied in the form 
of tapes. 

AGITATION 

Air Agitation. It is frequently desirable to agitate depositing 
solutions, thereby fostering uniformity of composition and per¬ 
mitting the use of higher current densities than would otherwise be 
possible. In electrotyping this is accomplished by means of com¬ 
pressed air delivered through perforated lead pipes, preferably so 
placed as to have the maximum degree of agitation between the 
anodes and cathodes. Where air agitation is used, it is essential 
that the air be freed from oil by means of suitable traps or scrubbers, 
as even very faint traces of oil in these solutions may be detri¬ 
mental. Air agitation has the advantage of adaptability, as it can 
be introduced into any part of the tank and the degree of agitation 
can be controlled by simple valves. The disadvantage is that by 
the introduction of air an oxidizing atmosphere is maintained in 
the solutions and secondary (and possibly deleterious) chemical 
rations may be accelerated. Thus it is well known that the use 
of air agitation in acid copper solutions is in part responsible for 
the consuinption of sulfuric acid and the accumulation of copper 
sulfate that almost always occur. This effect is accounted for by 
the fact (i^age 291) that there is a tendency for the copper to pass 
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into solution in the cuprous state (Cu+) and the oxidation to the 
cupric state (Cu+ +) is fostered by the presence of oxygen. Aside 
from the accumulation of copper sulfate (which may prove veiy 
troublesome) there is no definite evidence that the use of the air 
agitation is detrimental in such solutions. It is possible with air 
agitation to secure high cathode efficiencies and to produce dense 
copper deposits of desirable physical properties. With other 
metals, such as lead and zinc, however, air agitation results in 
distinctly inferior deposits. With nickel, the effect of the air is 
uncertain. This form of agitation is used very generally in nickel 
electrotyping baths with beneficial results, but in electroplating 
and even in electrotyping with some solutions such agitation is 
apparently harmful. As electrodeposition at the cathode is 
essentially a process of chemical reduction, the maintenance in the 
solution of ojfidizing conditions appears, on general principles, to be 
contradictory. Air agitation is occasionally used in chromium 
plating, especially to equalize the temperature in the bath. It 
probably reduces the cathode efficiency. Air agitation in cyanide 
solutions is objectionable because it increases the formation of 
carbonates, both through oxidation and through absorption of 
carbon dioxide. Much work remains to be done upon the effects 
of air in plating solutions. 

Mechanical Agitation. Mechanical agitation of solutions on a 
commercial scale often involves practical difficulties. It can 
be accomplished either by movement of the anodes or the cathodes 
or of the solution by stirrers not in the circuit. Where the 
cathodes or racks are circular or symmetrical, they can often be 
rotated as, for example, was formerly done in the plating of flat- 
ware. If the cathode is a hollow cylinder, it is often possible 
to rotate the anode within the cathode. This has been done 
successfully in lead-plating the interior of ordnance shells. In 
some cases, as in plating spoons, the cathode rods are moved 
mechanically.. Where, however, the cathodes are large and flat 
or of irregular shapes, it is difficult to move them rapidly or even 
to move the solution adjacent to them. If the latter operation 
is accomplished by means of moving stirrers or paddles, difficulty 
is experienced in securing materials that will not be attacked by 
the solutions. Plastics are most commonly used for this purpose. 

Whatever method is used for agitation, there is danger of par¬ 
ticles from the anodes being kept in suspension and giving rise to 
roughness on the cathodes. This condition is not very objec- 
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tionable in electrotyping, as slight roughness on the back of 
electrotype shells is not a serious defect. In electroplating, how- 
ewer, it is the layer, of metal last deposited that determines the 
appearance of the coating. Therefore, it is not generally feasible 
to employ violent agitation in plating solutions. The roughness 
can be overcome in part by the use of bags around the anodes or 
by frequent or continuous filtration of the solutions. Continuous 
circulation and filtration produce moderate agitation. 

There are various mechanical plating devices in which the 
cathodes are conveyed through the solution by means of a chain 
conveyor or upon arms from a central axis. In addition to 
providing a mild form of agitation, many such machines serve 
as laborsaving devices by automatically cleaning, pickling, plat¬ 
ing, rinsing, and drying the work. The degree of agitation 
secured as a result of the movement of the cathodes is helpful 
in permitting the use of current densities slightly higher than 
normal but by no means equal to what might be secured by 
more rapid agitation were such feasible. There are great pos¬ 
sibilities of increasing the current density by improved methods 
of agitation, especially for large-scale production of similar 
articles. 

In barrel plating^ which is used for small articles, such as nuts, 
bolts, screws, and washers, a high degree of agitation is secured, 
e.gf., by the rotation of the work in a cylinder immersed in the 
plating solution. One reason that this agitation does not cause 
roughness from suspended particles is that during the operation 
the articles are subjected to a slight continuous burnishing action, 
which counteracts any tendency to roughness. 

The simplest form of plating barrel consists of an open cylin¬ 
drical tank which rotates upon an axis inclined at about 45 deg. 
The anodes are hung directly in the solution. The articles are 
placed directly in the barrel, making contact with the cathode 
by suitable bars attached to the barrel. By the rotation of the 
barrel the objects tumble over each other and thus continually 
expose a fresh surface for plating. This type of barrel has the 
advantage of simplicity of construction but the disadvantage 
that, in order to remove the work from the barrel, the solution 
must be emptied into some other receptacle. It is not, therefore, 
adapted to work upon a very large scale. Another disadvantage 
is that in such a barrel the anode area is usually very limited and 
hence the anode efficiency may be low. 
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By far the greater number of plating barrels consist of a per¬ 
forated cylinder mounted on a horizontal axis and connected 
to the cathode, within which cylinder the articles are placed. 
This cylinder is rotated in a tank containing the plating solution 
and the anodes, which latter are sometimes curved so as to be 
approximately parallel to the circumference of the cylinder. 
The latter is in fact usually not a cylinder, but a hexagonal or 
octagonal prism, one of the long sides of which can be opened 
to introduce or remove the articles. 

One of the most difficult problems in the construction of a 
plating barrel is the material for the perforated diaphragm. 
Plastics and rubber are now employed, and their greater service 
makes up for increased cost. 

Although the barrel plating is the most practicable way of 
plating small objects on a large scale, it is not electrically efficient. 
In those types using a diaphragm, the resistance is relatively high, 
and even with solutions of low resistivity, barrel plating is usually 
done with 9 to 12 volts. The actual current density secured is 
difficult to measure, owing to the uncertainty as to the effective 
cathode area. At any given time only part of the objects are 
actually in the circuit, and of them only a small proportion of 
the surface is effective. Other conditions being equal, it is there¬ 
fore desirable to use in a plating barrel a solution with high metal 
content, good conductivity, and good throwing power. The last 
property is useful in permitting deposition on parts of the surface 
that are relatively inaccessible. Usually, barrel-plating solutions 
have from one and one-half to twice the metal content of the 
regular solution. 

CIRCULATION AND FILTRATION 

It is necessary to filter plating solutions at intervals and at 
the same time remove any sludge accumulated upon the bottom 
of the tanks. For large installations and conveyor systems 
continuous filtration is essential. In order to do this* efficiently, 
some means of pumping the liquids is desirable. For nearly 
neutral solutions, steel pumps can be used. For strongly acid 
solutions, however, it is necessary to use hard rubber, lead, or 
some acid-resisting iron, c.g., the high-silicon irons, such as 
Duriron, Duralloy, Tantiron, Corrosiron, or stainless steel. 
Antimonial lead or lead alloyed with calcium or tellurium is also 
used for this purpose. 
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Owing to the practical difficulties in the operation of pumps 
with moving parts, there are certain advantages in the use of 
compressed air for pi;^mping. This is accomplished by various 
devices, one of which, known as the air-jet lifty can be used very 
conveniently for acid copper solutions, provided compressed air 
at about 5 Ib/in.^ is available. It can be constructed of brass 
or bronze for neutral solutions, but for strongly acid solutions 
lead is preferable. Solutions can also be conveyed by a steam 
injector pump, which, however, is less satisfactory because the 
steam heats and dilutes the solution. The air-jet lift type of 
pump is very compact and occupies only a small space, partly 
in the tank and partly outside. It is employed in a very compact 
pump and filter recently developed for continuous filtration of 
solutions. In certain cases filter presses have been applied success¬ 
fully to plating solutions. Such a press, together with a suitable 
motor and pump, is now made portable by mounting it on a truck. 

When a considerable number of tanks are used with the same 
solution and the same kind of work, it is often an advantage to 
circulate and mix the contents so that there is only one solution 
to be analyzed and adjusted. In large copper-refining plants 
this circulation is usually accomplished by having the tanks in 
cascade (i.e., arranged on successive levels) or by allowing the 
solution to overflow from the tanks into a reservoir or sump, 
from which it is pumped to an elevated storage reservoir from 
which it flows back to the tanks. These methods are now being 
adapted to large electroplating and electrotyping plants. In such 
installations for nickel plating, care should be exercised to avoid 
aeration of the solutions, which may lead to pitting. 

Filters for the nearly neutral solutions may consist of muslin, 
which should be previously thoroughly washed with soap and water 
and rinsed to remove any sizing such as dextrin, which in 
even small amounts may act as a harmful addition agent. For 
acid copper solutions, wool cloth should be used, and this should 
be washed* out when not in use, or at least the solution should 
not be allowed to concentrate upon it by evaporation. For 
alkaline solutions, sand or asbestos filters can be used. Paper and 
many new synthetic fibers are now employed in filters. 

LOCATION OF TANKS 

The tanks should always be raised from the floor by resting 
upon insulating materiaUf such as bricks or concrete. This 



TANKS AND THEIR EQUIPMENT 276 

permits frequent cleaning of the floor and also aids in the detec¬ 
tion of leaks. The floor should, wherever possible, be made of 
concrete or of vitrified brick or tile with cement joints, laid with a 
slope of at least 1/8 in. to the foot toward a drain. A bituminous 
surface is especially advantageous where acid solutions are used. 
A false floor of wooden strips is usually placed where the workmen 
walk. The actual position of the plating and cleaning tanks will 
depend upon the type of work and the procedure used, but it 
should at least be arranged with a view toward saving steps; i.e., 
the work should progress through or around a room. Those tanks 
using the highest currents should, wherever possible, be located 
nearest to the generator. Large stoneware tanks should rest 
upon several inches of sand to reduce strains that may come from 
settling of the floors. 



CHAPTER XI 

TYPES OF METALS AND SOLUTIONS 

THE PERIODIC SYSTEM OF THE ELEMENTS 

Much of the progress in chemistry has resulted from the dis¬ 
covery of a periodic relation of the elements and their properties 
by Lothar Meyer and Dimitri Mendeleeff in 1869. In the first 
published charts, certain vacant spaces existed, most of which 
have since been filled in by the discovery of new elements. In 
1913 Mosely, from studies of X-ray spectra, emphasized the im¬ 
portance of the atomic numbers of the elements in addition to their 
atomic weights. More recently the existence of isotopes was 
discovered, i.e., different elements having the same atomic number 
and the same chemical properties but different atomic weights. 
Certain of these isotopes may disintegrate spontaneously into 
other elements and simultaneously emit radiations. Studies in 
this field resulted in the development of the atomic bomb and of 
other applications of atomic, or nuclear^ energy. The net effect of 
such studies is greatly to expand the number and types of elements 
and their compounds that may enter into chemical or electro¬ 
chemical reactions. At present there are very few direct applica¬ 
tions of isotopes in electrodeposition. 

Partly because the original forms of the periodic system did not 
conveniently associate the metals that may be involved in electro¬ 
deposition, little direct use of the periodic system has been made 
in this field. In recent years four papers have been published on 
the relation between plating and the periodic system.^ In each of 
these papers, especially that of Dubpernell, emphasis is laid on the 
possibility of predicting from the periodic system the behavior and 
properties of plating baths of a specific metal. 

Various forms of the periodic system have been devised to bring 
out certain relations. The form shown in Fig. 52 emphasizes the 
fact that, of all the known dements, about 30 metals can be 

^ Ellingham, H. J. T., J, EledrodeposUora* Tech, Soc,^ vol. 10, p. 109, 1935. 
Blum, W., Monthly Rev. Am. Electroplaiera* /Soc., vol. 27, p. 923, 1940. Dub- 
PBBNBLL, G., Proc. Am. ElectropUUere* Soc., p. 244,1946. Lowenheim, F. A,, 
Proe, Am. EUctropUUere* Soc.^ p. 187, 1948. 
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deposited in a nearly pure state from aqueous solutions. Of these, 
at least two, molybdenum and tungsten, are on the border line, 
but they can certainly be deposited as alloys with other metals. 
It should be emphasized that practically all the metals can be 
deposited from their fused salts and many of them from organic 
electrolytes. 

In the arrangement shown in Fig. 52, which illustrates the 
relation of the elements to electrodeposition, the group designa¬ 
tions used in the earlier forms of the table have been listed across 
the top. It will be noted that seven of the groups appear in two 
parts designated as A and B and that Group VIII (the iron and 
platinum metals group) and Group 0 (the rare gases) serve as 
transition groups. The metals will be considered in the succeeding 
chapters in the order of these historical groups, which serve to 
emphasize the valence relations of the elements. 

Certain general facts regarding the periodic system are related 
to the deposition of the metals. Of the first seven groups, the 
metals in the B division are generally more noble, i.e., more 
readily deposited from aqueous solutions than those in the A 
division. As we descend in each vertical column, the metals 
become more noble, e,g.j in the order copper, silver, and gold. 

These relations are illustrated by the standard potentials shown 
in Fig. 52, for those elements whose potentials are fairly well 
established. When a standard potential of an element is more 
positive (or less negative) than that of another element, the former 
metal, in its active state, is the more noble. At present it is 
difficult to correlate the standard potentials in the horizontal rows. 

These and other relations will be referred to in the treatment of 

each group of metals. 

THE CONSTITUTION OF PLATING BATHS 

With few exceptions (such as the chromic acid bath) the metal 
to be deposited from a plating bath is introduced as a salt of that 
metal and is replenished by anodic dissolving of that metal. 
Until recent years only two types of plating baths were in common 
use, viz.f those consisting of simple salts such as sulfates or chlo¬ 
rides and those containing double cyanides of the metals. To 
these must now be added baths in which the major constituents 
are fluoborates (which were first used in lead and lead-tin baths), 
pyrophosphates, sulfamates, sulfonates, acetates, and other 
complex salts, as well as those containing large additions of organic 
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V 

Vanadium 
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Cr 
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-1.18 

29 
Fe 

Iron 
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27 
Co 

Cobalt 
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Rb 

Rubidium 
-2SI 
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Ytlrium 
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44 
Ru 

Ruthenium 
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Rhodium 
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Borium 
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Hafnium 
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Iridium 
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Thorium 
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PS 
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93 
U 

Uranium 
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Neptunium 

94 
Pu 

Plutonium 
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Am 
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* The rar^-^arih metals consist of 14 elements (58 to 71), the best known of which is cerium. 
They have not been deposited from aqueous solutions. 
t The elements from 90 to 96 are now also designated as a rare-earth group and do not 
properly fall in the vertical columns indicated. 

Fio. 52. Periodic system of the elements. Those metals enclosed in the heavy 
lines have been deposited in nearly pure form from aqueous solutions. Those 
enclosed in dotted tines are doubtfid. The circles enclose nonmetals that can be 
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Copper 
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30 
Zn 
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Gallium 
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Platinum 
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Gold 
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-012 
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Bi 
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+020 
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Po 
Polonium 

85 

At 
Astatine 
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Rn 

Radon 

m ■ 1 1 
liberated, by electrolysis of aqueous solutions. The first number in each space is 
the atomic number of that element. The numerical value where given under the 
name of an element represents the approximate standard potential of that element 
(see also Table 10, p. 42B). 
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salts such as acetates, tartrates, and citrates to modify the prop¬ 
erties or behavior of a given type of bath. Because many of 
these developments are* too new to have yielded extensive expe¬ 
rience, and because their exact compositions have not all been 
fully disclosed, it is not now possible to discuss their behavior in 
detail. An effort will be made in this chapter to indicate the 
types and behaviors of the compounds present in such baths. 

For convenience, the major constituents of plating baths may 
be classified in the following groups. 

1. Simple inorganic salts. 
2. Complex inorganic salts. 
3. Simple organic salts. 
4. Complex organic salts. 

Typical examples of each class will be discussed in the following 
sections. 

Simple Inorganic Salts. The three most common salts of this 
group are the chlorides, sulfates, and nitrates, derived, respectively, 
from hydrochloric acid, HCl; sulfuric acid, H2SO4; and nitric acid, 
HNOs. Nitrates are rarely used in plating baths because they 
may be reduced to ammonia at the cathode. Chlorides of most 
metals have higher conductivities than the sulfates but are more 
corrosive to equipment. In practice, sulfates are most extensively 
used, e.g., for copper, zinc, tin, and nickel plating, although 
chloride baths of iron, nickel and gold are also employed. 

The most important characteristics of all of these salts are (1) 
high solubilities, (2) good conductivities, and (3) high metal-ion 
concentrations, as a result of a large degree of dissociation into 
metallic cations and nonmetallic anions, e.g., 

CuS04;=iCu++ + S04~- 

Complex Inorganic Salts. Common examples are the fluosili- 
cates, fluoborates, and pyrophosphates. 

Fliwsilicatea. These are derived from fluosilicic acid, H2SiF6, 
which is made by the action of hydrofluoric acid, HF, upon silica, 
Si02. This first forms silicon fluoride, SiF4, which when volatilized 
and passed into water forms fluosilicic acid and insoluble silicic 

SiOj + 4HF = SiF. + 2H2O 
3SiF« + 3HjO = 2HjSiF, + HjSiO, 

Fluorilidc acid is often obtfuned as a by-product in the manufacture 
of superphosphate by treating phosphate rock (which contains 
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calcium fluoride and silica as impurities) with sulfuric acid. The 
principal use in electrolysis of fluosilicic acid is for lead refining 
and to a small extent for lead plating (page 330). 

Flwborates. These are derived from fluoboric acid, HBF4, 
which, in turn, is produced by combining hydrofluoric acid, HF, 
with boric acid, HsBOs. 

HaBOa + 4HF = HBF4 + 3H2O 

Fluoboric acid is relatively stable, as shown by the fact that it 
does not etch glass as it would do if HF were liberated. As a safe¬ 
guard against its decomposition, it is customary to add about 10 
per cent more boric acid than is needed by the above equation. 
It is a strong acid, i.e., is highly dissociated; thus 

HBF4±^H+ + BF4- 

and the pH of solutions containing much free acid is below 2. 
It was long used as the basis for lead plating (page 331), later of 

tin plating, and more recently of copper (page 293), zinc (page 
310), nickel (page 362), and indium plating baths, in all of 
which free fluoboric acid is present, together with the appro¬ 
priate metal salt, e.gf., Pb(BF4)2, etc. In many respects the 
fluoborate baths behave like sulfate baths (except with lead, of 
which the sulfate is insoluble). Any advantages of a particular 
bath, e.g., of copper, over a corresponding sulfate bath must be 
found in a greater solubility or higher conductivity of the fluobo¬ 
rate. Strictly speaking, fluoborates should not be referred to as 
complex salts, since they are highly ionized with the production 
of metal ions. 

Pyrophosphates, These salts are derived from pyrophosphoric 
acid, H4P2O7, which is produced by heating phosphoric acid, 

H3PO4, thus: 

2H3P04^H4P207 + H20 

Similarly 

2 Na2HP04 Na4P207 + H2O 
disodium hydrogen sodium 
phosphate pyrophosphate 

The heavy metal salts, such as copper pyrophosphate, CU2P2O7, 
and zinc pyrophosphate, Zn2P207, are nearly insoluble in water 
but dissolve in an excess of potassium pyrophosphate, probably 
with the formation of complexes. Probably because complex ions 
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are formed, the deposits are finer grained. The resulting solutions 
are slightly alkaline (pH of 8 to 9) and hence are less corrosive 
than acid baths. 

StUfamates. These salts are derived from, sulfamic acid or 
amido-sulfonic acid, HOSO2NH2. This acid is sulfuric acid in 
which one OH grouj) has been replaced by an amido group, NH2. 
Salts of this acid are formed by replacing the H in the OH group 
with a metal. Thus, sodium sulfamate is Na0S02NH2, and lead 
sulfamate is Pb(0S02NH2)2. Both the acid and its salts are 
quite stable. The lead salt is used in the sulfamate lead bath 
(page 331). 

The addition of certain inorganic salts to simple heavy metal 
salts may form complex ions to a limited extent and thereby 
decrease the metal-ion concentration. There is some evidence 
that ammonium salts form complex ions with nickel sulfate, but 
certainly not to the same degree as does ammonium hydroxide, an 
excess of which forms the deep blue nickel solution of the type 
sometimes used for plating on zinc. 

Simple Organic Salts. A good example of a simple organic 
salt bath is the acetate, derived from acetic acid, HC2H3O2 (or 
CHsCOOH). Most metal acetates are soluble, but few have been 
used as the basis of plating baths. Early attempts to plate from 
lead acetate jdelded coarsely crystalline deposits that were not 
entirely eliminated by addition agents. More recently a bath 
consisting largely of nickel acetate has been developed (page 381) 
especially for plating stereotypes and building up worn parts, and 
zinc acetate baths have also been proposed. 

Acetic acid is a relatively weak acid, and together with its salts 
it has excellent buffer action in the range from pH 3 to 5, i.e., at a 
lower pH than boric acid is effective. While its salts are usually 
well dissociated, their resistivities are not so low as those of sulfates 
or chlorides. There is little evidence of complex ion formation in 
acetate baths. 

Complex Organic Salts. Most organic acids, especially hydroxy 
acids, such as hydroxyacetic, CH20H-C00H; tartaric (CHOH)2 

(C00H)2; and citric, (CH2)2COH(COOH)3, form complex salts 
with heavy metals, chiefly in alkaline solutions. Evidences of such 
complex formation are the dissolving of the hydroxides, e.flf., of 
nickel and iron, in alkaline solutions, in which they are normally 
insoluble, and the change in color of the solutions, e.g., of nickel 
from green to blue. Plating baths are seldom prepared principally 
from these organic salts, but they are often added to modify the 
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composition and behavior of baths. Good examples are the 
Rochelle salt copper bath (page 296) and the acetate nickel bath 
(page 381). 

A very recent application of organic salts in plating is the use 
of alkane sulfonates.^ These are salts of a sulfonic acid, derived 
from sulfuric acid in which one hydroxyl group has been sub¬ 
stituted by a methyl group, CH3; ethyl, C2H6; or propyl, CsHy. 
Thus we have methanesulfonic acid, CHsHSOs, which forms 
soluble salts with many metals. The cupric copper salt is 
Cu(CH8S08)2. The acid used in plating is a mixture of the 
methane, ethane, and propane sulfonic acids. 

Organic amines. C. J. Brockman has described plating baths^ 
that contain organic ^^amines,” i.e.^ compounds in which one or 
more of the hydrogen atoms in ammonia have been replaced by an 
organic radical. A copper bath containing diethylene triamine, 
(NH2C2H4)2NH, described by L. Greenspan,* is in commercial use. 

Cyanides. The most important complex salts used in plating 
are the cyanides, which are sometimes considered as inorganic 
carbon compounds but for convenience will here be treated as 
organic. All the cyanide plating baths contain a metal cyanide 
dissolved in an excess of sodium or potassium cyanide to form 
complex cyanides. In those cases where some other metal com¬ 
pound such as copper carbonate, cadmium oxide, or silver chloride 
is dissolved in an alkali cyanide, the same double cyanides are 
formed together with, respectively, sodium carbonate, sodium 
hydroxide, or sodium chloride. Whether or not these auxiliary 
compounds are beneficial in a given plating process must be 
determined by experience. 

In the study of any cyanide plating bath the following terms 
may be employed.^ 

1. The total cyanide is the content of the active cyanide ion, 
CN, in whatever form. It usually excludes any cyanide present 
in very stable compounds such as ferrocyanides. 

2. The total alkali cyanide is the CN combined with sodium or 
potassium. 

3. The total combined cyanide is that present in active complex 
compounds or ions. 

‘ Faust, C. L., Agruss, B., Combs, E. L., and Probll, Wayne A., Monthly 
Rev. Am. Electroplaters* Soc., vol. 34, pp. 641, 709, 1947. 

* Trans. Electrochem. Soc., vol. 71, p. 255, 1937. 
* Trans. Electrochem. Soc., vol. 78, p. 303, 1940. 
* Thompson, M. R., Trans. Electrochem. Soc., vol. 79, p. 417, 1941. 



284 ELECTROPLATING AND ELECTROFORMING 

4. The total covnbined alkali cyanide is the alkali cyanide that is 
combined with heavy metal cyanides. 

5. The free cyanide is the alkali cyanide that is not combined in 
complexes. This may often be determined by a suitable titration 
(page 191) but sometimes is computed from the other con¬ 
stituents. (It has-also been suggested^ that the free cyanide be 
deiSned as the excess of alkali cyanide above that required to 
maintain a clear solution, regardless of the assumed formulas of 
the complexes.) 

6. The metal cyanide is that combined with and computed from 
the heavy metals present. 

7. The cyanide ratio is the mol ratio of the total alkali cyanide to 
the metal cyanide. In an example given by M. R. Thompson, 
a solution containing 

\M Na2Zn(CN)4 + IM NaCN 

would yield the following numerical values for the above quantities: 

Total cyanide. . 5Af 
Total alkali cyanide. 3M 
Total combined cyanide .4M 
Total combined alkali cyanide. 2M 
Free cyanide. \M 
Metal cyanide. \M 
Cyanide ratio. 3 

All the complex metal cyanides dissociate to a slight extent into 
metal ions and cyanide ions.. The extent of this dissociation is 
expressed as the instability constant^ usually a very small number 
such as 10”“. 

It is difficult to define with certainty the complexes present 
in the various metal cyanide solutions. The simplest method, i.e., 
analysis of a solution of alkali cyanide saturated with the metal 
cyanide, does not always yield consistent results with methods in 
which, for example, the metal potential (and hence the metal-ion 
concentration or activity) is plotted against the ratio of metal 

cyanide to alkali cyanide. It is evident that two or more com¬ 
plexes may be present in the same cyanide solution and that the 
composition of the complexes may change with the cyanide ratio. 
Available evidence indicates that in cyanide baths the following 
ions are present: 

* Blum, W., Trans, Electrochem. Soc.^ vol. 60, p. 143,1931. 
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Metal Present Principal Ions Present 

Silver. Ag(CN)2“ 
Gold. Au(CN)r 
Zinc. Zn(CN)4”” 
Cadmium. Cd(CN)»“ 

Cd(CN)r- 
Nickel. Ni(CN)4-’ 
Copper. Cu(CN)8" ~ 

Cu(CN)2- 

In computing results of analyses, the above ions (or the cor¬ 
responding salts) are commonly assumed to be present. The first 
formula for the copper complex is generally used, even though 
solutions with very little free cyanide may also contain the second 
complex. 

All cyanide solutions are alkaline, t.c., have a pH above 7, 
because the alkali cyanide (and to a less extent the complex 
cyanide) hydrolyzes to liberate sodium hydroxide, NaOH, and 
hydrocyanic acid, HCN. The measurement &t pH (page..76^ is., 
often used in the control of cyanide baths. 

All cyanide baths, especially when heated, contain carbonates 
of sodium or potassium. These may result from direct absorption 
of carbon dioxide from the air and the liberation of hydrocyanic 
acid, HCN, which accounts for the characteristic almondlike odor 
of cyanide solutions. The reaction is accelerated by the spraying 
of solution into the air during electrolysis. 

2NaCN + CO2 + H2O = Na2C03 + 2HCN 
sodium carbon water sodium hydrocyanic 
cyanide dioxide carbonate acid 

This reaction is retarded by adding free sodium hydroxide. 
Another source of carbonate is the oxidation of cyanide, which 

occurs especially if insoluble anodes are used. As an intermediate 
product a cyanate, e.g., NaCNO, may be formed, but the ultimate 
products are sodium carbonate and ammonia. 

2NaCN + 2H2O + 2NaOH + O = 2Na2C03 + 2NH3 

Cyanide may also be decomposed by a form of hydrolysis that 
occurs especially at high temperatures in acid or nearly neutral 
solutions (hence is retarded by addition of alkali.) The formic 
acid or sodium formate may also be oxidized to carbonate. 

HCN + 2H2O = HCOOH + NH, 
hydrocyanic acid water formic acid ammonia 
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Since all c]ranide baths accumulate carbonate in use, there is 
seldom need to add carbonate after the bath is prepared. For 
certain baths, initial addition of carbonate is beneficial. 

In baths containing sodium cyanide, the content of carbonate 
may become objectionably high, e.g., over 60 g/1 or 8 oz/gal of 
NajCOt, and must'be reduced. Three methods have been used 

for its removal. 
1. Lowering the temperature of the bath to about — 3®C (26®F) 

when the hydrated salt, NatCOs’lO HjO, crystallizes out. This 

usually requires artificial refrigeration and is the best method, 
since no new compounds are formed. 

2. Adding a barium salt to precipitate barium carbonate, 

BaCOj. If barium cyanide, Ba(CN)2, were available, it would be 
preferable, because it would leave in the solution only sodium 
cyanide, an excess of which may, however, be objectionable. If 

barium chloride, BaCU, or barium hydroxide, Ba(OH)2, is used, 
equivalent amounts of sodium chloride or hydroxide are formed 
and may be objectionable. The precipitated barium carbonate 

does not readily settle out and requires filtration. 
3. Addition of hydrated calcium sulfate (gypsum), CaS04'2H20. 

This produces an equivalent amount of sodium sulfate, which is 
assumed to be less objectionable than the sodium carbonate. 

One of the problems in cyanide baths is the choice of sodium or 
potassium salts. Potassium cyanide, KCN, was first used, but 
with the availability of cheaper sodium cyanide, NaCN, it almost 

completely displaced the potassium. In more recent years 
potassium cyanide has been used in all gold and silver plating 
and in much of the copper plating. In comparing the effects of 

these two cyanides they should be used in equivalent proportions: 
i.e., 65 parts by weight of KCN are equivalent to 49 of NaCN. 

While certain advantages, e.g., in permitting higher current 

dennties, have been demonstrated for potassium cyanide baths, 
the reasons have not been fully established. Among the factors 
that may favor the use of potassium cyanide, e.g., in copper and 

ulver baths, are the following: 
1. The equivalent resistivity of potassium salts is less than that 

of sodium salts. 

2. The solubility of the potassium copper cyanide complex is 
greater than that of the sodium complex. This not only permits 
the use of higher metal concentrations but also reduces the need 
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for addition of free cjranide, since more is formed by dissociation of 

the stronger solution. 

3. The solubility of potassium carbonate is greater than that of 

sodium carbonate, and hence higher concentrations of carbonate 

may be tolerated in potassium baths. 

4. The potassium complex may be more stable than the sodium 

and hence be less rapidly decomposed when heated. 

Potassium cyanide is not suitable for use in zinc or brass baths 

because of a lower solubility of potassium zinc cyanide. 

The toxicity of all cyanide solutions makes it important to 

observe certain precautions in their use. The most important is 

to avoid the contact or addition of acid to any cyanide solution 

unless special ventilation is provided. The evolved gas, hydro¬ 

cyanic acid, HCN, is very toxic if inhaled. Because some HCN 

is given off from cyanide baths, especially when heated, good 

ventilation should be provided, particularly for large installations 

or those operated at high current densities. 



CHAPTER XII 

GROUP IB METALS: COPPER, SILVER, AND GOLD 

GENERAL 

The three metals copper, silver, and gold are all relatively noble; 
i.e., their normal potentials are positive with respect to a hydrogen 
electrode. They become more noble as we descend from copper 
to gold. They are all easily deposited from solutions of their 
simple salts, such as the sulfates, or chlorides, but the deposits 
(except those of copper) are very coarsely crystalline and are 
usually not suitable for electroplating. Hence cyanide solutions 
are more commonly used. Chloride baths are sometimes used for 
very heavy gold deposits. 

Each of these three metals has a valence of I in certain salts, in 
addition to which copper has a valence of II in cupric compounds, 
and gold has a valence of III in auric compounds. These valences 
are illustrated in the following table, in which the formulas of 

Common Compounds of Copper, Silver, and Gold 

Copper Silver, Gold 

Compound 
Cuprous, 

Cu* 
Cupric, 

Cu« 

argentouB, 
Agi Aurous, 

Au^ 
Auric, 
Aui“ 

Oxide_4. CusO CuO Ag,0 AujO AU2O1 

Chloride. CuCl CuCl, AgCl AuCl AuCla 
Sulfate. Cu,S04 CUSO4 AgiSO, AU2SO4 AU2(S04)| 
Cyanide. 
Double cyanide. 

CuCN 
K,Cu(CN)i 

Cu(CN), AgCN 
KAg(CN), 

AuCN 
KAu(CN)2 

Au(CN), 

some of their compounds are listed. Crystals of many of these 
compounds contain waier of crystallization. 

The complex cyanide solutions of the three metals all contain 
the metal with a valence of I. Cupric cyanide and auric cyanide 
are unstable, and when dissolved in excess of cyanide, they give 
o£F cyanogen and form the double cyanides listed above. The 
copper compounds KsCu(CN)i and Na2Cu(CN)s are the most 
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stable, but other copper compounds with more or less combined 
cyanide also exist under some conditions. 

Copper is readily deposited from solutions of cupric sulfate, 
CUSO4; cupric fluoborate, Cu(BF4)2; cupric pyrophosphate, 
CU2P2O7; and cupric alkane sulfonate, e.^., Cu(S03R)2, in all of 
which the valence of copper is II. Silver is deposited from silver 
nitrate for refining, and gold from auric chloride for refining and 
occasionally for plating thick deposits. Practically all the silver 
and gold plating and most of the copper plating are done in 
cyanide baths. 

COPPER DEPOSITION 

Applications and Choice of Baths. The most logical division of 
copper-plating baths is into the cupric (Cu^^) and cuprous (Cu^) 
types, since the valence determines the electrochemical equivalent 
of the copper. As seen in Table 9 (Appendix), at 100 per cent 
cathode efficiency, 1 amp hr deposits 2.372 g of copper from cuprous 
baths and 1.186 g from cupric baths. It might therefore appear 
that the cuprous baths, c.gf., the cuprous cyanide, would always 
be more economical. However, many other factors such as the 
following must be considered. 

In all the cupric salt baths, notably the copper sulfate bath, the 
cathode efficiency is practically 100 per cent, while in many cyanide 
copper baths the efficiency is not over 70 per cent and may be as 
low as 60 per cent. By the use of more concentrated cyanide 
baths, prepared with potassium salts, with low free cyanide and 
high alkalinity, efficiencies of nearly 100 per cent are obtained. 

The cupric baths, especially the copper sulfate, are cheaper than 
the cyanide baths. The cupric salt baths are more stable than the 
cyanide baths; hence they require less time and attention for 
their control. Cyanide baths may be kept in plain steel tanks, but 
acid baths require a lead, rubber, or plastic lining. 

Most of the cupric baths cannot be used to plate directly on 
steel or zinc, because they tend to deposit copper by immersion, 
usually in a nonadherent form. Hence, cyanide baths are gen¬ 
erally employed to deposit at least an initial layer of copper. 
(The more concentrated cyanide copper baths also require an 
initial strike deposit on steel from a dilute copper cyanide bath.) 

It is too early to evaluate the different types of cupric baths. 
To replace the very cheap, stable, copper sulfate bath, another 
bath must have its greater expense compensated for by specific 
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advantages, such as higher permissible current densities, finer 
grained deposits, or greater ease of operation. The principal uses 
of the acid copper baths are in electrotyping and other applica¬ 
tions of electroforming, c.g., of phonograph matrices, and for 
relatively thick copper deposits, in many cases over an initial 
cyanide coating on steel. 

Cyanide copper deposits are generally used to protect selected 
areas of steel against casehardening^ though for thick deposits acid 
copper is sometimes applied over the cyanide copper. The thick¬ 
ness of copper required to prevent casehardening of steel depends 
upon the time and temperature of the hardening process. For 
most purposes coatings from 0.0005 to 0.001 in. (0.013 to 0.025 
mm) are adequate. An important factor is the porosity, which is 
normally decreased by an increase in thickness. Copper coatings 
are also used to protect steel against scaling during heat-treatment 
and to facilitate deep-drawing operations. 

Acid Copper Sulfate Bath. The two essential constituents are 
copper sulfate and sulfuric acid. The salt furnishes the metal 
ions, and the acid serves to reduce the resistivity, decrease the 
metal-ion concentration, increase the anode corrosion, and 
prevent precipitation of basic cuprous or cupric salts. The per¬ 
missible concentrations and proportions of the copper sulfate and 
sulfuric acid are limited by the fact that addition of sulfuric acid 
decreases the solubility of copper sulfate, as shown in Table 20 
(Appendix). The effect of acid upon the resistivity is shown in 
Table 21 (Appendix). 

A typical formula for an air-agitated acid copper bath is as 
follows. The proportions are not critical, and frequently a lower 
concentration of sulfuric acid is employed. 

Acid Copper Bath 

N g/1 
Copper sulfatei CuS04‘5H20 . 2 250 
Sulfuric acid, H2SO4. 1.5 76 
Temperature, 20 to 60®C (68 to 122®F) 
Current density, 2 to 10 amp/dm* (20 to 100 amp/ft*) 

The exact purity of the copper sulfate is not important, since 
small amounts of nickel, zinc, or arsenic have practically no 
effect on the deposition or the properties of copper from acid 
sulfate solutions. On general principles it is desirable to use fairly 

pure copper sulfate, but no decided increase in cost is warranted. 

avoir fl 
oz/gal oz/gal 

33 
10 6 
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Because additions of sulfuric acid are made more frequently than 
those of copper sulfate, relatively pure sulfuric acid, but not 
necessarily a C.P. grade, is desirable. 

In continued operation, especially when air agitation is em¬ 
ployed, as in electrot3rping, the concentration of copper sulfate 
tends to increase and that of sulfuric acid to decrease. This 
change results from the fact that the anode efficiency is somewhat 
higher than the cathode efficiency. Since the latter is practically 
100 per cent in the working range, it is evident that the apparent 
anode efficiency is over 100 per cent. This anomaly is explained 
by the fact that in copper sulfate solutions, copper may exist as 
both cupric sulfate, CuS04, and cuprous sulfate, CU2SO4. Under 
normal conditions the concentration of cuprous salt is very low, 
and especially in the presence of oxygen from the air, it oxidizes to 
cupric sulfate. It is possible for copper to dissolve from the 
anode to form either cupric or cuprous salts or ions. At 100 per 
cent anode efficiency for solution of copper to form cuprous 
sulfate, twice as much copper is dissolved per ampere-hour as for 
cupric copper. The formation of even a small amount of cuprous 
salt at the anode therefore represents an excess of copper passing 
into solution above that deposited at the cathode. The cuprous 
salt then oxidizes in the solution to form cupric sulfate, from which 
the copper is principally deposited. 

Some copper also dissolves in the bath when it is not in opera¬ 
tion. This action depends upon the fact that cupric sulfate tends 
to react with copper to form cuprous sulfate. 

Cu + CuS04t=5Cu2S04 

In contact with air this cuprous sulfate is oxidized to cupric, which 
permits the solution of the copper to continue. 

2CU2SO4 + O2 + 2H2SO4 = 4CuS04 + 2H2O 

To correct this increase in copper content of the baths, it has 
been customary in electrotyping to discard a portion of the bath 
in order to remove part of the copper sulfate and then to add 
sulfuric acid and water to bring the solution to the normal com¬ 
position. This wasteful practice can be avoided by using in 
part insoluble lead anodes to deposit part of the copper, whereby 
the copper content is reduced and sulfuric acid is regenerated. 
One practical objection to this procedure is that at insoluble 
anodes oxygen is evolved and carries into the air an irritoting 
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spray of the acid solution. Good ventilation must therefore be 
provided if insoluble anodes are used. A higher voltage is re¬ 
quired^ and cathodes opposite the lead anodes may receive less 
current than those opposite the copper. 

Because the deposits of copper from acid sulfate baths are rather 
coarse grained and show a strong tendency toward treeing, addi¬ 
tion agents are often employed. More addition agents have 
probably been proposed for acid copper baths than for any other. 
The most effective are the proteins, such as glue, which is univer¬ 
sally employed in copper refining, usually in conjunction with 
guZoc, an organic residue from the sulfite process for making paper 
pulp from wood. One serious objection to glue in copper-plating 
or electrotyping baths is that its effects are so pronounced that 
only a few parts per million are required or permitted and there is 
no satisfactory method of analysis for this small content of glue. 

Another common type of addition agent for copper includes 
sugars, often added as molasses or as commercial dextrose. There 
is some evidence that the sugars, such as sucrose or the dextrose 
and levulose produced by its inversion in the acid solution, are less 
effective as addition agents than are the small amounts of impuri¬ 
ties present, some of which, such as dextrin, are colloidal. In 
some cases starch has been added, because in the acid solution it 
forms dextrin. 

Among the specific addition agents employed is phenol or 
carbolic acid, CeHsOH, which produces smoother and harder 
deposits in electrotyping.' It is usually added as phenolsulfonic 
acid, formed by combining the phenol with sulfuric acid. A con¬ 
centration equivalent to 1 g/1 (0.13 oz/gal) of phenol is adequate 
and is not critical. There is evidence that secondary products of 
the slow oxidation of the phenol, such as quinhydrone, may be 
more effective than the original phenol. 

Increased use of copper plating in recent years has led to efforts 
to produce bright-copper deposits from acid baths. Among the 
proposed additions* is thiourea, N2H4CS, which produces semi- 
bnght deposits that are relatively soft and can easily be buffed 
bright. A wetting agent, such as Triton 720, which is a salt of a 
sulfonated ether, can be used to increase the range of current 

* Hull, R. O., and Blxtm, W., J, Research Natl. Bur. Starulards, vol. 5, 
p. 767, 1930. 

* CuFTON, F. L., and Phillips, W. M., Proc. Am. Electroplaters* 80c . 
p. 92, 1942. 
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density for good deposits. Molasses serves to reduce the tend- 
(mcy for striations at points of low current density. A typical 
formula for such a bath is as follows: 

g/1 oz/gal 
Copper sulfate, CuS04*5H20. .. 250 33 
Sulfuric acid, H2SO4. . . 10-30 1.3-4 
Thiourea, N2H4CS. 0.01 0.0013 
Mdlasses. 0.8 0.1 
Triton 720. 0.2 0.03 

This solution yields best results at or below 70®F (22®C) and a 
current density of 50 to 75 amp/ft^ (5 to 8 amp/dm^), provided 
good mechanical or air agitation is used. 

Fluoborate Copper Bath. The fluoborate copper bath^ is similar 
in many respects to the acid sulfate bath. The essential con¬ 
stituents and conditions are 

N g/1 oz/gal 
Copper fluoborate, Cu(BF4)2.. 2-4 224-448 30-60 
(Copper, Cu). 2-4 60-120 8-16 
Fluoboric acid, HBF4. 0.02 2 0.3 
pH, 1.2-0.6 

Temperature, 80-170°F (26-76®C) 
Current density, without agitation, 150 amp/ft* (15 amp/dm*) 
Current density, with agitation, 300 ainp/ft* (32 amp/dm*) 

Tests made by the authors mentioned showed that for equal 
copper concentrations, the fluoborate solution has a higher limiting 
current density than the sulfate copper bath. In addition the 
solubility of copper fluoborate (equivalent to about 120 g/1 of 
copper or nearly 4N) is greater than that of copper sulfate in the 
presence of sulfuric acid (about 75 g/1 of copper or 2.5^^). Hence, 
especially in the more concentrated fluoborate bath, about twice 
as high a current density can be used as in the sulfate bath. To 
obtain the same, current densities, however, it is necessary to use a 
higher voltage in the fluoborate bath, the resistivity of which is 
higher than that of the acid sulfate bath. This difference is largely 
the result of the much higher acidity of the sulfate bath. If much 
more than 2 g/1 of free fluoboric acid is present in the fluoborate 
bath, its limiting current density is reduced. 

There is no simple, adequate explanation for the higher limiting 
current density in the copper fluoborate bath with a given copper 

* Strutk, Clippord, and Carlson, A. E., Monthly Rev, Am, Electroplalers* 
8o€,, vol. 33, p. 923, 1946. 
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concentration. It may be associated with the ability of fluobo- 
rates to prevent precipitation of basic copper compounds in the 
cathode film until a higher pH is reached than in the sulfate bath. 

Alkane Sulfonate Copper Bath. This bath is also characterized 
by a high solubility of the copper salt and a relatively high limiting 
current density. Typical baths suggested by C. L. Faust^ and 
associates have the following range of compositions and operating 
conditions. 

N g/1 oz/gal 
Basic copper carbonate.... 0.&-3.2 45-180 6-24 
Copper (metal). 0.8-3.2 25-100 3.3-13.3 
Free alkane sulfonic acid... 0.04-0.08 5-10 0.7-1.3 
Temperature, 120-150®F (50-65®C) 
Current density, with moderate agitation, 100-600 amp/ft* 

(10-60 amp/dm*) 

From experiments with a bent cathode it was concluded that the 
fluoborate and alkane sulfonate copper baths, like the acid sulfate 
bath, have very poor throwing power compared with a cyanide 
bath. This behavior is to be expected in acid copper baths, in 
which there is little polarization and the cathode current effi¬ 
ciencies are uniformly high. 

Pyrophosphate Copper Bath. This is an alkaline cupric bath 
that contains cupric pyrophosphate, an excess of potassium 
P3rrophosphate, and free ammonia. The Unichrome bath is stated 
to have approximately the following composition and operating 
conditions: 

N g/l oz/gal 
Metallic copper, Cu. . 1.0 30 4 
Total pyrophosphate, PjOt ... . 5 210 28 
Ammonia, NHs. ...... 0.2 3 0.4 
Weight ratio, PjOr.Cu = 7 
pH, 8.2-8.8 
Temperature, 110-140®F (44-60°C) 
Cathode current density, 10-70 amp/ft* (1-8 amp/dm*) 
Anode current density, 20-100 amp/ft* (2-11 amp/dm*) 

When this bath is agitated with air, especially at the higher 
temperature, ammonia is lost by evaporation and must be replaced 
by additions of ammonium hydroxide. Otherwise, the pH is 
adjusted by addition of potassium hydroxide. 

It is necessary first to plate ferrous metals with copper from a 
cyanide bath before applsdng a deposit from the pyrophosphate 

^ M&fdhly Rev. Am. Electropkiiere* Soc.^ vol. 34, pp. 541, 709, 1947. 
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bath. Introduction of any cyanide into the pyrophosphate bath 
is deleterious. It can be removed by treatment with hydrogen 
peroxide. Deposits from this bath are relatively smooth and 
bright. 

Amine Copper Bath. An amine bright copper bath has the 
following composition.^ 

N g/1 oz/gal 
Copper sulfate, CuS04‘5Hj0. 0.8 100 13.4 
Ammonium sulfate, (NH4)2S04... 0.3 20 2.7 
Diethylene triamine. 80 (ml) 10 (fl oz) 
pH (with ammonium hydroxide), 9.0 
Wetting agent 
Temperature, 25®C (77®F) 
Current density, 4 amp/dm* (40 amp/ft*) 

Cyanide Copper Baths. Low-copper Baths, A typical formula 
for a low-copper bath is as follows: 

N g/1 oz/gal 
Cuprous cyanide, CuCN. ... 0.25 22.5 3 
(Total copper, Cu). ... 0.25 16 2.1 
Sodium cyanide, NaCN. ... 0.65 34 4.5 
(Free cyanide, NaCN). ... 0.15 7.5 1 
Sodium carbonate, NaaCOj.... 
pH, 11.5 to 12.5 

... 0.30 15 2 

In former years it was customary to prepare a similar bath by 
dissolving basic cupric carbonate, Cu(0H)2*CuC08, in sodium 
cyanide. Sufficient of the latter must then be used to (1) reduce 
the cupric to cuprous compounds (with evolution of cyanogen, 
C2N2, which is poisonous), (2) form cuprous cyanide, (3) dissolve 
the cuprous cyanide, and (4) leave an excess, i.e., free cyanide. 
The following formula will produce a bath essentially like the 
previous formula, except that it will contain a small amount of free 
sodium hydroxide, which will soon be converted to carbonate. 

• AT g/1 oz/gal 
Basic cupric carbonate, Cu(0H)2*CuC08 0.5 27.6 3.7 
Sodium cyanide, NaCN. 1.15 57 7.8 
Sodium carbonate, Na2C08. 0.05 2.6 0.3 

In the dilute copper bath it is customary (for bright deposits) 
to add as a brightener about 2 g/1 or 0.25 oz/gal of sodium thio¬ 
sulfate {hypo), Na2S208*5H20. 

A temperature of about 40®C (104®F) is advantageous. Higher 
temperatures cause more rapid decomposition of the cyanide. At 
room temperature a current density of only about 5 amp/ft* 

‘ Greenspan, L., Trans, Electrochem, 80c., vol. 78, p. 303, 1940. 
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,(0.5 amp/dm*) is used, and at 40®C (104®F) about 15 amp/ft^ 
(1.6 amp/dm*). 

High-copper Bcdhs, The so-called “high-speed^' copper baths 
contain a high content of copper, usually combined as the potas¬ 
sium salt, a low content of free cyanide, a high content of potassium 
hydroxide, and a suitable wetting agent to prevent pitting. A 
typical formula for the Dupont bath is as follows: 

N g/1 oz/gal 
Cuprous cyanide, CuCN. 0.66 53 7 
(Equivalent to metallic copper, Cu) .. . 0.66 42 5.6 
Total potassium cyanide, KCN. 1.44 98 13 
(Free potassium cyanide, KCN). 0.12 7.5 1.0 
Potassium hydroxide, KOH. 0.75 42 5.6 
Addition agent (^‘RH774»0. 0.25 

Baths with about 50 per cent higher concentrations can be used. 
The above bath is operated at 85°C (185®F) with cathode current 

densities from 30 to 60 amp/ft^ (3 to 6 amp/dm^) and anode current 
densities from 10 to 30 amp/ft^ (1 to 3 amp/dm*) in agitated baths. 
The anode and cathode efficiencies are close to 100 per cent. 

The high current densities and high cathode efficiencies of this 
type of bath are largely the result of the high metal content. In 
addition, the resultant high concentration of combined cyanide 
reduces the required content of free cyanide, because the copper 
salt, K2Cu(CN)8, dissociates and acts as a reservoir for free 
cyanide. Especially at high temperatures it tends to decompose 
to form free cyanide ions, thus; 

K2Cu(CN)3 *KCu(CN)2 + KCN 
or 

Cu(CN)3- - Cu(CN)2- + CN- 

The net result is to furnish enough cyanide ions to provide good 
anode corrosion and to keep the copper compounds in solution, 
without the rapid decomposition of free cyanide that normally 
occurs in hot solutions. 

One limitation of this bath is that the effective cuprous ion 
concentration is sufficiently high to permit deposition of copper on 
steel or zinc by displacement. Hence it is usually necessary to 
give these metals an initial strike in a more dilute cyanide copper 
bath. 

BocheUe Salt Copper Baths. In efforts to increase the cathode 
current denaty and efficiency of the regular cyanide copper bath, 
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it was found that addition of Rochelle salt, sodium potassium 
tartrate, NaKC«H406*4H20, was advantageous. A typical for- 
mula for this bath is as follows: 

N g/i oz/gal 
Cuprous cyanide, CuCN. .. 0.3 26 3.5 
(Copper, Cu). 0.3 19 2.5 
Total sodium cyanide, NaCN. .. 0.7 35 4.6 
(Free cyanide, NaCN). 0.11 5.6 0.75 
Sodium carbonate, Na2C03 . .. 0.6 30 4.0 
Rochelle salt, NaKC4H40«*4H20.. .. 
pH, 12.6 

.. 0.3 45 6.0 

This bath is operated at about 70®C (158®F), a cathode current 
density up to about 60 amp/ft^ (7 amp/dm*), and an anode current 
density of about 30 amp/ft® (3 amp/dm^). Under these con¬ 
ditions the cathode efficiency is about 50 per cent. 

The performance of the Rochelle salt bath is summarized by 
A. K. Graham and H. J. Read.^ They attribute the beneficial 
effect of the tartrate to the formation of copper complexes that 
permit good anode corrosion with a lower content of free cyanide 
and yield higher cathode efficiencies at relatively high current 
densities. The successful use of this type of bath, in spite of the 
meager knowledge regarding the functions and mechanism of the 
tartrate, illustrates the need for basic studies on the constitution 
of plating baths. 

Copper Anodes. There are three principal types of copper 
anodes, known as (1) electrolytic cathodes, (2) cast copper, and (3) 
rolled copper. All these are usually made from electrolytic copper, 
i,e., copper that has been refined by electrolysis and is very nearly 
pure. The cathode sheets, sheared to convenient size, are the 
purest and cheapest and have found extensive use in electrotyping. 
They are usually rather thin (about 0.5 in. or 1.25 cm) and there¬ 
fore may yield considerable scrap. If, as frequently occurs, there 
are laminations in the sheets, these may give rise to lacy residues 
that detach and cause roughness. 

The cast-copper anodes may be made of any convenient size 

and shape, including bars and balls. In early years they often 
contained small amounts of oxide, probably cuprous oxide, which 
segregated at the grain boundaries and caused metallic particles 
to drop out during dissolution of the anodes. ^ greater care in 
melting and casting to yield a fine grain structin^e, this difficulty 

^ Trans, Electrochem, Soc,, vol. 80, p. 341, 1941, 



298 ELECmOFLATING AND ELECTROFORMINO 

has been reduced. The use in cyanide baths of steel baskets, e.jr., to 
hold ball copper anodes, will introduce ferrocyanide into the baths. 

Rolled copper anodes are made by rolling or extruding cast 
copper to the desired shape and thickness. This process reduces 
the grain size and promotes uniform corrosion. Rolled anodes 
are largely used in all copper baths. 

SILVER PLATING 

In spite of numerous researches on other types of silver baths, 
practically all silver plating is conducted in cyanide solutions. 
The latter are simple to prepare, are relatively stable, and have 
high anode and cathode efficiencies and good throwing power. 
Their chief drawback is the toxicity of the cyanide, which, how¬ 
ever, is even less serious than with other cyanide baths used on 
much larger scales and at higher temperatures. Discussion will 
therefore be confined to the cyanide silver baths. ^ 

The principal constituent is the double potassium silver cyanide, 
KAg(CN)2, which is the only silver salt existing in significant 
amounts in a silver bath. For some years silver baths made with 
sodium cyanide were used, but it is now generally accepted that 
the potassium salts are superior because of (1) higher conduc¬ 
tivity, (2) higher solubility of the resultant potassium carbonate, 
and (3) finer grained deposits. 

All the cyanide in excess of KAg(CN)2 is designated as free 
cyanide. As shown by R. M, Wick,* the end point of the titration 
of free cyanide with silver nitrate in the presence of potassium 
iodide corresponds very accurately to the compound KAg(CN)2. 
Hence the free cyanide in a silver bath has a very definite 
meaning. 

The simplest way to prepare such a bath is to dissolve silver 
cyanide, AgCN, in a solution of potassium cyanide. The use in 
early years of silver chloride, AgCl, resulted in the formation of an 
equivalent amount of potassium chloride, which does not seriously 
affect the bath operation, although it may lead to attack of steel 
tanks and hangers, with resultant contamination by ferrocyanide. 
If, as proposed by D. Wood,* large amounts of potassium nitrate 
are employed in silver baths, silver nitrate can logically be em- 

^ For the potentials in silver deposition, c/. Fink, C. G., and Hoqaboom, 

G. B., Jr., Trane. Elecirochem. Soc., vol. 57, p. 99, 1930. 
* J. Reeearch NaU. Bur. Standards, vol. 7, p. 913, 1931, RP 384. 
* Pfoc. Am. EledropUUers* Soc., p. 150, 1937. 
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ployed as the source of silver, since it forms potassium nitrate 
when dissolved in potassium cyanide. 

As in all cyanide baths, carbonate forms during the use of a 
silver cyanide bath and is added to a new bath. A summary of 
silver plating^ concluded that the concentration of sodium car¬ 
bonate should be kept below 45 g/1 (6 oz/gal) while that of 
potassium carbonate may be permitted to reach 113 g/1 
(15 oz/gal). Moderate amounts of carbonate are beneficial 
in decreasing the resistivity, but an excess, especially of 
sodium carbonate, may cause coarse deposits and poor anode 
corrosion. 

As mentioned above, Wood has recommended the addition of as 
much as 150 g/1 or 20 oz/gal of potassium nitrate. This decreases 
the resistivity and permits good operation with a lower content of 
silver and of free cyanide. Its use is especially advantageous 
when, as is customary, carbon bisulfide is used as a brightener. 

Partly because of the relatively high price of silver, the silver 
content of plating baths was formerly kept fairly low, e.g., about 
3 troy oz/gal (24 g/1). This practice limited the current density 
in former years to about 0.5 amp/dm^ or 5 amp/ft^ in still tanks. 
In conveyor tanks with mild agitation and at temperatures up to 
27®C (80°F) current densities of 1.5 amp/dm* or 15 amp/ft* or 
more may be used. 

The demand during the war for thick coatings of silver on air¬ 
plane bearings led to efforts to increase the current density. It 
was early shown® that by use of more concentrated solutions, 
higher temperatures, and rapid agitation, current densities up to 
200 amp/ft® (22 amp/drn®) could be used. Later® it was reported 
that addition of potassium hydroxide is beneficial. In practice,^ 
current densities up to 150 amp/ft® (16 amp/dm®) were regularly 
used. The success in these unusual plating operations illustrates 
the fact that by the intelligent application of existing knowledge 
and principles, the range of plating conditions can be greatly 
broadened provided the results warrant the added care and 
expense. A general summary of methods and possible uses of 

‘ Promisel, N., and Wood, D., Tram. Electrochem. Soc., vol. 80, p. 459, 
1941. 

* Simon, A. C., and Lumley, J. T., Proc. Am. Eledroplaters* Soc., p. 91,1940. 
* Schaefer, R. A., and Mohler, J. B., Proc. Am. Eledroplatera* Soc., 

p. 29, 1943. 
* Hart, John S., and Hbussnbr, C. £., Monthly Rev. Am. ElectropUUera* Soc., 

MseLE, F. C., Monthly Rev. Am. Electroplatera' Soc., vol. 33, p. 937, 1946. 
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silver plating will be found in the book ‘‘Silver in Industry/' 
compiled by Lawrence Addicks.^ 

In almost all silver plating a brightener is used. The one most 
extensively employed is carbon bisulfide, CS2. This is added in 
very minute amounts, e.gr., by first saturating a portion of the 
bath or preferably -a separate solution of potassium cyanide with 
carbon disulfide and adding small portions of this solution to the 
bath at intervals. As carbon disulfide gradually evaporates, 
especially from warm solutions, it probably does not form any 
very stable compounds. It was early reported by Haring that, 
unlike most effective addition agents, it reduces the cathode 
polarization. In general, the effort is made to produce a semi- 
bright silver deposit that requires only light color buffing. Nu¬ 
merous other brighteners have been tried in silver baths, including 
many compounds of sulfur. Ammonium thiosulfate, (NH4)2S203, 
has been successfully used in the rapid silver plating of bearings. 
It can be more conveniently added than the carbon disulfide but 
may give rise to harmful secondary compounds. 

Because most metals that are to be plated with silver will 
precipitate silver by immersion from the regular silver-plating 
baths and thus lead to poorly adherent deposits, it is customary 
to apply so-called silver “strike" solutions preparatory to the 
regular plating. With steel, two strike solutions, known as the 
first and second strike, are used, while for nickel and nickel alloys, 
brass, and copper a single strike is employed. 

These strike solutions are simply silver-plating solutions in 
which the silver content is low and the free cyanide high. This 
combination produces so low a concentration of silver ions in the 
solution that the tendency for deposition of silver by replacement 
is reduced or eliminated. A relatively high current density is 
used, which counteracts any tendency for the basis metal to pass 
into solution. It is the practice to add a copper salt to the first 
silver strike. No copper is usually deposited with the silver 
from such a solution, and it is difficult to explain the benefit of 
the copper conunonly used in this strike. 

Another way to retard silver deposition by cementation is to 
coat the basis metal with another metal that is less reactive toward 
a silver bath. The oldest method, applied to copper and brass, 
involves immersion in a solution of a mercury salt, from which 
mercury is deposited by replacement. Because mercury amalga¬ 
mates with the basis metal, a fairly good bond is obtained. Ohe 

^ Reinhold Publishing Corporation, New York, 1040. 
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objection^is that the mercury may cause season cracking of cold- 
worked brass. The so-called “blue dip'^ contains about 1 oz/gal 
(7.5 g/1) of mercuric chloride, HgCU, and 0.5 oz/gal (4 g/1) of 
ammonium chloride. Another dip solution contains 1 oz/gal 
(7.5 g/1) of yellow mercuric oxide, HgO, and 8 oz/gal (60 g/1) of 
sodium cyanide, NaCN. 

In plating steel, copper, brass, and nickel-brass it is customary 
first to coat with nickel, e,g., from a nickel chloride strike solution 
(page 129), and then to use the silver strike on the nickel before 
silver-plating. 

The following bath formulas are typical for these various 
applications of silver plating: 

1, First Silver Strike on Steel . . 
N g/1 oz/gal 

Silver cyanide, AgCN. .... 0.01 1.7 0.23 
(Silver, Ag). .... 0.01 1.2 0.15 (troy) 
Potassium cyanide, KCN. . . . 1.5 75 10 
Copper cyanide, CuCN. ... 0.10 15 2 

2. Second Strike for Steel or First Strike for Brass, Nickel, Silver, 

AND Britannia Metal 
N g/1 oz/gal 

Silver cyanide, AgCN. . . 0.05 6.6 0.9 
(Silver, Ag). .... 0.05 5.0 0.6 (troy) 
Potassium cyanide, KCN. .... 1.5 75 10 
Potassium carbonate, K2CO8. .. .... 0.2 15 2 

3. Regular Silver Bath 
N g/1 oz/gal 

Silver cyanide, AgCN. .... 0.27 36 4.8 -gs.-. 
(Silver, Ag). .... 0.27 29 3.5 (troy) 
Potassium cyanide, KCN. .. . 0.92 60 8 
(Free potassium cyanide, KCN). ,.. 0.65 42 5.6 
Potassium carbonate, K2CO3 ... 0.65 45 6.0 
Carbon disulfide, CS2. 0.001 0.0001 
Current density, 5-15 amp/ft* (0.5-1.5 amp/dm*) 
Temperature, 27°C (80°F) 

4. Nitrate-cyanide Silver Bath « . . 
N g/1 oz/gal 

Silver cyanide, AgCN. .... 0.17 23 3.0 
(Silver, Ag). .... 0.17 18 2.2 (troy) 
Sodium cyanide, NaCN. .... 0.67 33 4.4 
(Free cyanide, NaCN). .... 0.40 19 2.5 
Sodium carbonate, Na^COs. .... 0.43 23 3.0 
Potassium nitrate, KNOs. .... 1.5 150 20.0 
Carbon disulfide. . 0.001 0.0001 
Current density, still, 5-15 amp/ft* (0.5-1.5 amp/dm*) 
Temperature, 27®C (80®F) 
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5. CONeENTRATBO) SiLVBB BaTB 
N g/» oz/gal 

Silver cyanide, AgCN. ... 0.81 41 5.5 
(saw, Ag). ... 0.31 33 4.0 (troy) 
Potassium cyanide, KGN. ... 0.93 60 8.0 
(Free cyanide, KCN). ... 0.62 40 5.3 
Potassium carbonate, KsCOt. ... 0.90 60 8.0 
Potassium hydroxide, KOH. ... 0.20 11 1.5 
Current density (with rapid circulation), 100 amp/ft* (11 amp/dm*) 
Temperature, 46®C (IIS^’F) 

GOLD PLATING 

Practically all gold plating is conducted from cyanide baths, 
usually containing potassium cyanide. In spite of the very 
extensive use of gold plating, comparatively little research has been 
conducted upon it. Hence there is not much quantitative informa¬ 
tion ^regarding such factors as polarization and cathode efficiency. 
As a result, most gold plating and especially gold coloring are done 
en^pirically, with little chemical control, although in recent years 
several large plants have been operated on a more scientific basis.^ 

One factor that has retarded the application of science in gold 
plating has been the frequent use of extremely thin gold coatings 
for purely ornamental purposes. Many such items as costume 
jewelry have gold coatings less than two-millionths of an inch (or 
0.06 micron) thick. This is equivalent (at $35 per troy ounce of 
gold) to about 10 cents worth of gold per square foot. Such thin 
coatings furnish practically no protection against corrosion or 
abrasion. As they are commonly lacquered, however, they may 
have a fairly useful life. 

There is a demand for and frequent application of somewhat 
thicker gold-plated coatings, of the order of 0.00001 in. (0.00025 
mm), on abides such as tie clasps, cuff studs, and expensive safety 
razors, where good wear resistance is desired. Lacquer is also 
applied to increase their life. 

There are relatively few applications of much thicker plated-gold 
coatings, partly because such coatings are likely to be dull and to 
require burnishing and partly because pure gold is relatively soft. 
An important war development was the application of as much as 
0.001 in. of gold on radar equipment. For many purposes, e.g., on 
watch cases, “rplled-gold'' or “gold-filled'' coatings are used, in 

*A comprehensive survey of methods of gold plating was published by 
J. B. Kusimer in Products FirUshing^ vol. 5,1040, and vol. 6, 1941. 
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which a gold alloy of a desired composition is rolled down with 
the basis metal, usually brass (“gilding metal’') • Articles made 
of these composite sheets or wires are commonly gold-plated to 
protect cut edges and to yield a desired color to the surface. 

In a method known as the Bek process,^ gold (or a high-gold 
alloy) is plated onto brass articles and the assembly is then heated 
in an inert atmosphere to bring about alloying of the gold with 
the basis metal. The final result is a gold-alloy layer, varying in 
fineness from the outer surface, which is nearly pure gold, to the 
inner surface of more nearly pure brass. The final surface is 
usually gold-plated for color and finish. 

In order to electrodeposit gold coatings having the color of 
specific gold alloys, such as rose gold (gold and copper), green gold 
(gold and silver), and white gold (gold and nickel), the appropriate 
metal is added to the gold-plating solution. The resultant plated 
alloys usually have a higher gold content than rolled alloys having 
the same color. For example, a plated 18 K gold-copper coating 
may resemble a rolled 14 K alloy or even a lower K alloy. [The 
fineness of gold alloys is expressed in terms of karats (K), i.e., in 
twenty-fourths by weight. Pure gold is 24 K, and an 18 K alloy 
has 18/24, or 75 per cent, by weight of pure gold.] Often very 
small amounts of other metals are added to gold-plating baths to 
modify the exact color of the deposits, which, however, can also be 
governed by the conditions of plating. Unless a “colored” gold is 
specified, most plated-gold coatings have a fineness of at least 20 K. 
The use of karat marks, e.g,, 24 K, to define electroplated gold coat¬ 
ings is not generally approved, because it is difficult to control and 
to check the composition of very thin gold coatings. 

Bath Composition. The essential constituents of a gold-plating 
bath are potassium aurocyanide, KAu(CN)2, and free cyanide, 
KCN. Largely because of the high cost of gold, relatively weak 
gold solutions are commonly employed in order to reduce the 
investn^ent and the loss by drag out. In general, the first rinse 
water from gold-plated articles is saved and used for replenishing 
the baths or is evaporated for gold recovery. 

The concentration of gold is usually between 2 and 10 dwt/gal or 
1 to 5 g/1, and the free cyanide is relatively high, e.p., 3 to 16 g/1 
or 0.4 to 2 oz/gal of KCN. Carbonate or phosphate can be added 
to increase the conductivity and to serve as pH buffers. Typical 
formulas are as follows: 

^ Wbisbbro, L., Afe(a2 Ind. (N,Y.), vol. 34, p. 295, 1936. 
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* N g/1 oz/gal 

1. Metallic gold (a» cyanide). 0.01 2.1 0.25 (troy) 
Potassium cyanide, KCN. 0.20 15 2.0 
Sodium phosphate) Na2HP04*12H20... 0.03 4 0.5 

2. (For heavy deposits) 
Metallic gold (as cyanide). 0.04 8.4 1.0 (troy) 

Potassium cyanide, KCN. 0.16 11 1.4 
(Free cyanide, KCN). 0.12 8 1.0 

The gold may be introduced as the cyanide, AuCN, or as the 
double cyanide, KAu(CN)2 or NaAu(CN)2, which sometimes 
also contains some free cyanide. These compounds should be 
bought and used on the basis of their stated gold content, e,g,^ 
41 per cent gold. The gold cyanide is more stable and easily 
weighed. In early years it was customary to dissolve in potassium 
cyanide a precipitate of gold ‘‘fulminate,’^ produced by adding 
ammonium hydroxide to a solution of gold chloride. The resultant 
compound of gold, hydrogen, nitrogen, and oxygen is very explo¬ 
sive and must be kept wet. It is now seldom used. 

Another method that is sometimes used for preparing gold- 
plating solutions involves the anodic solution of gold in a cell with 
a porous cup. An insoluble cathode, e.gr., of steel, is put inside the 
porous cup, in which is placed a strong solution of potassium 
cyanide. Outside the cup is a solution of the desired strength of 
potassium cyanide, e.g., 22.6 g/1 (3 oz/gal). Anodes of pure gold 
or of certain alloys of gold are then placed in the outer compart¬ 
ment, and current is passed until the desired weight of gold is 
dissolved as determined by the loss in weight of the anode. Under 
these conditions none of the dissolved gold passes through the 
porous pot into the cathode compartment. 

Gold-plating baths are commonly heated, e.g., to about 70®C 
(168®F), and current densities of 0.1 to 0.6 amp/dm^ (1 to 6 
amp/ft*) are used. In general, the permissible current density 
depends upon the concentration of gold. With higher gold con¬ 
tent, such as 1 troy oz/gal (8.2 g/1) of gold, current densities of 

1 amp/dm^ (10 amp/ft^) can be used, with a cathode efficiency 
close to. 100 per cent. 

Additions of formate or benzoate have been suggested for 
plating gold directly on steel. By the use of a gold strike, low in 
gold mid high in cyanide, followed by a more concentrated gold 
bath, adherent deposits can be applied directly to steel. 
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The anodes usually consist of pure gold unless colored deposits 
are desired, in which case suitable gold alloys are employed. 
Because gold tends to dissolve with a higher anode than cathode 
efficiency, the gold content of the baths may increase. To avoid 
this condition, part of the gold anodes may be replaced with steel 
or carbon anodes. In some cases it is advantageous to employ 
entirely insoluble anodes, e»g,, of steel, Duriron, or carbon, and 
to replenish the gold content by the addition of the double gold 
cyanide. Insoluble chromium-iron anodes can be used if no 
chloride or free alkali is present in the bath. In principle this 
method would increase the content of free cyanide, but in practice 
it is likely about to compensate for the conversion of cyanide 
to carbonate. 

Occasional use is made of a gold chloride bath for producing 
thick gold deposits, which, however, are more coarse-grained than 
from cyanide baths. Such a solution may contain from 16 to 
32 g/1 (2 to 4 troy oz/gal) of gold, introduced as gold chloride or 
‘^chlorauric acid^^ AuCl8-HCl*4H20, which, when pure, contains 
48 per cent of gold together with about 5 per cent of hydrochloric 
acid. (The commercial salt contains about 60 per cent of gold.) 
As in this bath the gold is in the trivalent state, Au^^S only one- 
third as much gold is deposited per ampere-minute as from a 
cyanide bath at 100 per cent efficiency. 

Salt-water Gold. In another method of gold plating, known as 
the saU-water gold-plating process, the current is furnished by the 
solution of a piece of zinc that acts as anode in a cell with a porous 
cup.^ Around the porous cup a sheet of zinc is immersed in a 
20 per cent solution of sodium chloride, NaCl. The gold-plating 
solution is placed within the cup. When an object is hung on the 
copper cathode bar, the circuit is closed, zinc dissolves in the outer 
compartment, and gold is deposited on the article in the cup. A 
typical solution for the salt-water process is as follows: 

N g/1 oz/gal 

Metallic gold, Au, as cyanide. 0.006 1.2 0.15 (troy) 
Sodium ferrocyanide, Na4Fe(CN)«*10H*O 0.12 15 2 
Sodium phosphate, NasHP04*12H20.. . . 0.06 7.5 1 
Sodium carbonate, Na2C08 . 0.08 4 0.5 
Sodium sulfite, NaaSO,. 0.002 0.15 0.02 

* More details of this method are contained in the second edition of this 
book, p. 368. 
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This solution is usually boiled and filtered before use and is 
operated at about TO^C (ISS^F). Deposits made by this method 
are relatively thin but uniform in thickness and color. 

Dip Gold. In the dip-gold process the coating is produced by 

immersing the articles, usually of brass, into a suitable gold 
solution for a short period. The zinc and copper of the brass pass 
into solution and are replaced by gold, similar to the action that 

takes place when steel is introduced into copper sulfate and is 
coated with copper. Because the process stops when the basis 
metal is completely covered, the coatings are always thin, e.g., 

they may be only 0.000001 in. (0.000025 mm) thick. For such 
thin coatings they are relatively free from pores, possibly because 
the volume of gold deposited by zinc or copper is about twice that 

of the metal’displaced. As the dip coatings are cheaply made, 
they serve a useful purpose when very thin coatings are applicable, 
e.g.y on cheap, perishable articles. The luster and color of the gold 

coatings depend largely upon the finish of the brass to which they 
are applied, and on the bath content of zinc and copper derived 
from the dipping. 

Many complicated solutions have been employed for dip gold, 

some of which contain ferrocyanide. Satisfactory results can be 
obtained from a simple solution such as the following: 

Dip Gold 

N g/i oz/gal 
Metallic gold, Au, as cvanide. _ 0.01 2.1 0.25 (troy) 
Potassium cyanide, KCN. _ 0.18 12 1.6 
Free cyanide, KCN. .... 0.17 11 1.5 

This solution is first heated in a stone crock or enameled vessel 

for a few hours, and is operated at about 80“C (176®F). 



CHAPTER XIII 

GROUP 2B METALS: ZINC, CADMIUM, AND MERCURY 

GENERAL CONSIDERATIONS 

Even though there is almost no industrial application of mercury 
deposition, its inclusion in this chapter may serve to illustrate and 
emphasize differences in the deposition of zinc and cadmium. For 
example, the metals become more noble in the order zinc, cadmium, 
and mercury. It is therefore easier to deposit cadmium than zinc, 
and mercury is the most easily deposited. Zinc will displace 
cadmium from its solutions, and practically all common metals 
will displace mercury from its salts. For this reason the coating 
of metals with mercury is usually accomplished by their immersion 
in a solution of a mercury salt. The fact that mercury is a liquid 
at ordinary temperature assists it to alloy, i.e., to amalgamate with 
metals on which it is deposited. ' 

Both zinc and cadmium exist in salts almost entirely with a 
valence of two; hence their simple salts have the formulas shown in 
the following table. Mercury has two series of salts: mercurous 
with a valence of I and mercuric with a valence of II. 

Typical Compounds of Zinc, Cadmium, and Mercury 

Zinc, 
Zn» 

Cadmium, 
Cdii 

Mercury 

Compound 
Mercurous, 

Hg' 
Mercuric 

Hg" 

Oxide. ZnO CdO Hg,0 HgO 
Chloride. ZnCl, CdCl, HgCl HgCl, 
Sulfate. ZnS04 CdS04 Hg2S04 HgSO. 
Cyanide. 
Double cyanide. 

Zn(CN)j 
Na2Zn(CN)4 

Cd(CN)2 
Na,Cd(CN)4 

HgCN Hg(CN), 
NaHg(CN), 

Zinc is amphoteric^ f.6., it may act as a base or an acid. As a 
base it forms salts such as zinc chloride or sulfate, ZnCb or 
ZnSOi. As an acid it combines with a strong base to form a 
zincate, such as Na2Zn02, sodium zincate, produced by dissolving 
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zinc oxide in sodium hydroxide. Neither cadmium nor mercury is 
amphoteric. 

Among the minor applications of mercury in electroplating are 
the following: It is sometimes introduced into zinc anodes to 
promote their uniform dissolving and to decrease the solution of 
zinc anodes when no current is passing. It can also be introduced 
into zinc cyanide solutions to produce bright-zinc deposits that 
contain a small amount of mercury. Mercury salts are used in 
dips before silver-plating. 

ZINC DEPOSITION 

General. Zinc can be deposited from both acid and alkaline 
baths. The acid baths consist of sulfate, chloride,.or fluoborate, 
and the alkaline baths usually contain both cyanide and zincate. 
Pyrophosphate baths are also alkaline. The alkaline baths have 
better throwing power and are therefore most commonly used to 
plate irregularly shaped articles. The acid baths are used to 
plate wire and sheet metal, where good throwing power is not 
required. Cyanide baths cannot be used to deposit zinc directly 
on malleable or cast iron unless special steps are taken in the 
preparation of the basis metals. 

Acid Zinc Baths. A summary and extensive bibliography of the 
composition and use of acid zinc baths was published^ in 1942. 

Consideration of the electrochemical series (page 423) shows 
that the normal potential of zinc is over 0.7 volt more negative 
than that of hydrogen, t.6., that hydrogen is much more easily dis¬ 
charged than zinc. It might therefore be predicted that it would 
be impossible to deposit zinc, at least with any good cathode effi¬ 
ciency, from acid solutions. The fact that it is possible to do so 
depends upon the high overvoltage (page 53) of hydrogen on 
zinc. Actually, as in the Tainton process (page 309), zinc can be 
deposited with high cathode efficiencies from strongly acid solu¬ 
tions provided they are pure. The presence of very small amounts 
of certain metals, such as cobalt and nickel, lowers the over¬ 
voltage of hydrogen on zinc and greatly decreases the cathode 
efficiency. 

The principal salt used in acid zinc baths is zinc sulfate, the 
crystals of wUch have the formula ZnS04*7H20. It is customary 
to employ high concentrations of zinc sulfate, e.g.^ up to 400 g/1 

^ Lyons, Ebnnst H., Jb., Trana, Electrochem, Soc.^ vol. 80, p. 387,1941. 
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(53 oz/gal) of ZnS04*7H20. This high concentration facilitates 
deposition of zinc by increasing the ratio of zinc to hydrogen ions 
and also of zinc to any impurities that may be introduced, e.g,, 
from the anode. The other essential constituent is sulfuric acid. 
Its concentration may be very small, i.e., just sufficient to main¬ 
tain a desired pH of 3 to 4, but in certain methods the acid content 
may be very high. 

One special application of acid zinc plating is the Tairdon 
process,^ in which insoluble lead-silver anodes are used, principally 
for plating on steel wire. The solution of zinc sulfate is prepared 
by dissolving zinc ore or impure zinc in sulfuric acid and rigidly 
purifying the resultant solution. It contains a relatively high 
concentration of sulfuric acid, e,g., as high as 75 g/1 (10 oz/gal), 
which is still further increased by the liberation of acid during the 
plating. The spent liquid is removed and is used to dissolve more 
zinc ore. Because the plating bath is highly acid and very pure, 
and because the wires to be plated are moved through the bath 
very rapidly, current densities as high as 1,500/amp/ft^ (160 
amp/dm^) can be used. 

Additions of large amounts of a chloride such as sodium or 
ammonium chloride to a zinc sulfate bath greatly reduce its resis¬ 
tivity* and hence decrease treeing and slightly increase throwing 
power. One objection to the high-chloride zinc bath is the added 
corrosion of bus bars and coils and consequent contamination of 
the bath. Addition of chlorides to the bath to increase corrosion 
of zinc anodes is unnecessary. 

In ordinary acid zinc baths, where it is not feasible to maintain 
the high purity of the Tainton baths, it is desirable to maintain a 
pH between 3 and 4. The usual high anode efficiency and the 
solution of the zinc anodes when not in use tend to maintain or 
slightly exceed the desired pH, so that it is necessary to add small 
amounts of sulfuric acid daily or more frequently. These addi¬ 
tions of acid may make the bath *‘self-sustaining”; i.e., they may 
form enough zinc sulfate to make up for losses by drag out. The 
use of buffer salts, such as sodium acetate, may stabilize the pH, 
Addition of aluminum chloride also furnishes a buffer in this range, 
because aluminum hydroxide tends to precipitate at a pH of about 
4, and the appearance of the white flocculent Al2(OH)6 indicates 

the need for more acid. 

^ Tainton, C., Sted, vol. 98, p. 40, May 18, 1930. 
• Thompson, M. R., Tmrw. Am, Elertrochem. Soc,, vol. 60, p. 193, 1926. 
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Especially at low current densities, acid zinc baths tend to 
produce coarse-grained deposits, which may even consist of 
isolated crystals. Organic addition agents, such as licorice, 
dextrin, glycerin, and beta-naphthol, produce finer grained 
deposits and slightly improve the throwing power. They are not 
used primarily as brighteners, because acid zinc deposits are 
usually whiter and brighter than the cyanide deposits produced 
without addition agents. 

While zinc fiuoborate solutions have been proposed, they have 
not come into use sufficiently to demonstrate their advantages and 
limitations. Their constitution and behavior are probably similar 
to those of copper fiuoborate baths. 

Typical Formulas and Operahnq Conditions for Acid Zinc Baths 

N K/l oz/gal 
1. Zinc sulfate, ZnS04*7H20. . 1.7 240 32 

Ammonium chloride, NH4CI. . 0.3 15 2 
Aluminum sulfate, AI2 (S04)s*18H20_ . 0.25 30 4 
Licorice. 1 0.13 

2. Zinc sulfate, ZnS04*7H20. . 2.5 360 48 
Ammonium chloride, NH4CI. . 0.6 30 4 
Sodium acetate, NaC2H402*3H20. .. 0.1 15 2 
Glucose, C6Hi20e. . 120 16 

3i Zinc sulfate, ZnS04*7H0. . 3.0 410 54 
Aluminum chloride, A1CU-6HO. . 0.25 20 3 
Sodium sulfate, Na2S04. . 1.0 75 10 
pH, a-4.5 
Temperature, 20-30®C (72-85°F) 
Current density 

In still baths, 2-3 amp/dm* (20-30 amp/ft*) 
In agitated baths, 2-10 amp/dm* (20-100 amp/ft*) 

Alkaline Zinc Baths. Cyanide Baths. For a summary and 
bibliography of cyanide zinc plating baths, consult R. O. Hull and 
C. J. Wemlund.^ The principal constituent of alkaline zinc baths 
is the double cyanide Na2Zn(CN)4. In addition the baths always 
contain sodium zincate, Na2Zn02, and free sodium cyanide or 
sodium hydroxide or both. In principle it is immaterial whether 
the bath is prepared from zinc cyanide and sodium hydroxide or 
from zinc oxide and sodium cyanide, with necessary additions to 
3deld the final desired composition. The above relations may be 

* TrafUf. Eledrochem. 5oc., yol. 80, p. 407, 1941. 



GROUP 2B, ZINC, CADMIUM 311 

most conveniently explained for a simple bath by reference to the 
normalities. 

The same composition of bath results from either of the following 
formulas: 

N g/1 oz/gal 
1. Zinc cyanide, Zn(CN)a. . 1.0 60 8 

Sodium cyanide, NaCN. . 0.5 23 3 
Sodium hydroxide, NaOH. . 1.3 53 7 

2. Zinc oxide, ZnO. . 1.0 45 6 
Sodium cyanide, NaCN. . 1.5 75 10 
Sodium hydroxide, NaOH. . 0.3 15 2 

Such a solution has a zinc content of l.OiV^, a total cyanide 
content of l.SiV, and a total alkali content of 1.3iV. It is not 
possible to state what compounds or concentrations are actually 
present in such a bath. If we arbitrarily assume that the zinc 
first combines with the cyanide to form the double cyanide 
Na2Zn(CN)4 and that any excess of zinc combines with the 
sodium hydroxide to form sodium zincate, Na2Zn02, the above 
solution would contain 0.75A^ Na2Zn(CN)4, 0.25iV^ Na2Zn02, and 
O.SiV free NaOH. 

A. K. Graham' proposes to control this bath by maintaining a 
definite zinc content and a desired value of R, defined thus: 

NaCN normality + NaOH normality 
Zn normality 

In the above case 

0.5 + 1.3 

1.0 
= 1.8 

In other words, the sum of alkali cyanide and hydroxide is equiv¬ 
alent to 1.8 times that required to keep the zinc in solution; hence 
there is an excess in the ratio of 0.8 (in this case 0.8iV) of sodium 
hydroxide plus cyanide. 

Hull and Wernlund base their control of this bath on the zinc 
content and the weight ratio M of total cyanide (expressed as 
NaCN) to zinc, with independent definition of the total alkali. 

If _ total cyanide (as g/1 NaCN) 
g/1 zinc 

^ Ttom, Electrochenu Soc., vol. 63, p. 129, 1938. 
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, In the above example 

M = 
1.5 AT X 49 g/I 

1.0 N X 32.7 g/1 
74 

32.7 
2.36 

This value of M is within the range of 2.0 to 2.5 recommended 
by Hull and Wernlund for plain baths. (The same result might 
be expressed more simply as the ratio of normalities of total 
cyanide and zinc, in this case 1.5.) 

Fortunately it is possible (page 192) to determine by analysis 
the total cyanide, alkali, and zinc in this bath and thus to control 
its operation. Determination of the free cyanide is not possible, 
and its value would be meaningless. 

Three types of zinc cyanide baths are in use, viz,^ (1) plain baths 
for dull deposits; (2) baths containing small amounts of mercury 
or other metals such as cobalt, nickel, or molybdenum and pro¬ 
ducing relatively white deposits; and (3) those with organic 
additions that produce bright deposits. Extensive tests have 
shown that a given thickness of zinc produced by any of these 
processes yields about the same protective value in the atmosphere. 
Hence when protection of steel against corrosion is the only con¬ 
sideration, there is no advantage in using bright deposits, which 
may even be objectionable, e.gr., on military supplies where light 
reflection is undesirable. One advantage of bright zinc is a 
reduced tendency to staining. Zinc deposits from different baths 
may differ in hardness and ductility and in their behavior in 
subsequent forming operations.^ 

The bath used above for illustration (page 311) represents a 
typical plain cyanide zinc bath, which can be operated at 40 to 
50®C (104 to 140®F) with current densities up to 2 amp/dm^ 
(19 amp/ft*). By increasing the concentrations, current densities 
up to 12 amp/dm^ (110 amp/ft*) can be used at 70®C (158®F), 
although high temperatures are not commonly used. The follow¬ 
ing formula is then recommended: 

N g/1 oz/gal 
Zinc cyanide, Zn(CN)j. .... 1.6 9.0 12 
Sodium cyanide, NaCN. .... 0.76 37.5 5 
Sodium hydroxide, NaOH. .... 2.26 90 12 

Zinc deposits from plain cyanide baths are often brightened by 
dipping in solutions of nitric or chromic acid, such as are also used 
for cadmium (page 317). 

^ Hoqaboom, Q. B., Proc. Am, Electroplatera^ 8oc,f p. 255, 1936. 
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A typical bath containing mercury has the following composi- 

N g/1 oz/gal 
Zinc cyanide, Zn(CN)2. .... 0.63 37.5 5 
Sodium cyanide, NaCN. .... 0.45 22.5 3 
Sodium hydroxide, NaOH. .... 0.75 30 4 
Mercuric oxide, HgO. .... 0.02 0.25 0.03 
Temperature, 40°C (104°F) 
Cathode current density, up to 4 amp/dm* (37 amp/ft*) 
Anode current density, 1-1.5 amp/dm* (10-15 amp/ft*) 

Such baths are not now used extensively, because mercury in the 
deposits may be objectionable for some purposes, e.gf., in contact 
with brass. 

For bright plating from cyanide zinc baths, the most important 
factor is the elimination of metallic impurities such as copper and 
lead. It is therefore customary to purify such baths at intervals 
by addition of sodium sulfide, which precipitates lead but not 
copper, or of zinc dust, which precipitates both of these impurities. 

The ratio of total cyanide to zinc, expressed by Hull and 
Wemlund as M (page 311), is more critical in bright baths and 
is usually kept between 2.6 and 2.7 (or, in terms of the 
ratio of normalities, between 1.6 and 1.7). The higher the value 
of M the greater must be the current density to secure bright 
plating. 

A large number of brighteners, summarized by Hull and Wem¬ 
lund, have been proposed for zinc plating baths. Most of these 
are complex organic compounds, the exact functions of which have 
not been defined. Some of them serve to counteract the effects 
of small amounts of harmful metallic impurities, e,g., by forming 
complex compounds with them. Molybdenum, also used as a 
brightener, is believed to act in this way. 

Typical formulas for bright-zinc baths (to which brighteners are 
also added) have been summarized as follows: 

N g/1 
Zinc cyanide, Zn(CN)2. 1.0-1.4 60-82 
Sodium cyanide, NaCN. 0.4-1.3 10-64 
Sodium hydroxide, NaOH. 1.9-2.8 75-112 
Temperature, 28-38°C (82-100°F) 
Current density, 1-5 amp/dm* (10-50 amp/ft*) 

oz/gal 
8-11 

2.5-8.6 
10-15 

Because of the usual high content of sodium hydroxide, the pH 
of all the cyanide zinc baths is relatively high and is probably not 
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SO critical as with some other cyanide baths. A. G. Gray^ con¬ 
cluded that a pH of about 13 to 13.5 yielded the best deposits from 
both plain and bright baths. This is about the range reported 
by G. B. Hogaboom.^ It is probable that this extremely alkaline 
condition can be better controlled by titrations of the free alkali 
than by pH measurements. 
. Pyrophosphate Ziric Baths. The pyrophosphate zinc bath con¬ 
sists essentially'of zinc pyrophosphate dissolved in an excess of 
potassium pyrophosphate, together with a brightener and a 
wetting agent. The Unichrome bath is stated to have about the 
following composition and operating conditions: 

N g/1 oz/gal 
Zinc pyrophosphate, ZnjP207-3Hi0... . 0.7 65 9 
Potassium pyrophosphate, K4P2O7.... . 4.3 360 48 
(Zinc, Zn). . 0.7 25 3.3 
(Total pyrophosphate), P2O7. . 5.0 225 30 
Brightener. 0.5 0.07 
Wetting agent. 0.5 0.07 
pH, 11.0-11.6 
Temperature, 38-50*^0 (100-122T) 
Current density, 1.5-5 amp/dm* (15-50 amp/ft*) 

Zinc Anodes. There are three principal grades of zinc that 
might be used as anodes, known as (1) prime Western spelter, 
with up to 98.5 per cent of zinc; (2) intermediate grade, 99.5 to 
99.8 per*cent of zinc; and (3) high purity, with 99.95 to 99.98 per 
cent of zinc. The prices increase with the purity. On general 
principles it is especially desirable to produce deposits of nearly 
pure zinc, because the presence of very small amounts pf impurities 
such as copper and lead in the deposits may accelerate corrosion 
of the zinc and thus reduce the life of the coatings. Undoubtedly 
the usual high purity of electrodeposited zinc coatings accounts for 
the fact that, especially under mild conditions of exposure, they 
last longer than hot-dipped coatings of the same thickness. 

It is in general more important to use high-purity zinc anodes in 
cyanide baths than in acid baths. In the latter, most of the 
impurities in the anodes are insoluble and remain in the anode 
sludge. They may then detach and cause rough zinc deposits, or 
they may accelerate secondary corrosion of the zinc when no 
current is passing, but they are unlikely to be deposited with the 

* Proc. Am. Electraplaters* Soc,, p. 86, 1841. 
* Monthly Rev. Am. Ekctroplaiers^ Soc., vol 24, p. 713, 1937. 
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zinc. On the other hand, in cyanide baths these impurities may 
dissolve and be deposited with the zinc to cause dark deposits that 
cannot be bright-dipped and may have less protective value. For 
this reason it is preferable to use the highest purity zinc anodes 
in cyanide baths. 

To overcome the effects of small amounts of impurities in zinc 
anodes for cyanide baths, various additions are made to the zinc 
anodes.^ Addition of a small amount of aluminum has been used 
to promote uniform corrosion and reduce the chemical attack when 
not in use. Small additions of magnesium or of calcium to 
zinc anodes have been recommended as a means of reducing the 
anode eflSciency to approximately the cathode efficiency, e,g., 
90 per cent. 

In the absence of any additions, zinc anodes always tend to 
dissolve, either chemically or electrochemically, so as to increase 
the zinc content of the bath. The introduction of some steel 
anodes in the alkaline baths or of lead anodes in the acid baths 
counteracts a too high anode efficiency but may accelerate cor¬ 
rosion of the zinc when not in use. 

CADMIUM PLATING 

While it is possible to deposit cadmium from acid baths such as 
the sulfate or fluoborate, such deposits are usually coarsely crys¬ 
talline unless very effective addition agents are used. Moreover, 
the acid baths have very poor throwing power. Cadmium plating 
is therefore done almost entirely from the cyanide baths. The 
literature and practice on these baths have been summarized by 
G. Soderberg and L. R. Westbrook.^ 

It is difficult to decide whether in cadmium baths the principal 
compound is NaCd(CN)3 or Na2Cd(CN)4. M. R. Thompson® and 
also N. Hall^ concluded that both compounds are probably present. 
The titration of free cyanide (page 192) in cadmium baths gives 
erratic results and it is preferable to determine the total cyanide, 
in which case no assumptions regarding the constitution of the 
complex cyanides are directly involved. For convenience, in 

‘ Graham, A. K., and Hooaboom, G. B., Tram. Electrochem. Soc., vol. 62, 
p. 49, 1932. 

* Trans, Electrochem. Soc,, vol. 80, p. 429, 1941. 
* Trans, Electrochem, Soc, vol. 79, p. 417, 1941, 
* Metal Finishing, vol. 37, p. 404, 1939, 
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computing the formulas of cadmium baths the presence of 
NaCd(CN)3 will be arbitrarily assumed. 

It is possible to prepare the cadmium baths either from cadmium 
cyanide, sodium cyanide, and sodium hydroxide or from cadmium 
oxide and sodium cyanide. The latter is more commonly used 
because cadmium oxide of the requisite purity is more readily 
available than the cyanide. When cadmium oxide is dissolved 
in sodium cyanide, sodium hydroxide is produced; thus 

CdO + 3NaCN + HjO = NaCd(CN)8 + 2NaOH 

Unlike zinc, cadmium is not amphoteric and does not form a 
compound similar to the zincate. The sodium hydroxide pro¬ 
duced in the reaction is therefore present in the bath and increases 
its conductivity but it is not otherwise important or critical. 

These principles may be illustrated by the following two 
formulas, which produce baths with identical compositions: 

N g/1 oz/gal 
1. Cadmium oxide, CdO. . 0.5 32 4.2 

Sodium cyanide, NaCN. . 1.5 75 19 

2. Cadmium cyanide, Cd(CN)i. . 0.5 41 5.5 
Sodium cyanide, NaCN . . 1.0 49 6.5 
Sodium hydroxide, NaOH. . 0.5 20 2.7 

(On the above assumption, such a solution is O.SAT in NaCd(CN)3, 
0.75iV in Wee NaCN, and 0.5iV in free NaOH.) 

Commercial baths may vary in cadmium concentration by about 
50 per cent above and below this formula. Higher concentrations 
of cadmium permit higher current densities but involve greater 
investment and loss by drag out. Soderberg and Westbrook 

advise a weight ratio R = —— of about 3.76, which 
Cd (g/1) 

is equivalent to a normality ratio, i.e., 
total NaCN(iV) 

of 4.3. In 
Cd (N) 

the above example the weight ratio is 75/28 = 2.7 and the 
normality ratio is 1.5/0.5 => 3.0. To bring the above formula to 
their recommended value of R would require the addition in 
formula 1 of 0.7JV, i.e., 35 g/lor 4.7 oz/gal, of NaCN. 

It is a universal practice to employ brighteners in cadmium 
baths. These are usually oiganic substances, which may be 
definite compounds, such as certain sulfonic acids, or fuiioral 
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compounds or complex mixtures, such as wool extract, condensed 
milk, instant postum or gulac (from the sulfite pulp process). In 
concentrated baths for use at high current densities, small amounts 
of nickel or cobalt are sometimes added. A trace of nickel may 
deposit with the cadmium, but apparently no cobalt. Cadmium 
deposits containing these metals cannot be readily bright-dipped. 
A typical formula for such a bath is as follows: 

N g/1 oz/gal 
Cadmium oxide, CdO. 45 6 
Sodium cyanide, NaCN. 
Addition agents 

. 2.5 120 16 

This bath is used at room temperature at 2 amp/dm^ (20 amp/ft*). 
Cadmium plating is generally conducted at room temperature, 

e,g,f from 70 to 95®F (20 to 35®C). The cathode current density 
may vary from 5 to 50 amp/ft^ (0.5 to 5 amp/dm^), but the anode 
current density should usually not exceed 20 amp/ft^ (2 amp/dm*) 

to secure a high anode efficiency. The carbonate content should 
not be allowed to exceed from 6 to 10 oz/gal (45 to 75 g/1) of 

Na2C03. 

Anodes and chemicals for cadmium plating should be nearly 
free from impurities. One government specification for anodes 
requires a minimum of 99.9 per cent of cadmium, with not more 
than 0.05 per cent of silver plus lead plus tin or 0.005 per cent of 
arsenic plus antimony plus thallium. These impurities, particu¬ 
larly lead, are especially objectionable if bright-cadmium deposits 

are desired or if deposits are to be bright dipped. 
It is customary to dip cadmium coatings (and also zinc coatings) 

into oxidizing solutions, which brighten the deposits and also 
render the surfaces passive, so that they resist tarnish and are not 
so easily finger-marked in handling. 

The three most commonly used oxidizing agents for cadmium 

dips are (1) nitric acid, (2) chromic acid, and (3) hydrogen per¬ 
oxide. Typical formulas for these dips are 

1. 1 per cent by volume of nitric acid, sp gr 1.42. 

2. 100 g/1 (13.3 oz/gal) of CrOs and 2 g/1 (0.27 oz/gal) of H2SO4. 
3. 70 g/1 (9 oz/gal) of 30 per cent H2O2 and 5 g/1 (0.7 oz/gal) 

H2SO4. 
The time of dipping is usually from 2 to 30 sec. It should be 

made as short as practicable; otherwise sufficient cadmium will be 
dissolved to reduce the thickness and protective value materially. 
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MERCURY DEPOSITION 

While there are aliuQst no commercial applications of the 
electrodeposition of mercuiy, it will be briefly discussed for com¬ 
pleteness. Because it is so noble a metal, mercury can be readily 
deposited from practically any of its soluble salts. Because it is 
liquid at room temperatures, the deposits have no definite crystal 
structure. On most metal cathodes, any deposited mercury tends 
to alloy with the basis metal to form amalgams, many of which are 
solids. 



CHAPTER XIV 

GROUP 3B METALS: ALUMINUM, GALLIUM, INDIUM, 
AND THALLIUM 

GENERAL CONSIDERATIONS 

These four metals all have a valence of III, and thallium also 
has a valence of I in its most stable compounds. As in other 
vertical groups, the metals become more noble as we descend; 
i.e.f it is easier to deposit thallium than gallium. Each of these 
metals resembles in its properties those of the adjacent metals in 
the horizontal periods. Thus gallium is somewhat similar to 
zinc, indium is similar to cadmium, and thallium is much like lead. 

There is no conclusive evidence that aluminum has ever been 
deposited from an aqueous solution. In at least one case in which 
deposition of aluminum from an aqueous solution was reported,^ it 
is highly probable that the deposit was obtained from a bath con¬ 
taining salts of both zinc and aluminum and that the deposit 
consisted of zinc. Aluminum is regularly produced by electrolysis 
of its fused salts, principally from fused cryolite, NasAlFe, in which 
AUOa is dissolved. Because of the high temperatures required in 
this process, it is not used to coat metals with aluminum. This 
metal can be deposited from organic electrolytes, which will be 
briefly described in this chapter. 

The remaining three metals illustrate the fact that, if a metal is 
readily available, some use is generally found for it and, con¬ 
versely, if the metal is useful, new sources of supply are generally 
found. Gallium, which is a liquid at ordinary temperature (mp 
30®C or 86®F), is the most scarce of these three metals, and few 
uses have been suggested for it or coatings of it. Indium was 
also considered rare but is now quite available. It has found some 
special uses, the most notable of which is in airplane bearings. The 
latter are first coated with silver, usually at high current densities 
(page 299). They are then plated with a thin coating of lead 
followed by just sufficient indium to produce a lead-indium alloy 

* iSct. American, Oct. 22, 1892, reprinted in Metal Finiahingy vol. 45, No. 
5, p. 66, 1947. ^ comment in Metal Finiahingy vol. 45, No. 8, p. 97, 1947. 
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of the desired composition, with 4 per cent of indium. The 
bearing is then heated in oil for 2 hr to about 350^F (177^0), and 
the lead and indium form, an alloy layer that is very resistant to 
corrosion by engine oils or the products of their oxidation. 

Thallium is the cheapest of these three metals, but no important 
uses have been found for thallium coatings. It is possible that 
thallium-alloy deposits, e.g., with lead, may find use on anodes for 
copper refining. 

ALUMINUM DEPOSITION (FROM ORGANIC BATHS) 

Various authors have shown that, when an aluminum salt, e.g,, 
aluminum bromide, AlBra, is dissolved in an organic solvent such 
as ethyl bromide, CaHsBr, the resultant solution is a^ fairly good 
conductor, from which aluminum may be deposited. The most 
detailed description of this process is that of R. D. Blue and F. C. 
Mathers.^ Their baths were made by treating aluminum foil 
with a few drops of bromine and then with ethyl bromide. 
Benzene, CeHe, was then added. Part of the latter combined 
with the other constituents, and part remained as a surface layer, 
which retarded but did not entirely prevent absorption of moisture 
from the atmosphere. Aluminum was then deposited in a bright 
crystalline form at room temperature and a current density from 
1 to 2 amp/dm* (10 to 20 amp/ft*). The deposits were adherent 
to copper, steel, and platinum but not to aluminum. Absorption 
of even a small amount of water caused the bath to decompose and 
become inoperative. By adding salts of other metals such as 
copper or by using a copper anode, corresponding alloys with 
aluminum can be deposited.^ 

While these results are of scientific interest, it is unlikely that a 
process of this type will be applied in practical plating, owing to 
the difficulty of excluding moisture. 

GALLIUM DEPOSITION 

In a review of gallium deposition, H. C. Fogg^ advises the use 
of an alkaline bath, prepared by dissolving gallium hydroxide, 
Ga(OH)8, in sodium or potassium hydroxide. The temperature 
and current density are apparently not critical. It is interesting 

^ Trans. Electrochem. 5oc., vol. 65, 339, 1934, and vol. 69, p. 619, 1936. 
*Blue, R. D., and Mathebs, F. C., Trans. Eledroehm. Soc., vol. 69, 

p. 529, 1936. 
• Trans. Eledrochem. 8oe.f vol. 66, p. 107,1984. 
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to note that, especially if the deposited gallium is liquid (t.6., if the 
temperature is above 30®C or 86®F), some sodium or potassium is 
deposited with the gallium (just as they may be deposited in a 
liquid mercury cathode). Gallium can also be deposited from 
acidified sulfate or perchlorate baths. 

INDIUM DEPOSITION 

Indium can be deposited from sulfate, fluoborate, or cyanide 
baths. The last are more extensively used because of their better 
throwing power. The sulfate baths are, however, more stable and 
hence more easily controlled. 

Deposition of indium from sulfate baths was investigated by 
C. G. Fink and R. H. Lester.^ They recommend the following 
bath composition and conditions for use with insoluble anodes: 

N g/1 oz/gal 
Indium oxide, In208. 0.6 28 3.7 
[Equivalent to indium sulfate, In2(S04)8l. 0.6 51 6.8 
(Equivalent to indium, In). 0.6 23 3.1 
Sulfuric acid, H2SO4. 0.6 30 4.0 
Aluminum sulfate, Ak (804)3. 0.1 5.7 0.8 
Gelatin. 
Temperature, 25®C (77®F) 
Current density, 3.3 amp/dm® (30 amp/ft*) 

. 0.01 0.0013 

Subsequently, H. B. Linford^ recommended the 
concentrated solutions, such as the following: 

use of fairly 

N g/1 oz/gal 
Indium sulfate, 1^(804)3. 0.52 45 6 
(Equivalent to indium, In). 0.52 20 2.7 
Sodium sulfate, Na2S04. 0.14 
pH, 2.0-2.7 
Temperature, 20“00°C (68--140®F) 
Current density, 0.5-5 amp/dm® (5-50 amp/ft*) 

10 1.3 

A mixture of soluble indium anodes and of insoluble anodes, e.gf., 
platinum, can be used to maintain the desired pH. The cathode 
efficiency is from 50 to 80 per cent, while the anode efficiency of 
indium anodes is close to 100 per cent. Hence the pH tends to rise 
and to cause precipitation of indium hydroxide, In(OH)8. 

It is possible to dissolve indium hydroxide, In(OH)8, in sodium 
cyanide to form a double cyanide, probably NaIn(CN)4 and 

^ Trans. Electrochem, See., vol. 78, p. 349, 1940. 
* Trans. Electrochem. Soe., vol. 79, p. 443, 1941. 
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sodium hydroxide, but the resultant solution is unstable, and soon 
a white precipitate of indium appears, followed by darkening. 
D. Gray' found that the addition of a very weak organic acid such 

as dextrose (glucose) made the solution more stable. He recom¬ 
mended preparation of the solution by dissolving freshly precip¬ 
itated indium hydroxide (made by adding ammonium hydroxide 
to a solution of indium chloride) in a solution containing 600 g/i 
(80 oz/gal) of sodium cyanide and glucose equivalent to half the 
weight of indium to be dissolved. 

Typical cyanide indium baths are as follows:* 

N g/i oz/gal 
Indium chloride, InCh. 0.9 03 8.4 
Dextrose, CeHwOe. 15 V 2 
Sodium cyanide, NaCN. 1.8 90 12 

This bath is operated at 35 amp/ft* (3.5 amp/dm^) at room 

temperature, with insoluble anodes of platinum, stainless steel, or 
graphite. 

J. B. Mohler* recommends a high pH indium bath with the 

following composition: 
N g/l oz/gal 

Indium chloride, InCli . 0.8 58 7.7 
Potassium cyanide, KCN. 2.5 iro 21 
Potassium hydroxide, KOH. 0.7 40 5.3 
Dextrose, C«HuOe. .. 30 4 

This bath is operated at room temperature at 30 amp/ft* (3.0 
amp/dm*) with steel anodes. It is reported that the additional 
alkali stabilizes the bath. 

THALLIUM DEPOSITION 

0. W. Brown and A. McGlynn* concluded that the best deposits 

of thallium were obtained from perchlorate solutions. Like lead, 
thallium tends to form coarse, treed deposits and also to produce a 
peroxide on the anode. These authors recommended use of 

cresylic acid and peptone as addition agents. Their bath had the 
following composition: 

* Trant. Eledroehem, Soe., vol. 65, p. 377,1934. 
* From WmTXBBAi), M. A., Mebd Finishing, vol. 42, p. 406, 1944. 
' MeUd Finishing, vol. 43, p. 60,1945. 
* Trans. Am. Electrochem. Soc., vol. 53, p. 351, 1928. 
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N g/i oz/gal 
Thallium perchlorate, TICIO4. . 0.5 160 21 
Perchloric acid, HCIO4. . 0.6 60 8 
Cresylic acid (cresol). .. 10 1.5 
Peptone. 
Temperature, 50®C (122°F) 
Current density, 1-2 amp/dm* (10-20 amp/ft*) 

.. 10 1.5 

Subsequently C. G. Fink and C. K. Conard, Jr.,^ described the 
deposition of alloys containing about 70 per cent lead and 30 per 
cent thallium from a perchlorate bath containing 

g/1 oz/gal 
Lead perchlorate. 0.05 12 1.6 
Thallium perchlorate. 0.15 71 9.5 
Perchloric acid, HCIO4... 
Temperature, 25°C (77°F) 
Current density, 5 amp/ft® (0.5 amp/dm®) 

0.30 30 4 

^ Trans, Am, Electrochem, Soc,, vol. 58, p. 457, 1930. 



CHAPTER XV 

GROUP 4B METALS: GERMANIUM, TIN, AND LEAD 

GENERAL CONSIDERATIONS 

The metals of this group have principal valences of II or IV. 
They are all amphoteric, t.6., their oxides may act as either acids 
or bases. Hence we have such compounds as the following: 

Valence, II 

-c- 

Valence, IV 

Oxide. Germanous, GeO 
Stannous, SnO 
Plumbous, PbO 
Germanous, GeCli 
Stannous, SnCb 
Plumbous, PbCl* 
Sodium germanite, NasGeOs 
Sodium stannite, Na2Sn02 
Sodium plumbite, Na8Pb02 

Germanic, GeO* 
Stannic, SnOs 
Plumbic, PbO* 
Germanic, GeCU 
Stannic, SnCU 
Plumbic, (PbCli)* 
Sodium germanate, Na2GeOs 
Sodium stannate, NasSnO* 
Sodium plumbate, NasPbO* 

Salts from oxides 
as bases, e.g.^ 
chlorides. 

Salts from oxides 
as acids, e.p., 
withNaOH... 

* PbCU is very unstable. 

Germanium is a very rare element, and few uses have been 
developed for it or its compounds. Tin coatings are extensively 
applied, either by dipping or plating, especially for food containers 
and utensils, because tin is not readily attacked by foods and is 
nontoxic. Lead is poisonous and hence is used in coatings prin¬ 
cipally to protect against specific agents, such as sulfuric acid in 
storage batteries, or against atmospheric corrosion, especially in 
industrial atmospheres. 

GERMANIUM DEPOSITION 

It was reported by J. I. Hall and A. E. Koenig^ that germanium 
can be deposited from a solution containing 

N g/1 oz/gal 
Germanium dioxide, GeOa. 0.1 2.6 0.3 
Potassium hydroxide, KOH. 3.0 168 23 
Temperature, 80-90®C (176-194®F) 
Current deninty, 0.2 amp/dm* (2 amp/ft*) 

' Trana. Ekdrochem. 8oc., vol. 65, p. 215, 1934. 
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In this solution the metal is present as potassium germanate, 
K2Ge04 (similar to the stannate in alkaline tin baths). It was 
found that, after the copper cathode was covered with germanium, 
it was difficult to continue deposition. 

More recently, C. G. Fink and V. M. Dokras^ also reported that 
it is possible to deposit only very thin coatings of germanium from 
either acid or alkaline solutions. Alloys of germanium with copper 
were deposited from alkaline cy&nide baths. They obtained 
deposits of germanium from an organic bath containing ethylene 
glycol and also from a fused tetraborate bath. 

The chief interest in germanium deposition is the fact, reported 
by U. C. Tainton and E. T. Cla5rton,* that the merest trace of 
germanium in an acid zinc electrowinning bath greatly reduces the 
efficiency of zinc deposition. This and the preceding observation 
indicate that the hydrogen overvoltage on germanium is very low. 

TIN DEPOSITION 

General. Methods of tin deposition are summarized in two 
articles.® In the acid baths the tin is present as stannous salt, 

SnS04, while in the alkaline baths it is present as stannic, 
e.g., Na2Sn03, sodium stannate. The most important difference in 
these baths is the greater throwing power of the alkaline stannate 
baths. The acid bath has the advantage that the valence of tin in 
it is II, compared with IV in the stannate bath; hence twice as 
much tin is deposited, at 100 per cent efficiency, per ampere-hour 
in the acid as in the alkaline bath. As the cathode efficiency is 
usually above 95 per cent in the acid bath and may be only 75 per 
cent in the alkaline, and as the conductivity of the acid bath is 
usually higher than that of the alkaline, the power cost for deposit¬ 
ing a given weight or thickness of tin is less in the acid than in the 
alkaline bath. The latter has the advantage that it can be used in 
plain steel tanks, whereas the acid bath requires a rubber or other 
acid-resistant lining. 

The substitution of tin plating for hot dipping of sheet steel for 
use in the canning industry^ came about through the wartime 

^ Tran8» Electrochem. Soc,, vol. 96, p. 80, 1949. 
* Trans, Am, Electrochem, Soc,, vol. 57, p. 279, 1930. 
* Alkaline baths: Oplinger, F. F., and Bauch, Fred, Trans, Electrochem, 

Soc,y vol. 80, p. 617, 1941. 
Acid baths: Pine, Paul R., Trans, Electrochem, Soc,, vol. 80, p, 631, 1941. 
* Timbt, T. G., Proc, Am, Electroplaters* Soc,, p. 90, 1946. Johnston, 

S. S., and Jbnison, G. C., Proc, Am, Eleclroplaters* Soc,, p. 102, 1946 
(includes bibliography). 
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scarcity of tin and^the fact that thinner coatings can be applied by 
plating than by hot dipping. Both the acid and alkaline baths 
are used successfully for electrolytic tin plate, where throwing 
power is a minor consideration. For irregular shapes, such as 
refrigerator coils and trays, the alkaline bath is usually employed. 

The electrolytic tin plate is usually much thinner than the hot- 
dipped, e.g.j about 0:00003 in. (0.000075 mm) equivalent to about 
0.5 lb per base box (with a surface of 31,360 in.® or 2,023 dm®) as 
compared with from 0.00007 to 0.00009 in. (0.0018 to 0.0023 mm), 
or 1.25 to 1.5 lb per base box in the usual hot-dip plate. As 
deposited, the very thin electrolytic tin is more porous than the 
thicker hot-dipped tin. By heating the electrotinned sheets 
either in hot oil or by electrical induction, the tin coatings are 
brightened and made less porous. Intermediate weight coatings, 
e.gf., 3/4 lb per base box, i.c., about 0.00005 in. (0.0013 mm), have 
found extensive postwar use. 

Acid Tin Baths. It is possible to deposit tin from a large variety 
of acid stannous baths, including chloride, fluoride, sulfate, 
fluosilicate, fluoborate, perchlorate, and sulfamate. Of these, 
the sulfate has been most extensively employed, although in strip 
tinning, a fluoride bath has also been used commercially. It is 
characteristic of all the acid tin baths that the deposits are coarsely 
crystalline unless a suitable addition agent is present. In fact, the 
development of commercial acid tin baths has depended largely 
upon the selection of addition agents. 

Colloids such as glue are beneficial but not wholly adequate. 
Aromatic compounds such as phenol or cresol are hence usually 
employed along with a colloid. These compounds are generally 
combined with sulfuric acid to form sulfonic acids. For example, 
when phenol, CeHsOH, is mixed with concentrated sulfuric acid 
and heated or allowed to stand, the following reaction occurs: 

CeHsOH + H2SO4 = C6H4OHSO3H + H2O 
phenol phenolsulfonic acid 

Cresol compounds are similar. Cresol is CH8C«H40H, which 
exists in three forms, ortho, meta, and para cresol, all of which are 
usually present in commercial cresol. 

Because the stannous sulfate bath is most extensively used, its 
composition and operation will be described. Stannous sulfate, 
SnS04, tends to oxidize to stannic sulfate, Sn(S04)2, which, in, 
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turn, is more likely to hydrolyze, i.6., to react with water, to form 
insoluble stannic hydroxide, thus 

Sn(S04)2 + 2H2O = Sn(OH)4 + 2H2SO4 

It is therefore necessary to have the tin bath rather strongly acid 
to prevent precipitation of the stannic hydroxide (or the cor¬ 
responding metastannic acid, H2Sn08). The free acid also in¬ 
creases the conductivity and, by its commonion effect, reduces 
the stannous-ion concentration. Sodium sulfate is also added for 
the latter purpose. 

A typical formula for an acid tin bath is as follows: 

N g/l oz/gal 
Stannous sulfate, SnS04. . 0.5 54 7.3 
Sulfuric acid, H2SO4. . 2.0 100 13.4 
Cresol sulfonic acid, CrHeOH-HSOa— . 100 13.4 
Beta naphthol, C10H7OH. 1 0.13 
Gelatin. 2 0.27 
Room temperature, 77®F (25°C). 
Current density: 

Still baths, 2.5 amp/dm* (25 amp/ft*) With very high agitation, 
up to 50 amp/dm* (500 amp/ft*) 

A large number of other addition agents have been used in 
stannous sulfate baths. In general, they produce finer grained 
deposits and improve the throwing power. 

Alkaline Tin Baths. In the early development of the sodium 
stannate plating bath, difficulty was often experienced with gray 
or spongy deposits. It was subsequently concluded that this 
difficulty was caused by the presence in the bath of stannous salts, 
in this case sodium stannite, Na2Sn02. At first it was found 
necessary to add an oxidizing agent such as hydrogen peroxide, 
H2O2, or sodium perborate, NaBOs, to reoxidize the stannite to 
stannate. Subsequently it was learned that, by careful control of 
the free alkali content and the anode current density, it is possible 
to obtain practically complete solution of the tin anodes to form 
stannate and thus avoid the introduction of stannite. This 
condition is defined by the maintenance on the anodes of a greenish 
yellow film, which probably contains both stannous and stannic 
compounds but imparts to the solution only stannic (stannate) 
compounds. If the anode current density is too low, the surface 
becomes gray and stannite is formed. As the current density is 
increased to the critical value, there is a sudden rise in potential. 
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at which point the surface becomes greenish yellow and only 
stannate is formed. At a still higher current density the anode 
surface becomes brown or black and oxygen is evolved, with a 
corresponding decrease in anode efficiency. The anode current 
density should normally be kept slightly below the critical value, 
which, in turn, depends on temperature, concentration, and free 
alkalinity. The last should be relatively low but high enough to 
prevent hydrolysis and precipitation. Under favorable conditions 
little or no hydrogen peroxide is required. 

In all stannate baths it is necessary to have some excess of free 
alkali, because otherwise the stannate hydrolyzes, especially if 
carbon dioxide is absorbed, and precipitates stannic hydroxide 
(metastannic acid). 

In the sodium stannate bath, sodium acetate is sometimes added 
and acetic acid is added to decompose carbonates and to lower the 
pH. It is doubtful if in the alkaline bath, acetate serves as a 
buffer. It may, however, influence the anode corrosion. Sodium 
rosinate is sometimes added to form a foam that reduces spray. 

A typical sodium stannate bath has the following composition 
and operating conditions: 

N g/l oz/gal 
Sodium stannate, Na2Sn03*3H20. . 1.3 90 12 
Sodium hydroxide, NaOH. 0.2 7.5 1 
Sodium acetate, NaC2H802*3H20. O.l ^15 2 
Hydrogen peroxide (if needed)H202 (100 vol). 0.5 0.07 
Temperature, 6(>-80®C (140-180®F) 
Cathode current density, 1-2.5 amp/dm* (10-25 amp/ft*) 
Anode current density, at least equal to the cathode current density 

(and adjusted to form green film on anodes) 

More recently, the use of potassium stannate has been recom¬ 
mended,^ because the potassium salt has a higher solubility and 
conductivity than the sodium stannate. The following conditions 
were employed for plating strip steel. 

N g/l oz/gal 
Potassium stannate, K2Sn08’3H20- 1.1 80 10.6 
Free potassium hydroxide, KOH. 0.5 30 4 
Temperature, 85®C (186®F) 
Cathode current density, 40 amp/ft* (4 amp/dm*) 
Anode current density, 35 amp/ft* (3.5 amp/dm*) 

Pure tin anodes are used, in bars or balls in wire cages. 

‘ Stbrnfbls, M. M., and Lowenheim, F. A., Trans, Electrochem, 8oc,, vol. 
82, p. 77, 1942. Lowenheim, F. A., Trans, Electrochem. 8oc., vol. 84, p. 195, 
19^8.. 
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Contact and Immersion Processes for Tin. Large quantities 
of small articles, such as pins, safety pins, thimbles, and buttons 
are coated with tin by the contact or immersion processes, which 
are, strictly speaking, electrolytic, although the current is furnished 
within the tank instead of from an outside source. On all such 
work the coatings are very thin, but very fine grained and bright, 
and unlike most deposits produced by immersion they are very 
adherent. This is partly due to the fact that in all the solutions 
used the tin-ion concentration is very low and hence the rate of 
deposition is slow and treeing is prevented. The production of 
dense impervious deposits is aided by the relatively high over¬ 
voltage of hydrogen on tin. In those immersion processes which 
depend upon the electroljrtic action of the base metal, deposition 
necessarily stops as soon as the basis metal is entirely covered; 
hence only very thin deposits are secured. 

In one of the simplest methods the brass articles to be tinned 
are rotated for 2 to 4 hr at a temperature of 80®C (176°F) in a 
barrel containing the solution and small pieces of zinc. The 
solution consists of 

N g/1 oz/gal 
Tin (stannous) chloride, SnCl2*2H20. 0.20 25 3.5 
Cream of tartar (potassium acid tartrate, 

KHC4H4O6). 0.12 10 1.3 

If pieces of brass and of zinc are in contact in such a solution, 
a cell is produced in which the zinc becomes the anode, i.e., 
passes into solution, and the brass becomes the cathode, i.e., is 
coated with the tin. One function of the acid tartrate is to 
form, to some extent at least, complex ions, which produce a 
small concentration of stannous ions and which do not readily 
hydrolyze or precipitate stannous hydroxide. 

In a somewhat similar method known 

immersion process the solution consists of 
as the cream of tartar 

Cream of tartar (potassium acid tartrate. 
N g/1 oz/gal 

KHC4H4O*). 0.015 1.5 0.2 
Sodium chloride, NaCl. 0.05 3.0 0.4 

The brass objects are placed in thin layers on iron wire trays 

covered with perforated sheets of pure tin in the solution, which is 
heated by steam coils in a copper tank to a temperature of at least 
90^C (194^F) for 3 to 5 hr. In this case the tin gradually passes 
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into solution but at no time reaches a high concentration, as it is 
soon deposited upon the brass, the potential of which is similar 
to that of copper, i.c., is below tin in the electromotive series. 
A fresh solution is used for each batch of work, which is removed 
quickly in order to permit rapid rinsing and drying of the parts. 

For coating brass with tin by immersion, alkaline solutions 
are also employed. Such a solution, for example, may contain 

N g/1 oz/gal 
Stannous chloride, SnCl2'2H20. 0.25 30 4 
Sodium hydroxide, NaOH. 1.50 (50 8 

The brass articles to be coated are placed in an iron tank on 
iron-wire trays covered with perforated sheets of tin in the solu¬ 
tion, which is heated to 90®C (194®F) for 2 to 3 hr. In this 
process the tin becomes the anode and passes into solution and 
is deposited upon the brass. For some articles more dilute 
solutions are used. 

Iron and steel articles are tinned by being placed in thin layers 
on iron-wire trays covered with perforated zinc sheets in a galva¬ 
nized iron vessel. The articles are kept for about 45 min in a solu¬ 
tion that has been heated nearly to boiling but is not subsequently 
heated. The solution is discarded each time, and the articles are 
quickly rinsed and dried. A typical solution is as follows: 

N g/1 oz/gal 
Stannous chloride, SnCl2*2H20. .. . 0.13 15 2 
Sodium sulfate, Na2SO4*10H2O. ... 1.0 160 21 

In preparing this solution it is customary to dissolve the 
required amounts of the above salts in about one-third of the final 
volume of hot water and to add this solution to the remaining 
two-thirds of the hot water, which has been placed in the iron 
tank containing the articles to be plated. A little hydrochloric 
acid is then added, e.g., about 1 ml to each gallon of solution. 
The probable function of the sodium sulfate is to increase the 
conductivity. 

LEAD DEPOSITION 

General. While some quadrivalent lead compounds, such as 
PbOi, are very stable, most of the soluble lead compounds contain 
the metal with a valence of II, i,e., divalent. Many salts of 
lead are fairly soluble, but the sulfate is practically insoluble, and 
the chloride is appreciably soluble only in hot water. The chief 
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salts from which lead has been deposited are the fluoborate, 
Pb(BF4)2; fluosilicate, PbSiFe; perchlorate, Pb(C104)2; and 
sulfamate, Pb(S03NH2)2. The fluosilicate solution is difficult to 
prepare and is somewhat unstable, but as it is the cheapest, it is 
used in large-scale refining of lead. The perchlorate introduces 
some explosion hazard if wood or paper become saturated with it. 
The sulfamate bath is too new to evalute fully, but it yields de¬ 
posits with about the same properties, such as porosity, as the 
fluoborate. It is possible to deposit lead from alkaline solutions, 
such as sodium plumbite, Na2Pb02, formed by dissolving litharge, 
PbO, in sodium hydroxide, but no commercial use has been made 
of such baths. While lead forms soluble complex cyanides, no use 
has been made of them in plating. 

The various acid lead solutions all tend to yield coarsely crys¬ 
talline or treed deposits unless suitable addition agents are used. 
Glue is the most common addition in the fluosilicate baths for 
refining lead and in the fluoborate plating baths. The operation 
of these two types of lead bath was summarized by A. G. Gray 
and W. Blum.^ 

Fluoborate Bath. The fluoborate bath is most extensively used. 
A typical formula is as follows: 

g/i oz/gal 
Basic lead carbonate, 2PbC08*Pb(()H)2. 150 20 
Hydrofluoric acid, HF (50 per cent solution).... . . 240 32 
Boric Acid, HaBOs. . . 106 14 
Glue. 0.2 0.025 

The resultant solution has approximately the following composition: 

N g/i oz/gal 
Lead fluoborate, Pb(BF4)2. .. .. 1.25 232 31 
Free fluoboric acid, HBF4.... .. 0.25 22 3 
Free boric acid, HaBOa. .. 0.2 (M) 12 1.6 
Glue. . 0.2 0.025 
Temperature, 25®C (77°F) 
Current density, 2 amp/dm* (20 amp/ft*) 

The solution can be prepared by carefully mixing the hydro¬ 
fluoric and boric acid, which form fluoboric acid. The lead 
carbonate (white lead) is mixed with water to form a paste that 
is slowly poured into the acid. Carbon dioxide is evolved and 
causes the solution to foam. When the reaction is complete, the 
glue, dissolved in warm water, is added. Any insoluble white 

‘ Tram, Electrochem, Soc., vol. 80, p. 645, 1941. 
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precipitate remaining is probably lead sulfate, derived from the 

small amount of sulfuric acid commonly present in commercial 

hydrofluoric acid. It can be disregarded, or the clear solution 

can be decanted from it. 

It is now possible to purchase prepared concentrated solutions 

of lead fluoborate and of fluoboric acid, use of which avoids their 

troublesome preparation. An excess of boric acid is always 

used, as it decreases any tendency of the fluoborate to decompose 

and to permit precipitation of lead fluoride. The excess of boric 

acid also retards attack of glass containers. The free fluoboric 

acid increases the conductivity of the bath and reduces the lead-ion 

concentration and thereby decreases the tendency for lead to be 

plated out on steel by immersion, with decreased adhesion. 

While lead can be deposited directly on steel, exposure tests have 

shown that a thin flash of copper on the steel increases the protec¬ 

tive value of thin lead coatings. 



CHAPTER XVI 

GROUP 6B METALS: ARSENIC, ANTIMONY, AND 
BISMUTH 

GENERAL CONSIDERATIONS 

Although it is well known that these metals can be electro- 
deposited from their solutions, very few applications of them have 
been made in electroplating. All three of these metals are brittle 
and not especially suitable for protective coatings. However, 
antimony and bismuth both remain fairly bright in the atmosphere 
and may warrant certain applications. During the Second World 
War, scarcity of nickel led to the suggestion that antimony be sub¬ 
stituted for nickel in protective and decorative coatings on steel, 
followed by the usual thin layer of chromium. As far as is known, 
no extensive applications of antimony plating have been made. 
In former years a deposit of ‘‘arsenic black^^ was commonly used 
to produce dark “oxidized^’ finishes, which are now more commonly 

made by means of sulfides or by black-nickel plating. One 
serious objection to the use of arsenic compounds is their poisonous 
character, especially of arsine, AsHa, a gas that may be evolved 
during electrolysis. Certain forms of deposited antimony are 
explosive and therefore inapplicable. As, therefore, there is no 
present large field for electroplated coatings of these three metals 
only brief descriptions will be given. 

ARSENIC DEPOSITION 

This element can be deposited from a solution containing 7.5 g/1 
(1 oz/gal) of arsenic trioxide, AsaOa, and 60 g/1 (8 oz/gal) of 
sodium cyanide, NaCN. (In this solution the arsenic is present 

as sodium arsenite, NaaAsOs, and not as a double cyanide.) At 
room temperature a current density of 0.5 to 1.0 amp/dm^ (5 to 
10 amp/ft*) is used. It is also possible to deposit arsenic from 

solutions of sulfarsenite, NasAsSs, made by dissolving arsenic 
trisulfide, As2S8, in sodium sulfide, Na2S. 

333 
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ANTIMONY DEPOSITION 

It is possible to deposit ‘‘explosive antimony^’ from a solution of 
antimony trichloride, SbCla, containing free hydrochloric acid. 
When such a deposit is struck or scratched, it explodes and changes 
to the ordinary gray antimony. 

The latter can be deposited from various baths, including 
antimony fluoride. F. C. Mathers, K. S. Means, and B. F. 
Richards^ obtained from such baths coarsely crystalline deposits 
unless addition agents were used. A large number of these addi¬ 
tions were beneficial, but best results were obtained with aloin. 
A typical solution contained , 

N g/1 oz/gal 
Antimony trioxide, Sb203. 1.25 60 8 
Total hydrofluoric acid, HF (48 per cent). 2.75 114 ‘ 15 

Equivalent to 
Antimony fluoride, SbFa . 1.25 72 10 
Free hydrofluoric acid, HF. 1.5 30 4 
Aloin. 0.25 0.03 

BISMUTH DEPOSITION 

M. Harbaugh and F. C. Mathers* concluded that the best 
bismuth deposits were obtained from a perchlorate bath. The 
deposits were fairly smooth, and no addition agent is necessary. 

although additions of 0.3/g/l of glue and 0.8 g/1 of cresol are 
advantageous. The following i solution and conditions were 
recommended: 

N g/1 oz/gal 
Bismuth oxide, K2OS. .... 0.5 40 5.3 
Total perchloric acid, HCIO4.... .... 1.0 104 . 13.9 

Equivalent to 
Bismuth perchlorate, Bi(0104)3*, . 0.5 85 11.5 
Free perchloric acid, HCIO4— .... 0.5 52 7 
Temperature, 45°C (113°F) 
Current density, 3 amp/dm* (28 amp/ft®) 

♦ The bismuth may be present as a soluble oxyperchlorat<i, BiOH(Cl04)a. 

C. G. Fink and O. H. Gray® described conditions for depositing 

alloys of lead and bismuth from perchlorate solutions with clove 
oil as an addition agent. Alloys of copper and bismuth were 
deposited from perchlorate solutions by A. Brenner.^ 

' Trana. Am. Electrochem. Soc., vol. 31, p. 293, 1917. 
* Trans. Electrochem. Soc., vol. 64, p. 2^3,1933. 
* Trane. Electrochem. Soc., vol. 62, p. 123, 1932. 
^ Doctoral dissertation. University of Maryland, 1938. 



CHAPTER XVII 

GROUP 6A METALS: CHROMIUM, MOLYBDENUM, AND 
TUNGSTEN 

GENERAL CONSIDERATIONS 

These three metals all have valences of VI in their acidic com¬ 
pounds, such as the oxides, CrOa, MoOa, and WO3, which form 
chromic, molybdic, and tungstic acids and the corresponding salts. 
In their lower valences, usually of II or III, these metals form 
salts, of which those with the lowest valence are strong reducing 
agents. Typical compounds have the following compositions: 

Valence Chromium Molybdenum Tungsten 

VI Chromic anhydride, CrOi 

Chromic acid, HsCrO^ 

Sodium chromate, Na2Cr04 

Molybdic anhydride, MoOi 
Molybdic acid, HsMo04 

Sodium Molybdate, Na9Mu04 

Tungstic anhydride, WOi 
Tungstic acid, HsW04 

Sodium tungstate, Na*W04 
111 Chromic oxide, CrsOs 

Chromic chloride, CrCli 
Chromic sulfate, Cr*(S04)i 

Molybdic oxide, MotOs 
Molybdic chloride, MoCli 
Molybdic sulfate, Mos(S04)i 

Tungstic oxide, WtOt 
Tungstic chloride, WCli 
Tungstic sulfate, Ws(S04)i 

II Chromous chloride, CrClt Molybdous chloride, MoCls Tungstoua chloride, WClt 

The above list represents the simplest formulas of these com¬ 
pounds, some of which are not stable. The acid anhydrides, 
which when dissolved in water form the acids, are commonly 
referred to as the adds. For example, CrOa is called chromic add, 
although it is really chromic add anhydride. Chromic acid is 
H2Cr04, but in solution it tends to form dichromic acid, HaCraOy, 
which forms salts such as sodium dichromate, Na2Cr207, and 
potassium dichromate, K2Cr207. Molybdenum and tungsten 
form various more complex acids. The most common tungstate is 

the metatungstate, Na2W40ia. 
As noted on page 277, these metals are on the border of those 

elements in the periodic system which can be deposited from 
aqueous solutions. Although chromium can be deposited from 
many types of bath, the cathode eflBciency is always relatively low, 

usually not over 15 per cent in the regular chromic acid bath. 
It is Very doubtful if nearly pure molybdenum or tungsten can 

be deposited from aqueous solutions, but it is possible to deposit 

335 
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aXLoy^ of each of these metals with a metal of the iron group, i.e., 
iron, nickel, or cobalt. 

Uranium is sometimes placed in Group 6A of the periodic 
system and sometimes with the rare earths. It has been deposited 
from fused salts and from certain organic solutions, but no record 
has been found of, its deposition from aqueous solutions. No 
further reference will be made to it. 

One factor that makes it difficult to deposit these metals from 
aqueous solutions is the relatively high negative value of their 
standard potentials. That of chromium is —0.56 volt, i.e., 
nearly as negative as zinc. No exact values for molybdenum and 
tungsten are known, but they are certainly quite negative. In 
other words, in the active state they tend to react and pass into 
solution. Accordingly we would expect these metals to tarnish or 
corrode readily. Actually, as is well known, chromium surfaces 
remain bright in the atmosphere as do also molybdenum and 
tungsten, because they become ‘‘passive’’ (page 50), probably by 
formation of a thin transparent film of oxide or adsorbed oxygen. 

Another obstacle to the deposition of these metals is the low 
overvoltage of hydrogen upon them. It will be recalled (page 53) 
that zinc can be deposited from acidic aqueous solutions only 
because the hydrogen overvoltage on zinc is relatively high. The 
greater ease of depositing alloys of molybdenum or tungsten than 
the pure metals may be associated with a higher hydrogen over¬ 
voltage on the alloy surface than on the pure metal, or on a lower 
solution pressure of the alloys. 

These three metals are all characterized by high melting points 
and high hardness, which properties determine many of their 
present or proposed uses. Their approximate melting points are 
as follows: 

Metal "C °F 

Chromium. 1900 3450 
Molybdenum. 2550 4620 
Tungsten. 3400 6150 

The hardness of each varies with the method of preparation. 
The hardness of electrodeposited chromium ranges from 200 to 
1000 Brinell and can be controlled according to the condilflons of 
deposition (page 347). 
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DEPOSITION OF CHROMIUM 

The widespread use of deposited chromium for industrial and 
ornamental coatings since about 1925 represents a veritable 
revolution in the plating industry, because it involves the deposi¬ 
tion of a metal from an entirely new type of bath, in which much 
closer control of operating conditions is required than in most of 
the plating baths previously used. The knowledge and equip¬ 
ment needed to meet these requirements of chromium plating have 
undoubtedly advanced the state of plating of all kinds. 

Chromium Salt Baths. While it is possible to deposit chromium 
from its salts such as the chloride or sulfate, no such baths have 
come into commercial use. Many unsuccessful efforts have been 
made to develop a workable chromium salt bath. If this were 
accomplished, the effective cathode efficiency might be greatly 
increased. In the chromic acid bath the chromium has a valence 
of VI and the cathode efficiency does not usually exceed 15 per 
cent. Under these conditions only 0.048 g of chromium is 
deposited per ampere-hour. If, as has been reported from certain 
experiments, a cathode efficiency of 45 per cent can be obtained 
from chromic chloride, CrCU, in which the valence of chromium is 
III, the yield of chromium will be 0.29 g/amp-hr, i,e,j six times 
that from the chromic acid bath. If chromous chloride, CrCU, 
were used and gave an efficiency of 45 per cent, this would deposit 
nine times as much chromium per ampere-hour as the chromic 
acid bath. 

The only practical chromic salt bath reported is that developed 
by the U.S. Bureau of Mines^ for the electrowinning of chromium 
from its ores. Jin this process the bath consists of a mixture of 
chromic sulfate, Cr2(804)3; chromous sulfate, CrS04; and sodium 
sulfate, Na2S04. The insoluble anodes are surrounded by a 
diaphragm, e,g., of impregnated asbestos, in order to prevent oxida¬ 
tion of the chromous salt, ’'the cathode efficiency approaches 
50 per cent (computed for trivalent chromium). 'The deposits 
are gray and may contain as much as 4 per cent of Cr208. While 
they may serve as a source of metallic chromium, they are not 
suitable for either decorative or industrial chromium plating. 

When a chromic salt is electrolyzed, some reduction takes place 

to chromous salt, c.gf., from CrCls to CrCU. This chromous salt 

‘ Llotd, R. R., Rawles, W. T., and Feeney, R. G., Trans, Electrochem, 
Soe,, vol. 89, p. 443, 1946. 
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is very readily reoxidized by the air. It is possible that an entirely 
chromous salt bath would be more efficient, but it is not practicable 
to exclude air completely. In efforts to operate a mixture of 
clnromic and chromous salts it is very difficult to keep their ratio 
constant because of oxidation by the air and by the insoluble 
anodes. It is difficult to get chromium anodes to dissolve uni¬ 
formly in a chromic salt bath. If the anode becomes passive, the 
chromium compounds are oxidized to chromic salt or chromic acid. 
If the chromium dissolves with too high an anode efficiency, the 
pH increases and causes precipitation of basic chromium com¬ 
pounds. 

Chromium salt baths are sensitive to changes in pH and to the 
presence of very small amounts of impurities, which may change 
the hydrogen overvoltage and lower the cathode efficiency. While 
such baths warrant further study, they are not now in practical use. 

Chromic Acid Baths. Composition, Because of the limitations 
of the chromium salt baths, all commercial chromium plating is 
conducted from the chromic acid bath. The operation of the 
chromic acid bath is summarized by G. Dubpernell.^ The 
essential constituent is chromic acid, introduced as the anhydride, 
CrOa. In aqueous solution this forms dichromic acid, H2Cr207, 
or still more complex acids. It is important to note that in 
such compounds the chromium is in the anion, e.gr., Cr207“ “, 
and does not directly form any positively charged chromium 
ions. 

Early attempts to deposit chromium from solutions of chromic 
acid yielded erratic results. In the light of present knowledge it is 
not feasible to deposit chromium from pure chromic 'acid. When 
chromium deposits were obtained in early studies, it is probable 
that the chromic acid contained an impurity such as sulfuric 
acid. 

A number of acids can be added in very small amounts to 
chromic acid to permit chromium deposition, including sulfuric 
acid; hydrofluoric acid, HF; and fluosilicic acid, H2SiF6; or their 
salts. While baths with the last two acids have been successfully 
used, practically all chromium plating is now conducted from 
baths containing chromic acid and sulfuric acid. It is immaterial 
whether the sulfuric acid is added as such or in the form of a 
soluble sulfate. Since the chromic acid is a strong acid, it prob¬ 
ably liberates sulfuric acid from any soluble sulfate. 

* Trans, Ekctrochem, Soc,f vol. 80, p. 589, 1941. 
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In operating with insoluble anodes, the chromic acid is consumed 
(1) by its reduction to metallic chromium or (2) to trivalent 
chromium (until an equilibrium with its reoxidation is reached) 
and (3) by loss through drag out and spray. It must therefore be 
replenished at intervals in accordance with periodic analyses. It 
is now possible to purchase commercial chromic acid containing 
at least 99 per cent of CrOa and not over 0.2 per cent of SO4. Where 
the drag out and spray loss are relatively large, this small content 
of sulfate is not objeationable but should be taken into account 
in adjusting the baths. 

Any additional sulfate required can then be added as sulfuric 
acid. If, by error, an excess of sulfuric acid enters the bath, the 
sulfate can be partly removed by adding a calculated amount of 
barium carbonate, BaCOa. This reacts first to form barium 
chromate, BaCr04, which then more slowly forms the less soluble 
barium sulfate, BaS04. The bath should be well agitated for 
some time and allowed to settle, after which the liquid is decanted 
from the precipitate# 

When a bath made from chromic and sulfuric acids is operated 
for some time, part of the hexavalent chromium present in the 
chromic acid is reduced to trivalent chromium, which may be 
present as chromic sulfate, Cr2(S04)3, or as chromic dichromate, 
Cr2(Cr207)3. All operated chromium baths contain both hexa¬ 
valent and trivalent chromium and a sulfate, the concentrations 
of each of which must be controlled within appropriate limits. 

Under given operating conditions the content of trivalent 
chromium tends to reach an equilibrium, because the chromic acid 
is partially reduced at the cathode and the resultant trivalent 
chromium is reoxidized at the anode. In order to keep the final 
concentration of trivalent chromium relatively low, it is desirable 
to have the anode surface as large as practicable and to use anodes 
made of or coated with lead, or an alloy of lead and antimony, 
of lead and tellurium or of lead and tin (page 343). 

If the content of trivalent chromium becomes too high, it can 
be removed by electrolysis, using a large area of lead anodes and a 
cathode of small area, i.e., a low anode current density and a high 
cathode current density.^ If a porous pot is used, the solution in 
the pot acquires an increased content of trivalent chromium and 
should be discarded. 

^ Sbbomillbr, R. and Lamb, V. A., Proc, Am, Electroplatera* Soc,^ p. 125, 
1948. 
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Chromium baths are likely to be contaminated with iron, 
derived from reverse current cleaning in the bath or from steel 
racks or hangers or from steel articles that have been pickled and 
not adequately rinsed. This dissolved iron is always in the ferric 
state and is probably present as ferric dichromate, Fe2(Cr207)8. 
Other metals such as copper and zinc can be introduced, €.^., by 
solution of brs,ss articles dropped into the bath or on which there 
are areas that are not cathodic. While each of these impurities, 
if present in large amount, may have harmful effects, e.gf., 
by reducing the bright range, the chromic acid bath is not so 
sensitive to the effects of metallic impurities as are many 
other plating baths. There is no practical method of remov¬ 
ing iron, copper, or zinc from chromic acid baths; hence if 
they become excessive, part or all of the bath must be dis¬ 
carded. 

In practice, relatively high concentrations of chromic acid are 
used, e.g., from 250 to 400 g/1 (33 to 53 oz/gal) of CrOa. An in¬ 
crease in concentration increases the conduQtivity up to a maxi¬ 
mum but decreases the cathode efficiency. In a given case these 
two factors may offset each other, so that the higher current 
density obtainable at a given voltage in a more concentrated 
chromic acid bath may not yield a greater weight of chromium. 
For certain purposes, where a high cathode efficiency is important, 
use of more dilute baths, e,g,, with 100 g/1 of chromic acid, is 
advantageous, even though a higher voltage is then required to 
obtain a given current density. The final selection of concen¬ 
tration involves engineering considerations, such as the available 
current sources. In general, it is customary to employ about 
250 g/1 (33 oz/gal) of CrOa for industrial or hard chromium plating, 
because a higher rate of deposition can be used, and 400 g/1 (53 
oz/gal) for thin bright chromium coatings, because a lower voltage 
and current density are required. 

The ratio of chromic acid to sulfate, Cr03/S04, is more important 
than their actual concentrations. The most commonly used ratio 
of CrOa/S04 (by weight) is 100, but under specified conditions 
other ratios may be superior. A higher ratio, 6.g., of 150, yields 
slightly better throwing power on copper or brass at 45®C (113®F). 
At higher temperatures, such as 70®C (168®F) a sulfate ratio as 
low as 50 may be advantageous. 

Bright Plating Range. The wide use of decorative chromium 
coatings depends largely on the fact that under appropriate 
conditions it is possible to obtain bright deposits that require no 
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buffing. This behavior is more important because chromium 
coatings are very hard and hence are difficult to buff. The condi¬ 
tions under which bright deposits are obtainable are often defined 
as the plating range for bright chromium. 

In general, in a given chromic acid bath, the cathode efficiency 
and the appearance of the deposit depend upon both the tempera¬ 
ture and the current density. At a given temperature an increase 
in current density increases the cathode efficiency and causes the 
appearance of the deposit to change from (1) milky to (2) bright 
to (3) frosty and finally to (4) burnt. These changes correspond 
to a progressive increase in cathode efficiency, which is usually 
from 10 to 15 per cent for bright deposits. For a given current 
density an increase in temperature causes a decrease in cathode 
efficiency and a variation in the character of deposit in the reverse 
order, i.e.^ burnt, frosty, bright, and milky. 

This dependence of the appearance on the conditions of deposi¬ 
tion makes it necessary in chromium plating to hold the tempera¬ 
ture nearly constant. For example, if a bath is operated at 46®C 
(113®F), this temperature should be kept, preferably by automatic 
control, between 44 and 46®C (111 and 116°F). 

It is also desirable to keep the current density as nearly uniform 
as practicable. On flat sheets or nearly symmetrical articles there 
is no difficulty in obtaining a nearly uniform cathode current 
density, but on irregular shapes the ratio of the maximum to the 
minimum current density is usually at least 2 and may be 5 or 
larger. The bright range for chromium deposits seldom covers a 
current density ratio greater than about 3 to 1. Hence with more 
irregularly shaped articles, it is not possible to produce bright 
deposits or in some cases any deposit in the areas with low current 
densities without obtaining burnt deposits on the more exposed 
areas. In all such cases efforts must be made to make the primary 
current distribution more nearly uniform by such devices as (1) 
conforming anodes, (2) intermediate or bipolar anodes (page 248), 
(3) thieves to detract current from points or edges, or (4) shields to 
obstruct current to more exposed areas.^ Much of the success in 
chromium plating has resulted from ingenious applications of these 
methods. 

Throwing Power. The notoriously poor throwing power of 
chromic acid baths frequently refers to three different but related 
phenomena, viz.f (1) the actual throwing power (page 89), t.e., the 
ratio of the thicknesses of deposit on different parts of a given 

' Looozzo, A., Proc. Am, Eledrorlaters^ Soc,^ p. 146, 1940. 
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object; (2) the covering power (page 90), i.e., the ability to cover 
all parts of the object with chromium regardless of its thickness or 
appearance; and (3) the brighi range, i,e., the ability to yield 
bright deposits over the entire surface. 

All these properties are related to each other and to the low 
cathode efficiency of chromium deposition, especially at low current 
densities. The other two factors in throwing power, viz,, cathode 
polarization and conductivity, have much less effect than the 
cathode efficiency. For a given temperature a definite current 
density is required to yield a chromium deposit; hence up to that 
point the cathode efficiency is zero. As the current density is 
increased, the cathode efficiency increases along a curve that 
flattens out. The flatter this curve, within the range of bright 
deposits, the better is the throwing power, as defined above in its 
broadest sense. 

From a study of throwing power in chromium plating' the 
following conclusions may be reached: 

1. The throwing power is decreased by an increase in tempera¬ 
ture for a given current density. 

2. The throwing power is increased by an increase in current 
density for a given temperature. 

3. If the temperature is increased and the current density is 
also increased so as to yield bright deposits, the throwing power 
is improved. 

4. For a given average current density the throwing power is 
better in more dilute baths, but for a given tank voltage (e.g,, 
6 volts) the throwing power may be better in more concentrated 
baths. 

5. A sulfate ratio up to 150 gives slightly better throwing 
power than a ratio of 100. 

6. Small amounts of trivalent chromium or of iron have no 
appreciable effects on the throwing power with respect to thick¬ 
ness. High concentrations of either trivalent chromium or iron 
increase the ''thickness^' throwing power, but as they decrease the 
conductivity and the bright plating range, they are undesirable. 

7. The throwing power is better on bright than on dull surfaces 
and is very poor on roughened surfaces where the hydrogen 
overvoltage is very low. Part of this effect is caused by the 
greater area of a rough surface and consequent lower current 
density. 

' Farbeb, H. L., and Blum, W., J. Research Nad, Bur, Standards, voL 4, 

p. 27, 1930. 
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8. The covering power as measured by the bent cathode (page 
95) is practically parallel to the throwing power as measured in 
the throwing power box (page 97). 

9. Under the most favorable conditions the throwing power in 
chromium plating is always negative, e.g., —16 per cent, and may 
be as low as —100 per cent. 

Condition of the Basis Metal, Even when other conditions are 
favorable, it is sometimes difficult to obtain uniformly bright 
chromium deposits, especially upon some types of nickel. This 
problem has arisen with bright nickel deposited from solutions 
containing certain addition agents. It also arises when a plain 
nickel coating has been buffed and has thereby become hot enough 
to oxidize the nickel. It may also occur when buffed nickel 
deposits have stood a long time before being chromium-plated. 
In all such cases it is necessary to activate the nickel surface just 
before applying chromium. 

The following steps or a combination of them can be employed 
to activate the nickel. Each of them probably depends upon the 
removal of a passive oxide film from the nickel. 

1. Clean cathodically in an alkaline bath. 
2. Dip momentarily in concentrated hydrochloric acid. 
3. Apply a nickel film from a high-acid nickel chloride strike. 
4. Pickle cathodically in dilute sulfuric acid. 
5. Apply an abnormally high or low current density in the 

chromic acid bath for a few seconds before adjusting to the normal 
current density. 

Anodes, While it is possible to employ chromium anodes in the 
chromic acid bath, there are two serious objections: (1) Chromium 
anodes are difficult to prepare and are more expensive than 
chromium purchased as chromic acid. (2) Chromium anodes 
dissolve with a much higher anode efficiency, e.g., 80 to 100 per 
cent, than the prevailing low cathode efficiency, e,g.^ 15 per cent. 
Hence the chromium will tend to build up in the solution, partly 
in the form of objectionable trivalent chromium. 

It is therefore a universal practice to employ insoluble anodes. 
Many metals, such as steel, nickel, and lead, are nearly insoluble 
in chromic acid, but only lead or its alloys are used, because the 
reoxidation of trivalent chromium occurs more readily on lead 
than on other available metals. Pure lead is fairly satisfactory 
but is more rapidly attacked than are the 6 per cent alloys of 
antimony or tin with lead. Such alloys are hence used for both 
anodes and tank linings. The lead-tin alloy with 6 to 10 per cent 
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of tin can be readily plated onto steel or copper anodes that may 
be required in special cases for strength or conductivity. Lead 
with a small content of tellurium is also used in anodes. 

During operation, stole brown lead peroxide, Pb02, is formed 
on the anode surface and fosters reoxidation of trivalent chromium. 
If the anodes stand unused, this compound is converted to yellow 
lead chromate, PbCr04, which adheres to the surface. It is some¬ 
times desirable to operate the bath with dummy cathodes, espe¬ 
cially after a week end, in order to detach the lead chromate and 
re-form some lead peroxide. The resistance at the anode surface 
is thereby reduced. Where practicable, it is advantagecais to 
remove the anodes when not in use for considerable periods. 

Theory, Any adequate theory of the chromic acid bath must 
account for such facts as (1) the deposition of chromium from a 
strong acid (chromic acid) in which there are few if any positively 
charged chromium ions, (2) the necessity of having sulfate or some 
other foreign ion present to permit reduction to metal, (3) the low 
cathode efficiency, (4) the range of brightness and other physical 
properties and their dependence on the temperature and current 
density. 

No adequate theory has yet been developed, and those proposed 
are largely outside the scope of this text.^ They generally agree 
that the pH of the cathode film is much higher than in the bath 
(which has a very low pH) and that there exists at or near the 
cathode surface some sort of a semipermeable diaphragm, which 
may consist of a basic chromium chromate. The exact composi¬ 
tion, constitution, and properties of this film have not been 
defined or the relation of the sulfate ion to its behavior. 

Cloyd A. Snavely^ has confirmed by X-ray studies the earlier 
observations that chromium may be deposited, especially at low 
temperatures, in the hexagonal crystal form, which on standing 
changes to the body-centered cubic form, in which normal chro¬ 
mium deposits exist. He suggests that the codeposition of hydro¬ 
gen in the crystal lattice and its subsequent release may account 
for the contraction and cracking of the ordinary chromium deposits. 

From a recent study of the physical properties of chromium* it 

^For a review of these theories, see C. Kasper, J, Research Nail, Bur, 
SUmdards, vol. 9, p. 353, 1932, RP 476; and vol. 14, p. 693, 1935, RP 797. 

* Trans, Eledrochem, Soc,, vol. 92, p. 537, 1947. 
* Brenner, A., Burkhead, P., and Jennings, C. W., J, Research Nail, 

Bwr, Standards^ vol. 40, p. 31, 1947. 
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was concluded that all chromium deposits contain oxygen as well 
as hydrogen and that the content of oxygen is closely parallel to 
many of the physical properties. As the oxygen content increases, 
the hardness, tensile strength, and electrical resistivity increase 
and the density decreases. The oxygen in chromium deposits is 
probably present as chromic oxide, Cr208, which forms in the 
cathode film and is occluded during deposition. Far more study 
is required to explain the mechanism of so complicated a process 
as the deposition of chromium from chromic acid. Until this 
is done, the operation of the bath must be largely empirical. 

Types of Deposit In practice a distinction is often made 
between bright^ or ornamental^ chromium plating and hard, or 
industrial, chromium plating. Actually the deposits of these two 
types are produced from very similar solutions and under almost 
the same conditions and have nearly the same composition and 
properties. The chief real distinction is that the ornamental 
deposits are very thin, usually less than 0.00003 in. (0.00075 mm) 
thick and are applied over a protective coating of nickel on steel, 
brass, or zinc (page 136) while the industrial chromium coatings 
are generally more than 0.001 in. (0.025 mm) thick and are applied 
directly to steel and seldom to other basis metals. The usual lack 
of brightness in the industrial coatings is caused by their greater 
thickness and by the practice of depositing them in the upper part 
of the current density range for a given temperature, where the 
deposits may be frosty. For example, for a bath with 250 g/1 (33 
oz/gal) of CrOa and a Cr03/S04 ratio of 100, at 45®C (113®F), an 
average current density of about 150 amp/ft* (16 amp/dm^) is 
used for thin bright deposits on nickel and about 200 amp/ft* (21 
amp/dm*) for thick, frosty, but slightly harder deposits on steel. 

Recent studies^ have shown that at relatively high temperatures, 
such as 85®C (185®F), and current densities from 400 to 1000 
amp/ft* (43 to 107 amp/dm^) much softer chromium deposits are 
produced. These deposits contain less oxide than the ordinary 
bright chromium, have fewer cracks, and contract less when 
heated. Because they are dull, they will not replace bright 
chromium, and because they are soft, e,g,, 400 Brinell as compared 
with 900 for the normal chromium deposits, they are not especially 
useful for severe wear resistance. However, because it is 

* Card AM, G. E., J. Electrodepositors^ Tech, Soc,, vol. 20, p. 69, 1945. 
Brenner, A., Burkhead, P., and Jennings, C. W., J, Research Natl, Bur. 
Standards, vol. 40, p. 31, 1947. 
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ma^inaiile and rdatively free from cracks, the soft chromium may 

find special applications. 
Propertiei of Chromium Deposits. Many of the industrial uses 

of 'deposited chromium depend upon its specific physical proper¬ 
ties, which may be vari^ over a wide range. The data in the 
following table are derived largely from the above research by A. 
Brenner and associates on the physical properties of electro- 

deposited chromium. 
From these and other data in this report, the following 

conclusions may be drawn: 
1. Hardness. The hardness of deposited chromium ranges 

from about 300 to 900 Brinell. In general, softer deposits are 
obtained at high temperatures such as 85°C (ISS^F) and at 

relatively low current densities, e.g., 20 amp/dm* or' 190 amp/ft*. 
The soft chromium is always dull, as it is deposited in the milky 
range for the high temperatures used. When heated to about 

1200®C (2200®F) all chromium deposits decrease in hardness to 
about 200 Brinell. 

2. Tensile strength. The tensile strength of the high-tempera- 
ture soft chromium is higher than that of ordinary hard chromium. 

3. Ductility. All deposits of chromium are very brittle and 
have an elongation of much less than 1 per cent. 

4. Oxygen content. The usual hard chromium deposits contain 
considerable oxygen, probably present at CrjOs, while the soft 
deposits are nearly free of oxygen. The properties of chromium 
deposits are closely related to their contents of oxygen. 

5. Density. The density of soft chromium is appreciably 
higher than that of hard chromium. 

6. Electrical resistivity. The electrical resistivity of soft 
chromium is lower than that of hard chromium. 

7. Stress and cracking. During deposition of the soft chromium 
there is a higher stress than with hard chromium. However, the 

hard chromium cracks more than the soft because its tensile 
strength is lower. 

For bright decorative plating and also for wear resistance, the 
ordinary hard chromium, deposited at from 40 to OO^C (104 to 
140®F), is generally most suitable. The soft, more nearly crack- 
free chromium, deposited at higher temperatures, may find 

applications where protection against corrosion is the principal 
requirement. 
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Porous Chromium. Just before and during the Second World 
War, extensive use was made of so-called ‘‘porous’’ chromium 
deposits for applications where good lubrication was essential, e.g., 
aircraft and Diesel en^ne cylinders and piston rings. These 
deposits consisted^of chromium coatings that had been etched so 
as to produce or accentuate cracks or pores, in which lubricating 
oil could be retained. The details of preparation have been fully 
described in several articles.^ 

Two types of porous chromium have been used, designated as the 
channel type and the pin-point type. The former deposits contain 
cracks that form a network surrounding small, flat areas or 
plateaus. The average size of these plateaus and the width of the 
cracks may be used to define the channel porosity for specified 
purposes. The pin-point porosity consists, in effect, of a large 
number of relatively coarse pits in which oil may be retained. 

In general, those conditions for hard plating are employed which 
yield approximately the desired crack pattern. The chromium 
deposit is then usually etched anodically in a chromic acid bath to 
deepen and widen the cracks. The surface is finally honed to 
produce the correct dimensions. The pin-point type has initially 
a larger number of fine cracks and is etched sufficiently that these 
cracks merge into each other, leaving small pits or projections. 

MOLYBDENUM DEPOSITION 

There is no conclusive evidence that pure molybdenum has been 
deposited eonsistently from aqueous solutions. In the light of our 
present knowledge of tungsten deposition, it is at least probable 
that the reported deposits of molybdenum contained appreciable 
amounts of other metals, such as iron, nickel, or cobalt. 

W. P. Price and O. W. Brown* obtained steel-gray deposits on 
iron or copper cathodes at 50^0 (122®F) and 36 amp/dm* from a 
solution prepared initially by dissolving 400 g of MoOs in 1 1 of 
sulfuric acid (sp gr 1.45). This solution was first reduced elec- 
trolytically by passing 1,600 amp-hr through 1 1 of solution 
between platinum electrodes. The resultant viscous, golden 
brown solution probably contained salts of the lower oxides of 
molybdenum. The rate of deposition decreased as soon as the 
cathode was completely covered by the gray deposit. 

^ Van dbr Horst, H., MeUd Finishing, vol. 40, p. 69, 1942. Cotlx, T. Q., 
Proc. Am. Eleelroplaier^ 8oc., p. 20, 1944. 

* Trans. Electrochem. Sac., voL 70, p. 426,1936. 
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Recent success in depositing alloys of tungsten with iron, nickel, 
or cobalt (page 350) indicates that molybdenum alloys may be 
similarly deposited from appropriate solutions. 

Black coatings, known as Moly Black have been produced^ from 
baths containing nickel salts and a molybdate. These coatings 
contained about 45 per cent of molybdenum, apparently in the 
form of an oxide and not as metallic molybdenum (page 413). 

TUNGSTEN DEPOSITION 

It was reported^ that silver-white tungsten deposits were 
obtained from solutions of sodium tungstate, prepared by dis¬ 
solving tungstic acid (anhydride), WOs, in sodium hydroxide or 
carbonate. The resultant solutions may have contained the 
normal, meta-, or para-tungstate, but for simplicity the normal 
tungstate, Na2W04, may be assumed to be present. A typical 
solution contained 330 g/1 (44 oz/gal) of Na2C08 and 100 g/1 (13 
oz/gal) of WOa and had a pH of 12 to 13. At 100®C (212®F) and 
100 to 400 amp/ft^ (11 to 43 amp/dm^) the cathode efficiency was 
about 1 per cent and decreased when the cathode was completely 
covered. 

Similar deposits were reported from solutions of tungstate and 
citric acid* and from solutions of tungstate and phosphate.* 

Subsequently it was concluded* that the deposits so obtained 
always contained appreciable amounts of iron or nickel, derived 
from (1) impurities in the bath, (2) the anodes, or (3) intentional 
additions. When the alloying element was exhausted, deposition 
ceased. 

While it is doubtful if pure tungsten can be deposited from 
aqueous solutions, it is now certain that alloys of tungsten, espe¬ 
cially with iron, nickel, or cobalt, can be so obtained. Such alloy 
deposition from fluoride baths has been reported* but not exten¬ 

sively applied. 

‘ Hoffman, R. A., and Hull, R. O., Proc, Am. Electroj)l^U€rs* Soc.y p. 45, 

1939. 
*Fink, C. G., and Jones, F. L., Trans. Am. Ekcirochem, /Soc., vol. 69, 

p. 461, 1931. 
» Yntema, L. F., J. Am. Chem. Soc., vol. 54, p. 3775, 1932. 
^ Holt, M. L., and Kahlenberg, L., Metal Ind. {N.Y.), vol. 31, p. 94,1933. 

' • Holt, M. L., Trans. Electrochem. Soc., vol. 66, p. 453, 1934, and vol. 71, 
p. 301, 1937. 

* Tungsten Electrodeposit Corporation, AtUomative Ind., vol. 75, p. 353, 
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The moet «ctensive studies on these alloys of tungsten' have 

shown that deposits containing up to 50 per cent of tungsten, 

with cobalt, iron, or nickel, can be obtained from alkaline baths 
containing a tungstate, the appropriate alloying metal, and a 

hydroxy acid, such as hydroxyacetic, citric, or tartaric acid. A 
typical bath and conditions for depositing a cobalt-tungsten alloy 

are as follows: 
N 

Cobalt chloride, CoCU‘6HjO. 0.9 
Sodium tungstate, Na2W04*2Ha0. 0.8 
Rochelle salt, NaKC4H406*4H20. 1.4(M) 
Ammonium chloride, NH4CI. 1.0 
pH, 8.5 (adjusted with NH4OH) 
Temperature, 90°C (194°F) 
Current density, 2-5 amp/dm* (20-50 amp/ft*) 

Tungsten anodes are used. The tungsten content of the deposit, 
up to about 50 per cent by weight, increases if the ratio of tungsten 

to cobalt in the solution is increased or if the current density is 
increased. The deposits as produced are relatively hard, e.gr., 400 

to 600 Vickers, and when they are heated to 600^^0 (1110®F), they 

become harder (by precipitation hardening). They are most 

likely to find applications where considerable hardness and wear 
resistance are required at high temperatures. 

'Brenner, A., Burkhead, P., and Sebgmillbr, E., Proc, Third Inter- 
natumal Deposition Conf.j Electrodepositors* Tech. Soc.y p. 131, 1947, and J. 
Research Nad. Bur. StandardSy vol. 39, p. 351, 1947, RP 1834. Also Clark, 

W. E., and Holt, M. L., Trans, Electrochem. Soc.y vol. 94, p. 224, 1948, and 
Lietzke, M. H., and Holt, M. L., Tr-ans. Electrochem. Soc.y vol. 94, p. 252,1948. 

g/1 oz/gal 
102 14 
45 6 

400 53 
50 7 



CHAPTER XVIII 

GROUP 6B METALS: SELENIUM, TELLURIUM, AND 
POLONIUM 

SELENIUM DEPOSITION 

This element is often called a metalloid because it is on the 
border line between metals and nonmetals. It occurs in two 
forms, one that is red and nonmetallic and one that is gray and 

metallic. It was shown by E. Muller^ that, when 2N sulfuric acid, 
98 g/1 (13 oz/gal), containing selenous acid, H2Se03, is elec¬ 
trolyzed, a deposit of selenium is first obtained but after a short 
time deposition stops. If, however, a larger quantity of another 
metal, e.^., copper, is present in the bath, all the selenium deposits 
with the copper. It is not known whether the copper in the deposit 

changes the hydrogen overvoltage or merely makes the deposit a 
better conductor than pure selenium. In former years coatings of 
selenium (usually produced by melting the selenium upon the 
metal to be coated) were used in photoelectric cells, which have 
now been superseded by other types. There is no present obvious 
application for electrodeposited selenium coatings, and it is at least 

doubtful if they can be produced with an appreciable thickness. 

TELLURIUM DEPOSITION 

Tellurium is a brittle metal that has not thus far found many 
applications in electroplating. F. C. Mathers and H. L. Turner^ 
found that smooth deposits were obtained from the following 

solutions: 
AT g/1 oz/gal 

Tellurium dioxide, TeOa. 9 360 48 
Hydrofluoric acid, HF (48 per cent).. . 12 500 67 
Sulfuric acid, HaS04. 4 
Temperature, 20-30®C (68-86®F) 
Current density, 1.6 amp/dm* (16 amp/ft*) 

200 27 

* Z, phyHk. Chem,f vol. 100, p. 346, 1922. 
* Trans. Am. Etectrochem. Soc., vol. 64, p. 293, 1928. 
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In this solution the tellurium may be present as the fluoride, 
TeFt or as HjTeFe. This bath is somewhat objectionable because 
it evolves vapors of hydrofluoric acid. Like all baths containing 
hydrofluoric acid, it must be kept in lead, hard rubber, plastic, or 
wax-lined containers. 

POLONIUM DEPOSITION 

Polonium is one of the rare radioactive elements that is associ¬ 
ated with radium. It is readily electrodeposited from its solu¬ 
tions; in fact, it deposits by immersion upon a strip of silver or 
copper. Its electrodeposition is sometimes used as a means of 
separating or purifying it. No specific uses have been suggested 
for coatings of polonium. 



CHAPTER XIX 

GROUP 7A METALS: MANGANESE, TECHNETIUM, AND 
RHENIUM 

GENERAL 

Of these metals, manganese is very cheap and available. Tech¬ 
netium (formerly known as masurium) is very rare, and rhenium 
is relatively scarce. No data have been found on the electro¬ 
deposition of technetium. 

Manganese and rhenium are characterized by compounds having 
valences from II to VII. Typical compounds of manganese are 
as follows: 

Manganous chloride, Mn^^Cb. 
Manganic chloride, Mn^'^CU (unstable). 
Manganese dioxide, Mn^^02. 
Sodium manganate, Na2Mn^^04. 
Sodium permanganate, NaMn'^^‘04. 
Of these, the manganous salts are the most stable. All the 

others are oxidizing agents, which on reduction form manganous 
salts. 

MANGANESE DEPOSITION 

During recent years it has been shown in numerous studies that 
manganese can be deposited from aqueous solutions under condi¬ 
tions similar to those used for depositing zinc from acid baths. 
The principal purpose of these studies was to define conditions for 
the electrowinning of manganese, t.e., its deposition (with insoluble 

anodes) from solutions prepared by leaching manganese ores.^ 
Manganese is relatively cheap and is an essential constituent of 
most steels. Electrolytic recovery of manganese would permit 
the substitution of domestic low-grade ores for part of the im¬ 
ported ores. In many respects manganese resembles zinc but is 
much harder and more brittle. It is readily attacked by moist 
air unless it has been rendered passive by dipping into chromic 
acid (260 g/1). It then stays bright for long periods. Like zinc, 

* Mantixl, C. L., Trans. Electrochem. Soc.y vol. 94, p. 232, 1948. 
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it protects exposed steel against corrosion and may find uses where 
both protection and hardness are required. 

The metal manganese may exist in three or four aUotropic forms, 
which differ in crystal structure and properties. The best known 
forms are the alpha and the gamma modifications. Under most 
conditions of deposition, the alpha form, which is hard and brittle, 
is obtained. Under carefully controlled conditions from especially 
purified electrolytes,^ the soft, ductile gamma manganese can be 
deposited. It is, however, unstable, and in a few weeks at room 
temperature it reverts to the brittle gamma manganese. 

H. H. Oaks and W. E. Bradt^ obtained smooth silver-white 
deposits of pure manganese from the following bath: 

N g/\ 
Manganous chloride, MnCU. 5.5 350 
Ammonium chloride, NH4CI. 0.6 30 
Temperature, 26®C (79®F) 
Current density, 20 amp/dm* (186 amp/ft*) 

The cathode efficiency was about 75 per cent. Manganese 
anodes or insoluble anodes were used. 

W. E. Bradt and H. H. Oaks^ obtained equally good deposits 
from the following solution: 

N g/i oz/gal 
Manganous sulfate, MnS04*4H20.... . 0.9 100 13 
Ammonium sulfate, (NH4)2S04 . . 0.6 75 10 

Ammonium thiocyanate, NH4CNS... . 0.8 60 8 

pH, 4-5.5 
Temperature, 25®C (77°F) 
Current density, 25 amp/dm* (230 amp/ft*) 

rhe cathode eflSciency was about 65 per cent. Graphite anodes 
and manganese anodes were used in such a ratio (8 to 1) as to keep 
the pH constant. 

Subsequently, W. E. Bradt and L. R. Taylor* showed that 
manganese can be deposited from almost any soluble manganese 
salt, including those of many organic acids. 

From unpublished experiments at the National Bureau of 
Standards by A. Brenner and Thelma Steinberg, the following 
conditions were recommended: 

* ScHLAiN, D., and Pratheb, J. D., Tram, Electrochem. 80c., vol. 94, p. 58, 
1948. 

- Tram, Electrochem. 5oc., vol. 69, p. 567, 1936. 
* Tram. Electrochem. Soc.f vol. 71, p. 279, 1937. 
* Tram. Electrochem, Soc.f vol. 73, p. 327, 1938. 

oz/gal 
47 

4 



GROUP 7A, MANGANESE 355 

N g/1 oz/gal 
Manganous chloride, MnCl4*4H20_ . 3.3 325 43 
Ammonium chloride, NH4CI. . 3.7 200 27 
Ammonium sulfate, (NH4)2S04. . 1.5 100 13 
Potassium thiocyanate, KCNS. . 0.02 2 0.3 
pH, 6-6.5 (maintained with NH4OH) 
Temperature, 25°C (77®F) 
Current density, 5-10 amp/dm* (50-100 amp/ft*) 
Cathode efficiency, 80 per cent 
Manganese anodes 
Rinse, then dip deposits in solution of 250 g/1 (33 oz/gal) of CrOs 

and rinse 

Conditions for the electrowinning of manganese from sulfate 
solutions with insoluble anodes have been described by C. G. Fink 
and M. Kolodney^ and by the U.S. Bureau of Mines.^ 

RHENIUM DEPOSITION 

Rhenium is one of the most recently discovered elements and 
is still a scarce metal but not much more expensive than rhodhim. 
The deposits are hard and bright. While rhenium is resistant to 
hydrochloric acid, it oxidizes rapidly in moist air.® No important 
uses have been suggested for the deposits. 

C. G. Fink and P. Deren^ showed that rhenium can be deposited 
from acid, neutral, or alkaline baths. They recommend baths 
made by acidifying the perrhenate with sulfuric acid. For 
example, a bath containing 11 g/1 (1.5 oz/gal) of potassium p^- 
rhenate, KRe04, and 3.3 g/1 of sulfuric acid, H2SO4, is operated at 
a pH of 0.9, a temperature of 25 to 45®C (77 to 113°F), and a 
current density of 10 to 14 amp/dm® (93 to 130 amp/ft®). 

Subsequently C. B. F. Young® recommended an increase from 
3.3 to 9.3 g/1 of sulfuric acid in the above formula. He also 
deposited an alloy of nickel and rhenium by adding 6 g/1 of nickel 
sulfate, NiS04*6H20, to this bath and using a current density of 
5 to 6 amp/dm® (50 to 60 amp/ft®). 

‘ Tram, EUcirochem, Soc.f vol. 71, p. 287, 1937. 
* Shelton, S. M., and Royer, M. B., Trans, EUcirochem, Soc,y vol. 74, p. 

447, 1938. ScHLAiN, D., Manganese investigations, electrodeposition of 
manganese, U,S, Bur, MineSj Repts. Invest, 3651, July, 1942. 

® Lundsll, G. £. F., and Knowles, H. B., J, Research NaU, Bur, Standards^ 
vol. 18, p. 629, 1937, RP 999. 

♦ Trans, Elecirochem, Soc., vol. 66, p. 471, 1934. 
»Metal Ind, (iST.K.), vol. 34, p. 176, 1936. 



CHAPTER XX 

GROUP 8: IRON-GROUP METALS: IRON, COBALT, AND 
NICKEL 

GENERAL CONSIDERATIONS 

There are nine metals in Group 8 of the periodic system, which 
constitute a transition from the A to the B portions of Groups 1 to 
7. It is convenient to discuss Group 8 metals in two sections: 
(1) the iron-^roup metals, iron, cobalt, and nickel, and (2) the six 
platinum-group metals. The iron metals will be treated in this 
chapter, and the platinum metals in Chap. XXI. 

Iron, cobalt, and nickel are very similar in physical and chemical 
properties. They are all magnetic, iron the most and nickel the 
least. Iron is the most active chemically, as evidenced by its 
great tendency to oxidize, i.e., to rust. Nickel is the least active 
and under most conditions tends to become passive and to resist 
tarnish or oxidation. Cobalt is intermediate in chemical prop¬ 
erties. It turns blue or black when heated in air to 400®C 
(750®F), while nickel does not oxidize till a higher temperature is 
reached. (This behavior can be used to detect the presence of 
10 per cent or more of cobalt in nickel deposits.) Under favorable 
conditions nickel is deposited cm steel by immersion.^ This process 
is used to apply very thin nickel coatings prior to enameling 
of steel 

Electrochemically these three metals are characterized by 
chemical polarization (page 46); i.e., they are not deposited at an 
appreciable rate until potentials considerably more negative than 
their equilibrium potentials have been reached. This delay in 
deposition may be associated with the initial deposition of the 
metal in an unstable state, which slowly changes to the stable 
form. 

Each of these three metals has compounds with valences of II 
and III, with higher valences in some unusual compounds. The 
divalent compounds of iron, i.e., the ferrous compounds, are readily 

^Wbblby, W. a., and Copson, H. R., Trans. Electrockem. Soe., vol. 94, 
p. 20. 1948. 
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oxidized to the trivalent ferric compounds, which are the most 
stable. With nickel and cobalt, the divalent compounds are most 
stable. All deposition of these three metals is done from their 
divalent compounds. Typical formulas are as follows (some of 
these compounds are not stable): 

Ferrous Ferric Cobaltous Cobaltic 
1- 

Nickelous Nickelic 

Oxide. FeO FftiO, CoO C02O8 NiO Ni.O. 
Hydroxide.. Fe(OH)2 Fe,(OH), Co(OH)2 C02(0H)6 Ni(()H)2 Nh(OH), 
Chloride.... FeCh FeCl, C0CI2 CoCl, NiCb NiCl, 
Sulfate. FeS04 Fe2(S04), C0SO4 C02(S04)8 NiS04 Ni,(SO«), 

IRON DEPOSITION 

Because iron readily tarnishes and rusts in the atmosphere, it is 
not used as a protective coating. In fact, much of the deposition 
of other metals is done in order to cover and to protect iron or steel 
against corrosion. 

The principal uses of iron deposition depend upon its desirable 
physical properties and its cheapness. It is employed in electro¬ 
forming, e,g,, of printing plates, tubes, and sheets; in building up 
worn or underdimensioned steel parts; and in special instances 
because of its magnetic properties. Its ability to assist in the 
welding together of two metals such as stainless steel and low- 
carbon steel is sometimes used in the production of stainUss-dad 
steel. It can also be used as a means of preparing pure iron in 
either a dense or a powdered form. One advantage of iron 
deposits, e.flf., for building up, is that they are soft enough to be 
machined or otherwise finished, after which they can be case- 

hardened. 
The baths and conditions for iron deposition have been sum¬ 

marized by C. T. Thomas,^ Practically all iron deposition is 
conducted from ferrous salts, usually the chloride or sulfate. 
Because ferrous salts tend to oxidize in the air to form ferric salts, 

it might appear desirable to use the more stable ferric compounds. 
However, the yield of iron for a given current at 100 per cent 
cathode efficiency would be only two-thirds as much from a ferric 

as from a ferrous salt. Moreover, the ferric salts tend to hydro- 

‘ Trans. EUctrochem, Soc,, vol. 80, p. 499, 1941. 
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lyze in aqueous‘solutions and to precipitate ferric hydroxide, 
unless considerable free acid is present. The use of iron anodes in 
ferrous baths tends to. reduce any ferric salt that is formed by 
oxidation, so that, when a bath is in nearly continuous operation, 
it remains almost completely ferrous, as indicated by a clear green 
color. If some ferric salt forms when the bath is unused, it can be 
readily reduc^ by adding a small amount of acid, which causes 

some chemical solution of the iron anodes (or suspended scrap 
iron) with simultaneous reduction of the ferric salt. The presence 
of ferric salts in ferrous baths tends to 3deld more brittle deposits. 
In certain proprietary processes, small concentrations of ferric 
salts have been recommended, with the claim that they increase 
the throwing power. 

Satisfactory iron deposits can be produced from baths prepared 
from ferrous sulfate, FeS04'7Hj0, or ferrous chloride, FeCl2'4H20. 
As the chloride is much more soluble and has a higher conductivity 
than the sulfate, it is more commonly used. Most ferrous salt 
baths are fairly concentrated, e,g., at least ZN in ferrous sulfate 
and as high as hN if chloride is used. The latter concentration 

corresponds to about 500 g/1 (67 oz/gal) of ferrous chloride, 
FeCl2‘4H20, or to 140 g/1 (19 oz/gal) of dissolved iron. 

Additions of other salts can be made to increase the conductivity 

and to decrease the ferrous ion concentration. In sulfate baths, 
ammonium sulfate is commonly added or the double salt, ferrous 
ammonium sulfate, FeS04'(NH4)2S04'6H20, is used. In ferrous 

chloride baths, calcium chloride, CaCU, is often added. Potassium 
chloride, KCl, can be used when harder deposits are desired. The 
concentrations of these added salts are not critical, as they have 

very little direct effect on the properties of the deposits. 
Iron baths are generally used at a fairly low pH, e.g., between 1 

and 2. For certain purposes, especially when operating at very 
high temperatures and current densities, it is more convenient to 

determine the free acid by titration than to use pH control. At 
very high current densities in 5N ferrous chloride baths, free acid 

equivalent to O.liV is desirable. The acidity of a hot iron bath 

tends to reach an equilibriiun in continuous operation, and its 
control is usually not difficult. If slightly too much acid is added, 
the anode efficiency increases and the excess acid is soon neu¬ 
tralized. If the pH is too high, the anode efficiency decreases. 
In practice, small occational additions of acid, e.g., of H2SO4 to a 
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sulfate bath or of HCl to a chloride bath, are required to maintain 
the desired pH or acidity. 

The properties of the iron deposits are determined largely by 
the temperature of operation. Deposits produced at room 
temperature are relatively hard and brittle and have a high stress, 
as indicated by a tendency to crack and curl, especially on surfaces 
treated to permit separation. The full benefits of higher tempera¬ 
tures are not realized below about 90®C (194®F). For very high 
current densities, it is desirable to operate at 106®C (221®F) and to 
have a fairly high acidity, e.g., O.IN free acid. 

Nearly pure iron or steel anodes dissolve readily, but there is 
some separation of solid particles that may cause rough deposits. 
From steel anodes this residue or sludge consists chiefly of carbon, 
while from ingot iron it may consist of iron oxide. In either case 
it is desirable to employ anode bags in order to prevent the sludge 
from becoming suspended in the bath. The most satisfactory 
diaphragm is cloth woven from African blue asbestos. Glass 
cloth and plastic cloth have proved less satisfactory. The iron 
baths are not very sensitive to metallic impurities. Most of the 
latter, such as copper and lead, are likely to be cemented out on the 
iron anodes. It was reported by W. B. Stoddard, Jr.,‘ that very 
small amounts of manganese chloride in the iron bath cause 

formation of finer grained and more ductile deposits^ 
Most organic impurities cause very hard, brittle depodts. 

Treatment with activated carbon and continuous filtration remove 

impurities and permit continuous operation. It is not customary 
to use organic additions in iron baths, but wetting agents can be 
employed to prevent pitting. 

For various purposes the following baths and operating condi¬ 
tions have been recommended: 

1. Sulfate Bath of MacFadyen* 

Ferrous ammonium sulfate, 
N K/l oz/gal 

FeS04(NH4).S0«-6H,0. .. 1.8 360 48 
Free sulfuric acid, H2SO4. 
Temperature, 25®C (77®F) 

.. 0.005 0.25 0.03 

Current density, 20 amp/ft* (2 amp/dm*) 

* Tram. Eledrochem. Soc., vol. 84, p. 305, 1943. 
’ Trans. Faraday Soc., vol. 15, p. 98, 1915. 
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2. Chloride Bath (Langbein-Pfaxhauser) for Thick, 

Fairly Soft Deposits^ 

N g/i oz/gal 
Ferrous chloride, FeClj*4HaO . 3 300 40 
Calcium chloride, CaCh. 
pH, 1.0-1.5 
Temperature, 90°C (194°F) 

. 6 335 45 

Current density, 60 amp/ft* (6.5 amp/dm*) 

3. Chloride Bath for Hard Deposits on Printing Plates* 

N g/i oz/gal 
Ferrous chloride, FeCl2*4HaO. . 2.4 240 32 
Potassium chloride, KCl. 
pH, 6 
Temperature, 35®C (95®F) 

. 2.4 180 24 

Current density, 35 amp/ft* (3.5 amp/dm*) 

Sulfate-chloride Bath for Hard Deposits on Printing Plates* 

N g/1 oz/gal 
Ferrous sulfate, FeS04*7H2() ... 1.9 250 33 
Ferrous chloride, FeCl2-4H20 . . .0.4 42 5.6 
Ammonium chloride, NH4CI. . 0.4 20 2.7 
pH, 4.5-6 
Temperature, 100®F (38°C) 
Current density, 50-100 amp/ft* (5-10 amp/dm*) 

COBALT DEPOSITION 

In many respects cobalt is very similar to nickel, so much so 
that there are few advantages of cobalt deposits to offset their 
higher cost. Early studies on cobalt deposition* showed that it 
was possible to employ high current densities and to obtain hard, 
fairly bright deposits of cobalt. Subsequent studies of nickel 
deposition, notably those by O. P. Watts, showed that high current 
densities can be used in nickel baths of similar composition. Hence 
the studies on cobalt plating led to great improvements in nickel 
plating. 

No strictly comparable studies have been made to establish the 
reported ability to use higher current densities in cobalt than in 
nickel baths. If such a difference is confirmed, it may be explained 

* Thomas, C. T., and Blum, W., Trans. Am. Electrochem. Soc., vol. 57, 
p. 59,1930. 

*Lamb, Vernon A., and Blum, W., Intern. Assoc. ElectrotyperSf Tech. 
BuU. 7, Apr. 15, 1942. 

*Schaffbrt, R. M., and Gonser, B. W., Trans. Electrochem. 5oc., vol. 84, 

p. 319, 1943. 
* Kalmus, H. T., Harper, C. H., and Savrll, W. L., Trans. Am. Elec- 

inchm. Soc., vol. 27, p. 1,1915. 
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by differences in the pH at which Ni(0H)2 precipitates, as recently 
suggested in a review of cobalt plating.^ 

It has been found that nickel can be deposited with as great 
hardness as cobalt; in fact there is a wide range of hardness of each 
of these deposits. Cobalt is more active than nickel and hence is 
not so resistant to high temperatures (e.g,, on electric irons) or to 
corrosive inks on printing plates. While certain special applica¬ 
tions of deposited cobalt may prove warranted, it is in no sense a 
substitute for nickel. Cobalt may be deposited with nickel in 
alloys that have specific desired properties. For example, the 
Weisberg bright-nickel deposits may contain up to 15 per cent 
of cobalt. All nickel anodes and deposits produced in America 
are likely to contain from 0.6 to 1 per cent of cobalt. However, 
nickel made by the Mond process in England is practically free from 
cobalt. Studies are in progress in the American Electroplaters’ 
Society Research Project No. 9 that will define the effects of 
small amounts of cobalt on the properties of electrodeposited 
nickel. 

Baths for cobalt deposition are very similar to those for nickel. 
The double cobalt ammonium sulfate, CoS04*(NH4)2S04-6H20, is 
much more soluble than the corresponding double nickel salt. The 
pH range for cobalt is about the same as for nickel, but the low pH 
bath has not been so extensively used as for nickel. The follow¬ 
ing formulas from the work of Kalmus and associates are typical. 
Addition of fluorides has also been suggested. 

1. “I B,” Double Salt Bath 

Cobalt ammonium .sulfate, N g/i oz/gal 

CoSO4-(NH4).SO4-6Hs0- . 0.90 180 24 
pH, about 5.8 
Temperature, 25®C (77®F) 
Current density, 4-40 amp/ft^ (0.4-4 amp/dm*) 

2. “XIII B,” Single Salt Bath 

N g/l oz/gal 
Cobalt sulfate, C0SO4. . 3.6 278 37 
or Cobalt sulfate, CoS04*7HjO, . 3.6 500 67 

Sodium chloride, NaCl. . 0.3 17 2.3 
Boric acid, HsBOg. . 0.75(M) 45 6 
pH, about 5 
Temperature, 25-45®C (77-113®F) 
Current density, 33-160 amp/ft* (3.5-17 amp/dm®) 

^SoDBRBERQ, G., PiNNER, W. L., and Baker, E. M., Trans. Electrochsm, 
Soe., vol. 80, p. 579. 
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NICKEL DEPOSITION 

General. Nickel is the most important metal applied by plat¬ 
ing, in terms not only of the tonnage of metal consumed but also of 
the wide diversity of its uses, with respect both to the many basis 
metals covered and to the numerous types of articles plated. The 
development of tarnish-resistant chromium deposits led to the 
almost universal adoption of a final chromium finish on all electro¬ 
plated surfaces where appearance is important. It is well known 
to the plating industry but not to the layman that the successful 
use of chromium plating for decoration depends upon the previous 
application of a metal coating which will protect the steel or other 
basis metal against corrosion, since chromium coatings are rela¬ 
tively porous and hence do not prevent corrosion. Experience has 
shown that nickel coatings are most suitable to furnish this type of 
protection against corrosion. This conclusion was confirmed by 
wartime experience, when other demands for nickel greatly 
restricted its use in plating except for special important military 
uses. Efforts to substitute copper for a large part of the nickel 
normally used in plated coatings yielded deposits with inferior 
protective value. While copper is still often used as an initial or 
intermediate layer on steel, the present tendency is to increase 
both the proportion of nickel and the thickness of the final nickel 
layer in such coatings. 

Nickel deposition is also important because it illustrates and 
involves many of the important factors in electrodeposition, such 
as anode passivity, high cathode chemical polarization, stressed 
deposits, pH control, pitting, and the effects of addition agents. 
Intensive study of nickel plating is therefore useful not only 
directly but also because it throws light on many other problems 
of plating. 

Tjrpes of Nickel Baths. In spite of the many formulas of nickel 
baths for specific purposes, practically all of them contain nickel 
sulfate; a chloride, usually nickel chloride; and a buffering agent, 
usually boric acid. Nickel fluoborate solutions have been proposed 
but are not in general use. Practically all nickel plating is con¬ 
ducted from acid solutions, which have, however, a wide range in 
pH for specific purposes, e.g.^ from 1.5 to 6.0. One exception is 
the use of an alkaline ammonical nickel bath with a pH of about 
9 (such as Zialite) and used to apply thin coatings of nickel directly 
on zinc base die castings.^ 

* Hibsch, a., Trarw, EUctrochem, 8oc,, vol. 63, p. 135, 1935. 



OBOUP 8, IRON, COBALT, NICKEL 363 

The principal inorganic additions to nickel baths are sul¬ 
fates or chlorides, such as sodium, potassium, ammonium, or 
magnesium salts. These may be added to decrease the nickel-ion 
concentration or otherwise to influence the properties of the 
deposit. During the past decade there has been a rapid develop¬ 
ment of hright-nickel plating, temporarily suspended during the 
war but ^ow again expanding to cover a very large part of the 
protective and decorative applications of nickel deposits. 

Nickel baths may be usefully classified according to their 
applications. Deposits for protection against corrosion and for 
appearance and that are to be chromium-plated can be either 
plated dull and subsequently buffed, semibright requiring only light 
buffing, or bright with no buffing. For resistance to wear, e,g,, on 
printing plates, relatively hard, tough nickel is employed. For 
electroforming of various articles fairly hard but ductile deposits 
are preferred, especially if any further forming operations are 
necessary. To perhaps a greater degree than with other electro¬ 
deposits, the properties of nickel may be varied over wide ranges 
by proper selection of the bath composition and operating condi¬ 
tions. In many cases compromises are necessary; e.g,, certain 
bright-nickel deposits may be used even though they are relatively 
brittle. 

Bath Composition. Nickel Salts. The principal nickel salts 
used in plating are the sulfate and the chloride. The sulfate may 
exist according to the temperature of crystallization as either 
NiS04’7H20 or NiS04’6H20, which, when pure, contain, respec¬ 
tively, 20.9 and 22.3 per cent of nickel. In many cases the salt 
purchased is a mixture of these two salts, but in recent years the 
salt with 6H2O predominates. This uncertainty makes it imprac¬ 
tical to specify the purity of nickel sulfate in terms of its nickel 
content. 

Nickel chloride is supplied as NiCl2’6H20, which when pure 
contains 24.7 per cent of nickel. 

Nickel ammonium sulfate, NiS04-(NH4)2S04*6H20, the so-called 
^‘double nickel salt,’’ was formerly used extensively in plating but 
now to only a limited extent, e.g., in electrotyping. When pure it 
contains 14.9 per cent of nickel. It has a low solubility and hence 
is not suitable for modern plating baths. 

In recent years nickel acetate, Ni(C2H802)2, and nickel formate, 
Ni(HC02)a^2H20, have been used in special baths to be referred to 
later. Nickel carbonate, NiCOs (or basic carbonate), is some¬ 
times used for neutralizing nickel baths and is generally sold as a 
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wet paste, which dissolves more rapidly in the bath than the dry 
powder. 

The purity of nickel salts for plating is important. U.S. 
Federal Specification 0 S-61 (1930) includes the following require¬ 
ments: 

Nickel 
sulfate, 
per cent 

Nickel 
ammonium 

sulfate, 
per cent 

?flckel 
chloride, 
per cent 

Nickel (4- cobalt), min ... 21.4 14.6 24.3 
Iron, max. 0.08 0.08 
Zinc, max. 0.05 
Copper, max. 0.02 
Free acid, max. O.IO 0.10 
Insoluble, max. 0.10 0.10 0.10 

The British Standards Institution Specification BSS 564 has 
slightly more rigid limitations on impurities and also a maximum 
of about 1 per cent on cobalt content. The latter restriction, 
which is equivalent to about 6 per cent of the content of metallic 
nickel, appears superfluous. The Mond process nickel and most of 
the nickel salts used in England contain very little cobalt, while 
electrolytic nickel used in the United States as the principal source 
of nickel anodes and of part of the nickel salts contains about 0.5 to 
1 per cent of cobalt. Much of the nickel sulfate used in the 
United States is derived as a bj-product of copper refining and 
also contains up to 1 per cent as much cobalt as nickel. With the 
high price of cobalt, it would never be added as an adulterant of 
salts. It has not been shown that small amounts of cobalt are 
detrimental in nickel anodes or salts. Hence in the United States 
all analyses report the sum of nickel pine cobalt. 

Other Salts Used in Nickel Baths, All modern nickel baths 
contain some chloride, which is necessary to ensure corrosion with 
a high anode efficiency of the nearly pure nickel anodes now used. 
The earlier use of impure nickel anodes, to which carbon, silicon, 
manganese, iron, and tin were often added to decrease the melting 
point and to induce corrosion, was associated with the use of low- 
nickel baths containing little or no chloride, e.g., the double salt 
bath. It is now known that very pure nickel will dissolve anod- 
ically if sufficient chloride is present in the bath. 
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As far as anode corrosion is concerned, it is immaterial what 
chloride is added. If, therefore, other metallic ions are not 
desired in the bath, it is logical to supply the chloride as nickel 
chloride. Adequate anode corrosion can usually be obtained 
with about Q2bN chloride, equivalent to 30 g/1 (4 oz/gal) of 
NiCl2*6H20, but it is now customary to add as much as 0.5iV 
nickel chloride, i.e., twice the above concentration, especially 
when high-purity anodes are used. 

The use of any other chloride must be justified by some advan¬ 
tage in having the other metallic ion present. The most commonly 
used chloride in earlier years was ammonium chloride, NH4CI, 
which is now sometimes used in baths to produce hard nickel 
deposits and also for barrel plating. 

Sodium chloride, NaCl, and potassium chloride, KCl, have also 
been used in nickel baths. The exact functions of ammonium, 
sodium, or potassium ions in nickel baths have not been defined. 
Such effects as have been demonstrated are probably related to 
their concentrations in the cathode film, where they may influence 
the precipitation or inclusion of colloidal basic compounds in 
the deposits. 

The three sulfates sometimes added are ammPnium sulfate, 
(NH4)2S04 (in the double nickel salt); magnesium sulfate, 
MgS04*7H20; and sodium sulfate, Na2S04. The ammonium salt 
hardens the deposits. Magnesium sulfate has been reported to 
have various beneficial effects, not clearly demonstrated. Al¬ 
though codeposition of some magnesium with the nickel was early 
reported, it has not been confirmed in more critical tests. Sodium 
sulfate in high concentrations has been used in the high-sulfate 
bath for plating nickel directly on zinc. Its function is to furnish 
sulfate ions, which, by their common-ion effect reduce the nickel-ion 
concentration and thus retard deposition of nickel by immersion. 
It is doubtful if the sodium ions as such have significant effects. 

Buffers, Although it is now known that good nickel deposits 
can be obtained from baths with pH values from 1.5 to 6.0, the 
optimum range for a specific bath or given operating conditions is 
usually fairly narrow, e.g,, ±0.5 pH. There are three roughly 
defined pH ranges in use in nickel plating. The so-called ‘‘low pH’^ 
baths are operated at a pH of from 1.5 to 3.0, at relatively high 
temperatures and current densities. Most of the bright-nickel 
baths are used in the pH range from 3.0 to 4.5. Baths used at low 
temperature and current density, for thin deposits or for hard 
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coatings on printing plates, are generally used at pH values from 
4.5 to 6.0. 

If these baths contained only nickel salts or other sulfates 
and chlorides, they would be only slightly buffered; hence a small 
difference between the anode and cathode efficiencies would cause 
a relatively large change in pH and necessitate its frequent adjust¬ 
ment by addition of acid or alkali (page 79). The most com¬ 
monly used buffer in nickel baths is boric acid, HaBOs, a very 
weak acid. Its concentration is not critical, and as it has a 
limited solubility, there is little chance of having too high a con¬ 
centration unless it actually crystallizes out on the anode bags. 
Hence it is not necessary to determine it frequently, which is 
fortunate, as its determination is difficult. Boric acid exerts its 
maximum buffer effect at a pH from 5 to 6. It might therefore 
appear that use of boric acid in baths operated at a lower pH 
would be unwarranted. The fact that boric acid is considered 
beneficial in all nickel-plating baths indicates that its effect is 
exerted principally in the cathode film, the pH of which usually 
exceeds 6. The boric acid probably retards increase of pH in the 
cathode film to a value at which nickel hydroxide (or another basic 
compound) precipitates and thus increases the limiting current 
density above which burnt deposits are produced. 

Acetic acid, HC2H3O2, is relatively weak, though stronger than 
boric acid. It exerts its maximum buffer action in a somewhat 
lower pH range than boric acid, e.g., from pH 3 to 5. In practice^ 
the buffer action of acetic acid is obtained by adding nickel 
acetate, Ni(C2H802)2, to the bath in concentrations about equiv¬ 
alent to the nickel chloride. 

Formic acid, HCOOH, is somewhat stronger than acetic acid. 
It exerts a buffer action when added as a formate, e.g.^ in the 
nickel-cobalt bright bath (page 381). 

Brighteners. The very extensive use of bright-nickel plating 
during the past decade represents a greater industrial than a 
scientific advance. Although it is now possible to classify the 
brighteners into a few fairly well-defined groups, no clear under¬ 
standing of the functions or mechanism of the various organic 
compounds has been reached. 

Most of the modem bright-nickel deposits are laminated into 
very thin layers that are parallel to the cathode surface. This 

^Lalondb, P. J., Eledrotypers* and Stereotypera* BvU,, vol. 32, No. 12, 
p. 3, 1046. 
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behavior is a strong indication that the process of deposition is 
cyclic, or intermittent. During each cycle that leads to a dis¬ 
crete layer, there may be a building up of the concentration of the 
addition agent or of products derived from it, which retards metal 
deposition till a sufficient electrode potential has been developed 
to cause deposition and inclusion of the organic matter. Corre¬ 
sponding fluctuations in the cathode potential have been reported 
but not yet closely correlated with the thickness or composition of 
the successive layers. 

In a review of nickel plating,^ brighteners are divided into two 
classes, which include, respectively, (1) cobalt salts, aryl sulfonic 
acids, sulfanamides, and sulfanimides, and (2) cadmium or zinc 
salts, formates, aldehydes and ketones, and amino polyaryl- 
methanes. Materials of the latter group yield bright but 
brittle deposits, and their concentrations are very critical. Sub¬ 
stances of the first group are less effective brighteners, but they 
permit more of the first group to be tolerated and modify their 
properties. 

When it is realized that a given bright-nickel bath may contain 
both an organic and an inorganic substance of each class plus a 
wetting agent in addition to the three normal constituents, i.e., 
nickel sulfate, nickel chloride, and boric acid, one appreciates that 
the modern bright-nickel bath is a very complicated solution. The 
fact that such baths are so extensively used is a tribute to the 
ingenuity of their developers and users. On the other hand, the 
degree of control required is usually beyond the ability of a prac¬ 
tical plater and often taxes the skill of a chemist. Any simplifica¬ 
tion of these baths that would preserve their advantages would be 
very welcome. 

In practice the difficulties of producingnickel deposits 
have led to extensive adoption of semibright deposits, which 
require only light color buffing. Their control is more simple. 

Certain nickel-plating baths, especially those that produce 
semibright deposits, have been found to possess a smoothing 
action.^ If such a deposit is applied to a fairly rough surface, e.g., 
one with a profilometer reading of 20 micro-inches, the surface 
becomes smoother as the coating thickness is increased. In con- 

^ Pinner, W. L., Soderberg, G., and Baker, E. M., Trans. Electrochem. 
Soc., vol. p. 539, 1941. 

*Gardam, G. E., J. Electrodepositors^ Tech. Soc., vol. 22, p. 165, 1947. 
Willson, K. S., and DuRose, A. H., Plating, vol. 36, p. 246, 1949. 
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trast, most plating baths, e,g., the Watts nickel bath and the acid 
copper bath, yield rougher deposits as the thickness is increased. 
No adequate explanation of this smoothing action has been pro¬ 
posed, e.g,y any correlation with measurable properties such as 
polarization and throwing power. When applicable, the use of 
such baths may reduce polishing costs. 

The basic formula for most of the present bright-nickel baths 
is the Watts bathy with relatively high concentrations of nickel sul¬ 
fate, nickel chloride, and boric acid. The bright baths are even 
more susceptible to certain impurities than the dull baths. It is 
significant that cadmium and zinc, sometimes used as brighteners, 
are detrimental impurities in the dull baths and must be carefully 
controlled in the bright baths. Cobalt may be present in fairly 
large concentrations, e.g., 10 to 16 per cent of tRe nickel content, 
in the bright nickel-cobalt baths, which contain also formates and 
formaldehydes. Lower cobalt contents such as 1 per cent of the 
nickel are used in similar baths to yield semibright deposits. One 
of the chief functions of cobalt is to offset the detrimental effects 
of impurities such as copper and zinc. Hence baths with at least 
1 per cent as much cobalt as nickel are claimed to be more tolerant 
of certain impurities. 

The most serious limitations of bright-nickel deposits are their 
brittleness and stress and their tendency to become passive (page 
50). While these properties are not necessarily parallel in a 
given deposit, stress is more harmful with a brittle deposit and 
vice versa. Certain addition agents, such as saccharin, have been 
reported to reduce the stress in bright-nickel deposits. 

The multiplicity of bright-nickel formulas and the absence of 
published information regarding the exact composition and control 
of each bath make it impracticable to discuss details. To a large 
degree, the operation of each bath is still specific. 

Antipitting Agents, One of the most common and unpredictable 
defects of nickel baths is their tendency to yield pitted deposits. 
A pit is associated with the presence and retention of gas bubbles, 
usually hydrogen, on the cathode surface, which prevent deposi¬ 
tion of metal at that point. A pit may start at the cathode 
surface, in which case it constitutes a pore, through which corro¬ 
sion may occur. In other cases the pit may originate during 
deposition and may not extend to the basis metal. Even then, 
however, the pit is an incipient weak spot, because the coating is 
thinner there. The pits are objectionable from the standpoint of 
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appearance, especially because after being buffed they may cause 
drag marks and be even more conspicuous. 

Evolved hydrogen is the most common immediate cause of pits, 
but in special cases release of dissolved air or other gases may 
initiate pitting. If a solution becomes very cool, e.g., at night, it 
dissolves more air. When it is warmed by passage of current or 
otherwise, some of the air is released, and if the bubbles cling to 
the surface, they may cause pits. 

Evolution of hydrogen is not in itself a cause of pitting; in fact 
certain baths operated with very low efficiency and much hydrogen 
evolution, such as the chromic acid bath, show little tendency 
toward pitting. In order for hydrogen to form a pit, it must be 
evolved at a given point and be retained there long enough for 
the metal to deposit around it. The local discharge of hydrogen 
is governed very largely by the hydrogen overvoltage on that part 
of the surface. Its retention there is influenced by the surface 
tension of the solution with respect to hydrogen. 

The local evolution of hydrogen may be favored by the presence 
of (1) inclusions or other discontinuities in the cathode surface, 
(2) suspended particles that may lodge on the cathode, (3) inor¬ 
ganic impurities, such as iron compounds that may be preferen¬ 
tially deposited on the cathode, or (4) organic impurities, such fts 
decomposition products of addition agents, which may possibly 
change the surface tension of the solution or may be codeposited 
on the cathode. 

The principal remedies for pitting in nickel deposition are 
addition of hydrogen peroxide and wetting agents, and purification 
with activated carbon. Hydrogen peroxide, H2O2, used in dull- 
nickel baths, furnishes a material that is more easily reduced at the 
cathode than is the hydrogen or nickel ion. Hence at those points 
at which hydrogen might otherwise be discharged and cause 
pitting,-the hydrogen peroxide is reduced. One evidence of such 
reduction, especially at low current densities, is the decrease in 
cathode efficiency in the presence of hydrogen peroxide or other 
oxidizing agents. The hydrogen peroxide may also oxidize harm¬ 
ful organic matter and will oxidize ferrous ions to ferric. One 
objection to hydrogen peroxide is that it is unstable and hence 
decomposes slowly, apart from its desired oxidizing action. Hence 
it must be added at fairly frequent intervals in small concentra¬ 
tions if the contamination persists, and time should be allowed 
for it to act. 
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One advantage of hydrogen peroxide is that tfie end product of 
its reduction is water, and hence is harmless. Other oxidizing 
agents that might be employed may leave harmful or inert com¬ 
pounds which may accumulate in the bath. Persulfates and 
permanganates are in this class. Chromic acid is definitely harmful. 

Because hydrogen peroxide oxidizes many organic materials, it 
is not compatible with bright-nickel baths that contain certain 
organic additions. In such baths it is therefore customary to 
employ wetting agents (page 85). Care must be exercised to 
ensure that the wetting agents used do not react or otherwise 
interfere with the particular brighteners used. In general, sul¬ 
fates of long-chain or slightly branched hydrocarbons are used, or 
substituted aryl sulfonates with shorter chains. 

Impurities and Their Removal. Nickel baths and especially the 
bright plating baths are very susceptible to the effects of metallic 
impurities, such as iron, copper, zinc, and chromium, and to 
certain organic compounds. As above noted, these may increase 
the tendency for pitting. In addition they may change the char¬ 
acter of the deposits, especially at relatively low current densities. 
For example, small concentrations of zinc or cadmium yield 
bright-nickel deposits, but larger amounts produce dark streaks.^ 
One objection to the use of cadmium as a brightener is that it may 
3neld ^‘passive’’ nickel deposits. 

It was early shown that in the ordinary nickel baths copper 
is most deleterious, as it causes dark deposits, especially on the 
lower part of cathodes. Zinc is nearly as harmful, but iron in 
fairly high concentrations does not necessarily cause cracking or 
curling provided the pH is properly adjusted. However, at high 
pH values the dissolved iron is likely to be oxidized and precipi¬ 
tated as brown ferric hydroxide, Fe(OH)8, or a basic salt. Such 
precipitates in suspension are likely to cause pores or pits in the 
nickel. 

The importance of pure nickel solutions has been increased in 
bright-nickel plating, where slight variations in color or luster 
are more important. Research Project No. 5 of the American 
Electroplaters’ Society on this subject is in progress at Michigan 
State College under D. T. Ewing. In a preliminary report® it was 

^Thompson, M. R., Trans. Am. Electrochem. Soc.^ vol. 42, p. 79, 1922, 
and vol. 23, p. 359, 1923. . 

* Ewing, D. T., and Gordon, W. D., Proc. Am. EkctropkUers* Soc., p. 213, 
1947, and Ewing, D. T., Hominski, R., and King, W., Proc. Am. Electro* 
platers* Soc., p. 119, 1948. 
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shown that some loss of appearance, ductility, and protective 
value are produced in a Watts bath with as little as 0.025 g/1 of 
copper, equivalent to about 0.05 per cent of the nickel content of 
the bath or to about 0.01 per cent of copper in the nickel sulfate. 

Fortunately, simple methods are now available for the removal 
of most harmful impurities in nickel baths.^ It is possible to 
remove iron and copper by increasing the pH of the solution. 
This treatment causes the salts of these metals to hydrolyze and to 
precipitate as hydroxides or basic salts at a lower pH than nickel 
hydroxide is precipitated. For this purpose it is desirable first to 
oxidize the dissolved iron to ferric salt, which hydrolyzes at a 
lower pH than does ferrous. Much of the harmful organic matter 
can also be removed in this treatment. Part of it may be directly 
oxidized, e.g., by hydrogen peroxide, and the balance may be 
removed by adsorption on the precipitated ferric hydroxide. 

It is also possible to remove copper, iron, lead, and zinc by elec¬ 
trolysis of the nickel bath under carefully controlled conditions. 
Because copper and lead are more noble than nickel, they deposit 
preferentially at a low current density. On the other hand, zinc 
and iron are deposited, along with some nickel, at relatively higher 
current densities. An ingenious arrangement has been described* 
in which a corrugated cathode is employed with a plane anode. 
Under these conditions, a lower current density exists in the 
hollows than on the ridges of the cathode. Hence the copper, lead, 
iron, and zinc are removed simultaneously, the copper and lead in 
the hollows and the zinc and iron on the ridges. By having such a 
cell in continuous operation while a portion of the plating bath is 
passed through it, it is possible to keep the concentrations of these 
impurities below harmful values. 

Since the bright-nickel baths usually contain desirable organic 
substances, it is not practicable to oxidize the deleterious organic 
impurities without attacking the desired addition agents. It is 
therefore customary to remove at intervals all organic matter by 
filtration through activated carbon, after which new additions of 
brighteners and wetting agents are made. 

Operating Conditions. The four important variables that can 
be controlled in the operation of a given nickel bath are pH, 
temperature, current density, and agitation. As these factors 
are mutually interdependent, and as their optimum values vary 
according to the type of bath and of deposit, it is not possible to 

‘ Dioqin, M. B., Monthly Rev. Am. EUctroplaters* Soc., vol. 33, p. 513, 1946. 
* Casb, B. C., Proc. Am. Electroplatera* Soc., p. 228, 1947. 
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specify preferred values for each factor. Instead, an effort will 
be made to indicate the directions of their effects upon the bath 
operation and character of the deposits. 

pff. In the early operation of relatively weak nickel baths at 
room temperature and low current densities, it was often stated 
that the baths should be neviral^ as judged, for example, by litmus 
paper. When pH control was first applied to nickel plating, it was 
found that most commercial nickel plating was then conducted at a 
pH of 5.0 to 6.0, even in the Watts bath, at relatively high tempera¬ 
tures and current densities. Subsequently it was reported^ that 
better results were obtained in the Watts-type bath by operating at 
a pH of 1.5 to 3.0. This so-called ‘iow pH bath^' has come into 
extensive use even though its cathode efficiency is low. In the 
development of bright-nickel plating it was found that an inter¬ 
mediate pH, e.g.j from 2.5 to 4.5, is usually advantageous. For a 
given bright bath, however, the pH should be maintained within 
about ±0.3 pH of the value found to be optimum for that 
bath. 

The choice of pH is governed by the type of bath and the 
desired properties of the deposit. In general in dull-nickel baths 
an increase in pH, especially above 5.0, leads to the production of 
harder deposits, probably as the result of more precipitation and 
inclusion of basic material at the still higher pH that then exists 
in the cathode film. Conversely, the low pH deposits are likely to 
be softer. To some extent this distinction is overcome by the fact 
that higher current densities are usually applied in low pH baths; 
hence the pH of the cathode* film approaches that in the high pH 
baths. 

The control of pH is best effected by balancing the conditions 
of operation so as to avoid large or rapid changes in pH. The 
principal cause of a change in pH is a difference in anode and 
cathode efficiency. By maintaining a large area of cZcan, high- 
purity nickel anodes and an adequate content of chloride in the 
bath, the anode efficiency is likely to be slightly greater than the 
cathode efficiency. Hence the pH tends to increase. This is 
usually a desirable trend, because the pH can then be adjusted at 
intervals by small additions of hydrochloric or sulfuric acid, which 
are more convenient to add than a basic material such as nickel 
carbonate. Another advantage of a slightly excessive anode 
efficiency is that thereby the solution tends to be self-sustaining ^ 

^ pHiLUPs, W. M., Trans, Am, Electrochem. Soc,f vol. 58, p. 387, 1930. * 
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i.e., the excess of dissolved nickel will at least partially counter¬ 
act the loss by drag out. Drag in of acid of alkali may also 
change the pH. 

Temperature, In general, it is possible to apply higher current 
densities in warm than in cold baths. This advantage of high 
temperature depends upon several factors, including (1) higher 
solubility of the nickel or other salts, (2) higher conductivity, (3) a 
reduced polarization at both the anode and cathode, and (4) an 
increased anode and cathode efficiency. Among the possible dis¬ 
advantages of a high temperature are (1) an increased tendency 
for hydrolysis and precipitation, especially of impurities such as 
iron and zinc that may then cause pitting, (2) a tendency to 
precipitate or coagulate brightening agents, (3) excessive evapora¬ 
tion, (4) production of passive deposits, and (5) lower throwing 
power. In practice, it is customary to use moderately high 
temperatures, usually from 40 to 50®C (104 to 140®F), but in 
special cases higher temperatures are employed. 

Current Density, The permissible current density is governed 
by the factors just discussed. At room temperature, especially 
in dilute baths, current densities of 5 to 20 amp/ft* (0.5 to 2 
amp/dm®) are employed. In stronger, warm baths current 
densities up to 60 amp/ft® (6 amp/dm*) can be used. Higher 
average current densities are possible in certain baths, especially 
on regular shapes, but on many articles the maximum current 
density is three or more times the average, and hence burning 
occurs unless a relatively low average current density is used. 

Agitation. The effect of agitation is the same as an increase 
in nickel concentration and in hydrogen-ion concentration {i.e., a 
decrease in pH) and hence permits higher current densities. In 
practice, the degree of agitation furnished in conveyor tanks is not 
sufficient to affect the permissible current density greatly and is 
chiefly Advantageous in yielding more uniform plating on different 
pieces and greater convenience in handling. One objection to 
rapid agitation of nickel baths is the stirring up of suspended 
particles and consequent roughness. The customary use of 
violent air agitation in nickel electrotyping baths is permissible, 
because some roughness on the bcxk of electrotype shells (the 
layer last deposited) is not objectionable, but it would be on 
electroplated coatings. Air agitation in nickel-plating baths is 
much more extensively used in England than in the United States. 
When frequent or continuous filtration of nickel-plating baths is 



374 ELECTROPLATING AND ELECTROFORMINQ 

applied, rapid * agitation can be employed without causing 
roughness. 

Ftoperties of Nickel Deposits. The physical properties of 
electrodeposited nickel are of special interest because there is a 
very wide range, in properties, control of which fosters special 
applications of nickel, in electroforming. While many data 
on these properties have been published and summarized,^ little 
information was previously reported on the effects of operating 
conditions on each property. A recent report^ summarized 
studies made by the American Electroplaters’ Society on dull- 
nickel deposits. These results lead to the following conclusions 
regarding the range of properties and the effects of operating 
conditions. 

Hardness, This varies in different nickel deposits from about 
130 to 430. In the Watts-type bath, a minimum hardness was 
obtained at a pH of 3, above and below which harder deposits were 
obtained. This minimum hardness is not observed in other nickel 
baths, e,g,j the all-chloride or all-sulfate bath. The hardest 
deposits are obtained at a high pH. 

At a pH of 3, a minimum hardness was obtained when the 
current density was*about 40 amp/ft^ (4 amp/dm^). 

Harder nickel deposits are obtained from an all-chloride bath 
or an acetate bath than from the Watts type. 

At a given pH and current density in the Watts bath an increase 
in temperature decreases the hardness. At a pH of 3 a minimum 
hardness was obtained at 55®C (131®F). 

Tensile Strength. In general, the tensile strength is about 
parallel to the hardness and ranges from 56,000 to 160,000 Ib/in.^ 
(3,900 to 11,000 kg/cm2). 

Ductility. The ductility, as measured by elongation, is roughly 
inversely proportional to the hardness and tensile strength. 

Electrical Resistivity. The electrical resistivity of deposited 
nickel is influenced by the content of inclusions such as oxide and 
also of cobalt. It shows a minimum at a pH of 3. 

Magnetic Properties. As previously reported, these may vary 
with the conditions of deposition. Hence it is necessary to anneal 
nickel coatings at 400®C (760®F) before measuring their thickness 
by their magnetic attraction (page 122). 

1 Brenner, A. and Jennings, C. W., Plating^ vol. 35, p. 52, 1948. 
* Brenner, A., and Jennings, C. W., Proc. Am. Electroplaiera* Soc., 

p. 31. 1948, and Plating^ vol. 35, pp. 1228 and 1234, 1949. 



GROUP 8, IRON, COBALT, NICKEL 376 

Strudure, Deposits from the Watts bath are usually columnar, 
while those from the all-chloride or all-sulfate are finer grained. 

Composition, Nickel deposits usually contain oxygen and 
hydrogen, probably present as basic nickel compounds such as 
Ni(OH)2. Chloride may be present in the deposits from all¬ 
chloride baths. These inclusions no doubt influence the hardness 
and tensile strength. 

Effect of Heat-treatment Heating of all nickel deposits, e.g,, to 
1000®C (1832®F), decreases their hardness, tensile strength, 
density, and electrical resistivity and increases their ductility. 

Nickel Anodes. The use of nickel baths containing chloride 
has practically eliminated the use of nickel anodes containing less 
than 99 per cent of nickel, such as were formerly employed. At 
present the principal types of nickel anodes are the rolled and the 
cast. In special cases, cathode sheets from nickel-refining baths 
have been used as anodes, as they are the purest and cheapest 
form of nickel. The principal objections to them are their low 
thickness, usually not over 0.25 in. (6 mm), which increases the 
amount of scrap nickel, and the presence of laminations, which may 
cause fine lacy particles to be detached and cause rough deposits. 

Most of the rolled nickel anodes are so-called ‘‘depolarized'^; 
t.e.,.they contain a small amount of nickel oxide, which probably 
assists their uniform corrosion. The low sulfur content must be 
closely controlled. The cast-nickel anodes and some types of 
rolled anodes contain a small amount of carbon, which facilitates 
their uniform casting and also aids in their corrosion. 

No commercial nickel anodes dissolve without leaving some 
insoluble residue, consisting chiefly of finely divided nickel, and 
nickel oxide, NiO, from the rolled anodes and of carbon from the 
cast anodes. In high pH baths some nickel peroxide, Ni02, may 
form on the anodes. It is necessary to prevent this residue from 
becoming suspended in the solution and being carried to the 
cathode, where it may cause rough deposits. The practical means 
of retaining the residue is by the use of anode bags. For most 
purposes these are made of a good grade of cotton cloth, which is 
not appreciably attacked by nickel-plating solutions. Care 
should be taken to remove any sizing material, such as dextrin, 
from the cloth, as it may introduce deleterious organic material 
into the nickel baths. In special cases other fabrics, such as glass 
cloth or a plastic cloth such as Vinyon, have been employed, but 
the cotton is usually preferred. One objection to the use of 
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anode bags is that they tend to retain the more concentrated 
solution which forms at the anode and thereby to increase anode 
polarization. 

If the anode bags are good filters, t.e., allow no insoluble ma¬ 
terial to pass through them, the rolled and cast anodes both yield 
good service. Practically, it is found that the residue of nickel 
oxide from the rolled anodes is somewhat finer and more easily 
detached than the carbon from the cast anodes. The carbon tends 
to form a fairly adherent, spongy coating on the cast anodes and to 
retain fine particles that might otherwise become detached. 

Deposition of Nickel on Different Basis Metals. Because nickel 
is most extensively applied to numerous basis metals, the cycles 
employed will be considered briefly in this section, even though 
they may also involve differences in preparation or'the deposition 
of a metal layer prior to the nickel or may be equally adaptable to 
plating of metals other than nickel. 

Plating on Steel, Nickel can be plated directly on steel or over 
a thin or a thick layer of copper. Because extensive corrosion 
tests and experience have shown that the copper layer exerts less 
protective value than an equal thickness of nickel, the present 
trend is toward the elimination of the copper. When a thin layer, 
e,g,f 0.0001 in. (0.0025 mm), of copper is applied, it is chiefly used 
as a step in the cleaning procedure and not because of any protec¬ 
tive value of the copper. When bright nickel is used, a relatively 
thick layer of either bright copper or dull copper, subsequently 
buffed, can be used to produce a smoother subsurface for the 
bright nickel. 

Typical steps in the preparation of steel for platirfg are referred 
to on page 219. 

Plating on Cast Iron, The possible advantages of a copper layer 
are illustrated by the fact that the best adhesion of nickel to cast 
iron is almost invariably obtained when at least a thin layer of 
copper is first applied. The difficulty of plating on cast iron is 
undoubtedly associated with the presence of free carbon or graphite 
in the iron. If this is firmly embedded, nickel does not deposit so 
readily upon the carbon or carbides as on the iron crystals. Copper 
from cyanide baths is more likely to deposit upon the carbon and in 
any crevices on the surface, than is nickel. If, in an effort to 
remove carbon from the surface, the latter is overpickled, a weak 
layer of metal may remain, which yields poor effective adhesion. 
Cathodic cleaning in molten caustic is sometimes effective; and 
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pickling in hydrofluoric acid may be helpful. At best, the 
adhesion of nickel to cast iron is not so good as to steel, since the 
intermediate copper layer, even if perfectly adherent, is usually 
weaker than the nickel and hence separation may occur within the 
copper layer. 

Plating on Copper and Brass. It is the most common practice 
to apply nickel directly to copper or brass, followed by the custom¬ 
ary thin coating of chromium. It has been conclusively shown 
that chromium coatings applied directly to brass furnish much less 
protection against corrosion than when a nickel layer is first 
applied. Occasionally a flash of copper is applied, especially to 
leaded brass, before nickel plating. 

Plating on Zinc and Zinc-base Die Castings. It has been shown 
in extensive tests that adherent coatings of nickel can be directly 
applied to zinc die castings by using a high-sulfate nickel bath,^ 
The principle of this bath is the addition of suflScient sodium 
sulfate (containing the common-ion sulfate) to reduce the nickel- 
ion activity and increase the cathode polarization. Thereby zinc 
is prevented from passing into solution and precipitating dark, 
spongy nickel. Exposure tests have shown that such nickel 
coatings furnish good protection against the corrosion of zinc. 
This high-sulfate nickel bath has excellent conductivity and 
throwing power and has hence been successfully used in the barrel 
plating of small brass articles. The deposits are semibright and 
somewhat brittle. 

In spite of the above facts, practically all nickel plating on zinc 
is preceded by a copper layer from a cyanide bath. This procedure 
is justified by the fact that on the customary irregular shapes 
plated, there is a tendency for zinc to pass into solution even in the 
high-sulfate nickel bath, at points of low current density. This 
behavior not only leads directly to dark deposits in those areas, but 
also contaminates the nickel bath with zinc, which leads to dark 
nickel deposits over the entire surface. The zinc does not tend to 
deposit copper at a significant rate from the cyanide bath, the 
throwing power of which is sufficiently good to ensure rapid, com¬ 
plete covering of the zinc with copper. The Rochelle salt bath 
(page 296) and certain bright copper baths may be used for this 
copper plating on zinc. 

A relatively thick layer of copper is required because there is a 
tendency, even at room temperature, for copper in contact with 

‘ Thompson, M. R., Trans, Am, Electrochem, Soc,, vol. 47, p. 163, 1925. 
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zinc to diffuse intb the zinc and to form a brittle alloy layer.^ The 
presence of a fairly thick copper layer, e.g,, at least 0.0003 in. 
(0.0075 min), ensures ^ excess of copper at the interface, which 
tends to counteract any brittle alloy layer. 

Plating on Aluminum, The most common practice involves the 
treatment of aluminum or its alloys with a sodium zincate dip, 
which may also contain copper and which produces a thin adherent 
coating of zinc, upon which copper from a cyanide bath is gener¬ 
ally deposited. Nickel and chromium can then be applied in the 
usual way. 

Recently is was found^ that very adherent deposits of zinc, 
cadmium, or tin may be produced on aluminum by immersing 
the latter in solutions containing hydrofluoric acid or fluorides. 
The latter exerts a solvent effect on the film of aluminum oxide 
normally present on aluminum or its ftlloys, just as does the free 
alkali normally present in the sodium zincate dip. 

It is also possible first to anodize aluminum, t.e., to treat it 
anodically in an appropriate bath so as to form an oxide film on 
the surface and then, after a suitable chemical treatment, to 
deposit a metal such as nickel. Such a process appears to con¬ 
tradict the usual criterion of a clean surface for plating. Studies 
have shown that some of the aluminum oxide layer remains under 
the plated coating. The latter obtains its adhesion to the basis 
metal through pores in the oxide coating.® Owing to the fact that 
both copper and nickel accelerate corrosion of any exposed 
aluminum, plated aluminum does not usually resist corrosion in 
severe industrial or marine atmospheres. 

Plating on Magnesium, Plating of nickel or other metals on 
magnesium or its alloys is rendered difficult by the high activity 
of magnesium and its consequent tendency to deposit nickel or 
other heavy metals by immersion. Owing to the large difference 
in solution potentials of magnesium and of the metals such as 
copper, nickel, or chromium that may be plated upon the 
magnesium, corrosion of the latter is greatly accelerated if there 
are any pores or discontinuities in the coatings. Consequently, 
plated magnesium is not now recommended for use under even mild 
conditions of exposure. Until it can be shown that nearly impervi¬ 
ous plated coatings can be produced and maintained on magnesium 
or its alloys, it is doubtful whether any proposed detailed cycles for 

^ Castbll, W. F., Tram, Electrochem, Soc,^ vol. 66, p. 427, 1934. 
* Heiman, S., Trans, Electrochem, Soe,^ vol. 95, p. !k)5, 1949. 

* Bengbtok, H., Trans, Electrochem, Soc,, vol. 88, p. ^7, 1945. 
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such plating warrant present industrial application. The prin- 
cipleS) without the details, of suggested methods will be discussed 
as a guide to further research. 

In a method suggested by Loose,^ the magnesium is cleaned in an 
alkaline bath, etched in a solution containing chromic acid, and 
then dipped into a solution containing hydrofluoric acid. A 
residual film of sparingly soluble magnesium fluoride retards deposi¬ 
tion of nickel by immersion. Plating is then conducted in a 
solution of the type of No. 5 (page 380) which contains free 
fluoboric acid. 

In another procedure suggested by Delong,^ the magnesium is 
cleaned, then pickled in phosphoric or acetic acid, cleaned anodically 
in trisodium phosphate, pickled in hydrochloric acid, and dipped 
in an alkaline zinc solution containing pyrophosphate and fluoride. 
Copper is then deposited from a Rochelle salt bath, and followed 
by nickel or other metals. 

Typical Nickel Baths. The following formulas represent the 
principal types used in nickel deposition. The exact concentra¬ 
tions and operating conditions may require modification for 
specific applications, but the values given may serve as a guide. 

1. Plain Nickel (Dilute, Cold Bath) 

N g/1 oz/gal 

Nickel sulfate, NiS04, 6HaO_ .... 0.9 120 16 

Ammonium chloride, NH4CI. .... 0.25 15 2 

Boric acid, HsBOa. ... 0.253f 15 2 

pH, 5.3 

Temperature, 20-30°C (68-86®F) 
Current density, 0.5-2 amp/dm* (5-20 amp/ft*) 

2. Watts-typb, Warm Bath 

N g/1 oz/gal 

Nickel sulfate, NiS04, 6HaO- .... 1.8 240 32 

Nickel chloride, NiCh, 6H2O- .... 0.4 45 6 

Boric acid, Ha BOa. .... 0.5il/ 30 4 

pH, for operation at a high pH, 4.5-5.5; low pH, 1.5-3.0 

Temperature, 43‘*C (110°F) 
Current density, 2-7 amp/dm* (20-65 ainp/ft*) 

3. Bright Nickel 

Typical Watts bath (No. 2) plus two or more types of addition 
agent and a wetting agent 

pH, 2.3-4.5 
Temperature and current density as in 2 

^ Loose, W. S., Trans. Electrochem. 8oc,, vol. 81, p. 213, 1942. 
* Delonq, H, K., Metal Finishing, vol. 46, p. 46, 1946. 
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4. Nickel PLAiiNO Directly on Zing or Barrel Plating on Brass 

(High-sulfate bath) 

N g/i oz/gal 
Nickel sulfate, NiS04, 6H2O. ... 0.5 70 9 

Ammonium chloride, NH4CI. ... 0.25 15 2 
Sodium sulfate, Na2S04. ... 1.0 160 22 
Boric acid, HsBOs. ... 0.25M 15 2 
pH, 5.5 
Temperature, 20-30®C (68-86®F) 
Current density, 1.5-3.0 amp/dm* (14-28 amp/ft*) 

5. Nickel Plating on Magnesium (page 379) 

N g/i oz/gal 
Nickel sulfate, NiS04*6Ha0. 0.45 60 8 

Boric acid, HsBOj. 0.56M 35 4.7 
Ammonium fluoride, NH4F. 0.57 65 8.7 
pH (adjusted with hydrofluoric acid), 5.5 
Temperature, 40®C (104®F) 
Current density, 10-30 amp/ft* (1-3 amp/dm*) 

6. Nickel Electrotyping 

N g/1 oz/gal 
Nickel sulfate, NiS04, 6H2O. , 0.5 70 9 

Ammonium chloride, NH4CI. 0.1 5 0.7 
pH, 6.0 for wax molds; 5.6 for lead molds 
Temperature, 20-30®C (68-86®F) 
Current density, 1-2 amp/dm* (10-20 amp/ft*) 

7. Nickel Plating on Stereotypes 

N g/l oz/gal 
Nickel chloride,.NiCla-OHaO. , 1.1 135 18 
Nickel acetate, Ni (CaHjOOi. 
pH, 4.6 
Temperature, 46®C (115®F) 

. 1.2 105 , 14 

Current density, 5 amp/dm* (47 amp/ft*) 

8. Bright Cobalt-nickel Bath 

N g/1 oz/g«l 
Nickel sulfate, NiS04-6H20. 1.8 240 32 
Nickel chloride, NiCl2-6H20. 0.38 45. 6 

Cobalt sulfate, CoS04*7H20. 0.11 15 2 

Boric acid, H1BO2. 0.5M 30 4 
Ammonium sulfate, (NH4)2S04. 0.04 2.5 0.3 
Nickel formate, Ni (CCX)H),. 0.67 50 6.7 

Formaldehyde, HCHO (40 per cent) 2.5 0.3 
pH, 4.5 
Temperature, 55®C (131®F) 
Current density, 3 amp/dm* (28 amp/ft*) 
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9. Hard Deposits, All-chloride Bath^ 

N g/1 oz/gal 
Nickel chloride, NiCl3‘6H20. 2.5 300 40 
Boric acid, HsBOa. 0.25M 30 4 
Temperature, 60®C (122®F) 
Current density, 5-10 amp/dm* (50-100 amp/ft*) 

10. High-speed Nickel B'th* 

N g/1 oz/gal 
Nickel sulfate, NiSOi-OHaO_ . 1.5 200 27 
Nickel chloride, NiCla’OHaO... . 1.5 175 23 
Boric acid, HsBOs. . 0.65M 40 5.3 
pH, 1.5 
Temperature, 46°C (113°F) 
Current density, 11 amp/dm* (100 amp/ft*) 

11. Wood’s Nickel Strike* 

N g/1 oz/gal 
Nickel chloride, NiCU-OHjO. 2 240 32 
Hydrochloric acid (sp gr 118). 125 (ml) 16 (fl oz) 
(Equivalent to HCl). 1.4 52 7 

1 Wesley, W. A., Monthly Rev, Am. Electroplaters^ Soc., vol. 33, p. 504, 
1946. 

* Pinner, W. L., Monthly Rev. Am. Electroplaters^ Soc., vol. 33, p. 506,1946. 
* Metal Ind. (N.Y.), vol. 36, p. 330, 1938. 



CHAPTER XXI 

GROUP 8: PLATINUM-GROUP METALS 

GENERAL CONSIDERATIONS 

The six metals ruthenium, rhodium, palladium, osmium, iridium, 
and platinum have many similar properties and are usually 
found together in their ores. A large part of their present pro¬ 
duction is obtained from Canadian nickel ores, chiefly from the 
residues from electrolytic nickel refining. While these six metals 
have certain similarities to iron, cobalt, and nickel, their valences 
and compounds are more complex. All these metals are relatively 
scarce and expensive, but at present palladium is the cheapest. 
While each of the m3tals has been deposited from aqueous solu¬ 
tions, only three, viz,^ rhodium, palladium, and platinum, have 
been used or suggested for commercial plating and hence warrant 
present consideration. 

In general, the platinum metals have high melting points and 
are relatively resistant to oxidation and to attack by most acids. 
Most of their commercial uses depend upon these properties, e.gf., 
the extensive use of platinum for crucibles, vessels, and electrodes 
in chemical and electrochemical processes. If it were possible to 
produce relatively thin but completely impervious coatings of 
platinum upon common metals such as steel, copper, or nickel, 
plated laboratory vessels might replace much of the solid platinum. 
A few unpublished tests by W. E. Bailey at the National Bureau 
of Standards showed that the usual thin decorative platinum 
coatings contain fine cracks (similar to those in chromium) and are* 
very porous. While it may be possible by further investigations 
to reduce this porosity, the production of platinum plated vessels 
is not now promising. 

The extensive use of rhodium plating on reflectors depends 
upon the resistance of the rhodium to tarnish, even at the fairly 
high temperatures produced in powerful searchlights.^ Although 
the reflectivity of rhodium (page 429) is less than 80 per cent, as 

' Kushner, J. B., Metals and Alloys^ vol. 11, p. 137, 1940. Anon., MeUd 
Finishmfff vol. 38, p. 532, 1940. 

382 
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compared with 95 per cent for silver, the rhodium surface will 
maintain a high reflectivity over longer periods. 

The proposed use of rhodium plating over silverware to protect 
it against tarnish has not been very successful, although it is used 
on silver-plated glass and china. Even though electrodeposited 
rhodium is relatively hard (over 500 Brinell), the very thin coating 
(a few millionths of an inch) that is permitted by the high cost of 
rhodium is easily penetrated by scratches, through which tarnish 
of the silver may take place. One reason the rhodium was pro¬ 
posed for this purpose is that its color is white and more nearly 
resembles silver than does the color of platinum or palladium. 

In former years platinum plating was applied to jewelry, includ¬ 
ing white gold, but at present rhodium plating is more extensively 
used when a white tarnish-resistant surface is desired. 

Because it is relatively cheap, palladium plating has been 
proposed and has found some applications on jewelry and as a 
preliminary coating before rhodium plating. Its color is not so 
white as that of rhodium. Palladium and rhodium have relatively 
low specific gravities (12.16 and 12.41) as compared with 21.44 for 
platinum. Hence a given thickness of one of the former metals 
corresponds to only about 60 per cent of the weight of that same 
thickness of platinum. As, however, palladium is not so hard or 
so resistant to tarnish or chemical attack as are platinum and 
rhodium, it is not a satisfactory substitute for those metals. 

An excellent review of platinum plating, with some references to 
rhodium and palladium, was presented by R. H. Atkinson^ to the 
First International Electrodeposition Conference. A more recent 
summary was published by K. Schumpelt.^ 

The present methods of plating may be summarized as follows: 

PLATINUM DEPOSITION 

The best known and most used bath for platinum plating is 
based on solutions described in 1855 by Roseleur. The following 
formulas are typical, although the exact proportions used may 
vary widely: 

1. N g/1 
Chloroplatinic acid, H2PtCl(i-6HsO... 0.1 13 32 dwt/gal 
(Equivalent to platinum, Pt^'^). 0.1 5 12 dwt/gal 
Ammonium phosphate, (NH4)2HP04. 1.0 45 6 oz/gal 
Sodium phosphate, Na8HP04*12Ht0.. 2.0 240 32 oz/gal 

’ J, Electrodepositora* Tech, Soc.y vol. 13, paper 25, 1937. 
* Tram, Electrockem, 8oc., vol, 80, p. 489, 1941. 
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2. 
Chloroplatinic acid, HsPtCle*6HtO... 
(Equivalent to platinum, Pt^^). 
Ammonium phosphate, ■(NH4)2HP04. 
Boric acid, HsBOs. 

N g/1 
0.08 10.5 27 dwt/gal 
0.08 4 10 dwt/gal 
1.0 45 6 oz/gal 
0.25 15 2 oz/gal 

To prepare either solution, the three compounds are dissolved 
in water separately. The ammonium phosphate is then added to 
the chloroplatinic acid. This produces a yellow precipitate of 
ammonium chloroplatinate, (NH4)2PtCl6. Without filtering this 
solution, the sodium phosphate (or boric acid) is added, and the 
mixture is boiled gently for a few hours, i.e., until the odor of 
ammonia can no longer be detected and the solution acquires a 
pale lemon-yellow color. 

The resultant solution contains the platinum in the platinic 
state (Pt^^), in the form of an ammino compound. It is used 
with platinum anodes at a temperature of about 70°C (158®F) and 
a current density of 0.2 to 0.5 amp/dm^ (2 to 5 amp/ft^). As the 
platinum anodes are insoluble, it is necessary to replenish the 
solution by the addition of chloroplatinic acid or ammonium 
chloroplatinate. This will result in an objectionable accumulation 
of chlorides in the bath. 

An alkaline platinum bath, also based on early publications, 
was described by E. C. Davies and A. R. Powell,^ who recommend 
the following formula: 

3. Platinatb Bath 

N g/l 
Sodium hexahydroxyplatinate, Na2Pt(0H)6*2H20. . 0.2 18.5 45 dwt/gal 
(Equivalent to platinum, Pt^'^)... . 0.2 10 25 dwt/gal 
Sodium hydroxide, NaOH. 0.13 5' 0.7 oz/gal 
Sodium oxalate, Na«C204. 0.08 5 0.7 oz/gal 
Sodium sulfate, Na2S04. 0.4 30 4 oz/gal 

To prepare this solution, the platinum salt (made by boiling a 
mixture of sodium chloroplatinate and sodium hydroxide, cooling, 
and adding ethyl alcohol) is dissolved in hot water, and the other 
three compounds are separately dissolved and added. The bath 
is operated at 65 to 80®C (149 to 176®F) and a current density of 

about 0.8 amp/dm* (7.5 amp/ft*). Anodes of platinum or of 
copper heavily plated with platinum are used. The bath is 
replenished by additions of the platinum salt and sodium hydrox¬ 

ide. Sodium carbonate is likely to accumulate in the bath, as a 
result of absorption of carbon dioxide. 

^ J, Eledrodeponiors^ Tech, 8oc,f vol. 13, paper 26, 1987. 
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A third type of bath, in which there is no accumulation of 
salts, was described by W. Keitel and H. E. Zschiegner.* The 
platinum is added in the form of diammino platinous nitrite, 
Pt(NH»)*(NOs)2. Their recommended formula is as follows: 

4. Amminonitrite Bath 

N g/1 
Diamminoplatinous nitrite. ... 0.1 16 40 dwt/gal 
(Equivalent to platinum”). ... 0.1 10 25 dwt/gal 
Ammonium nitrate, NH4NOt.... ... 1.25 100 13 oz/gal 
Sodium nitrite, NaNOj. ... 0.15 10 1.3 oz/gal 
Ammonium hydroxide, NH40H(sp gr 90). ... 50(ml) 6.5 fl oz/gal 

This bath is operated with platinum anodes at a temperature of 
95®C (203®F) and a current density of 20 amp/dm* (186 amp/ft^) 
for 15-sec flash coatings or of 7 amp/dm® (65 amp/ft®) for thicker 
coatings. Although the platinum in this bath has a valence of II, 
the cathode efficiency is low (about 10 per cent) and indefinite, 
hence it is hard to predict the time necessary to deposit a given 
thickness of platinum. 

A more recently proposed bath^ is a combination of the phos¬ 
phate and amminonitrite, with the following composition: 

6. Phosphate + Ammonio-nitrite Bath 

Sodium phosphate, Na2HP04*12H20... 
N 

. 0.83 
g/1 

100 13.4 oz/gal 
Ammonium phosphate, (NH4)2HP04.. . 0.45 20 2.7 oz/gal 
Diamminoplatinous nitrite. . 0.04 6.5 16 dwt/gal 
(Equivalent to platinum, Pt”). . 0.04 4 10 dwt/gal 

This bath is operated similarly to bath 4. 

PALLADIUM DEPOSITION 

In an extensive review of palladium deposition, R. H. Atkinson 
and A. R. Raper® recommend two processes, in the first of which 
soluble palladium anodes are used. In the second process 
platinum anodes are used and the anode and cathode compart¬ 

ments are separated by a diaphragm. 
In the soluble anode process the bath contains sodium palladous 

nitrite, NaaPd(N02)4, equivalent to 10 g/1 (25 dwt/gal) of metallic 
palladium and 30 g/1 (4 oz/gal) of sodium chloride, NaCL It is 

/ Trans, Electrochem, Soc.j vol. 59, p. 273, 1931. 
* Private communication from K. Schumpelt. 

Eledrodepositors' Tech. 8oc., vol. 8, paper 10, 1933. 
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operated at a pH of 8 at 40 to 50®C (104 to 122®F) and a current 
density of 0.1 amp/dm* (1 amp/ft*). With palladium anodes, the 
anode and cathode efficiencies are nearly 100 per cent and no 
replenishment is required except to replace drag out. 

In another bath of this type ^ the following formula is used: 

N g/1 
Sodium phosphate, NasHP04*12H20... . 0.83 100 13.4 oz/gal 
Ammonium phosphate, (NH4)2HP04... . 0.45 20 2.7 oz/gal 
Sodium chloropalladite, NasPdCU. 
or Palladium diamminnonitrite, 

. 0.08 12 1.5 dwt/gal 

Pd(NH,),(NO,),. . 0.08 9 1.1 dwt/gal 
(Equivalent to palladium, Pd“). . 0.08 4 10 dwt/gal 

The constituents are dissolved, and the solution is boiled till 
the dark red color changes to a light yellow, which indicates the 
formation of an ammino palladous compound. It is operated at 
2 to 4 amp/ft* (0.2 to 0.4 amp/dm^) at somewhat above room 
temperature. 

The diaphragm in the process of Atkinson and Raper is made of 
porous clay tiles of low resistance. The solution in the cathode 
compaitment contains 40 g/1 of palladosammine chloride, 
Pd(NH3)2Cl2; 35 ml/1 of ammonium hydroxide, NH4OH (sp gr 
0.88); and 10 g/1 of ammonium chloride, HN4CI. The anode 
solution contains 10 g/1 of ammonium carbonate, (NH4)2C03; 
20 g/1 of ammonium sulfate, (NH4)2S04; and 50 ml/1 of ammonium 
hydroxide (sp gr 0.88). The bath can be operated over a wide 
range of • temperature. For example, at 20®C (68®F) a current 
density of 0.5 amp/dm^ (5 amp/ft^) is used, and at 70®C (158®F) 
a current density of 2 amp/dm^ (20 amp/ft*). This process is 
recommended for thick deposits of palladium. 

Palladium can be stripped from silver by making it anodic in 
a solution containing 100 g/1 of sodium chloride and 3.6 g/1 of 
hydrochloric acid. 

RHODIUM DEPOSITION 

The principal baths used for rhodium plating consist of rhodium 

sulfate, Rh2(S04)8, or rhodium phosphate, RhP04, with an excess 
of sulfuric or phosphoric acid.* While the solution is simple, it is 

' Private communication from K. Schumpelt. 
* Fink, C. G., and Lambros, G. C., Trans. Electrochsm. 80c., vol. 63, 

p. 181,1933. Atkinson, R. H., and Raper, A. R., J. ElectrodeposUort^ Tech. 
Soc., vol. 9, p. 77, 1933. Weisbero, M., Metal Finishing^ vol. 38, pp. 687, 
647, 1940, and vol 39, p. 16, 1941. 
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not easy to prepare, because it is difficult to dissolve metallic 
rhodium or to prepare pure soluble rhodium compounds. A 
detailed method for making the rhodium-plating solution, starting 

with the fusion of metallic rhodium with lead, is described by 
L. Ciimamon.^ 

The present rhodium baths contain from 1 to 2 g/1 of rhodium, 

introduced as the sulfate or phosphate, and from 20 to 40 g/1 of 
sulfuric acid or phosphoric acid. Both sulfuric and phosphoric 
acids may be present. The baths are usually operated at room 
temperature, 20 to 25*’C (70 to 80“F), and with a current density 

of about 7 amp/dm* (65 amp/ft*). The cathode efficiency is 
generally less than 10 per cent, especially in the range for bright 

deposits. The efficiency increases as the temperature is raised, the 

metal content is increased, or the acidity is decreased. 
Because these acid solutions attack many basis metals (which 

also precipitate spongy rhodium), it is advisable to deposit the 

rhodium over nickel, silver, or gold. Nickel is usually preferred 
as the undercoat on reflectors. 

Because rhodium is insoluble in all acids, it is very difficult to 
strip defective coatings. One method is to use an acid that will 

dissolve the underlying metal through pores in the rhodium, which 
then later flakes off. It was reported by R. H. Atkinson® that 
rhodium and also platinum can be dissolved from silver by 
immersion in a fused mixture of sodium and potassium cyanide. 
This stripping action can be accelerated by making the article 

anodic in the fused bath. 

‘ Proc. Am. Electroplaiers’ Soc., vol. 25, p. 206, 1937. 
* J, Electrodepositors’ Tech. Soc., vol. 13, paper 25, 1937. 



CHAPTER XXII 

ALLOY DEPOSITION 

GENERAL PRINCIPLES 

In this chapter an effort will be made to explain as simply as 
possible the known principles of alloy deposition and to illustrate 
them by more detailed data regarding a few important applications 
of alloy plating. Because brass plating is by far the most extensive 
industrial application of alloy deposition, particular consideration 
will be given to it. For convenience, many references to alloy 
deposition have been included in other chapters, e.g., tungsten 
alio3rs under tungsten deposition (page 349) and nickel-cobalt 
alloys under nickel (page 368). 

In spite of an enormous literature on alloy deposition, admirably 
assembled by C. L. Faust,^ there are comparatively few present 
commercial uses of alloy deposits. One important but often over¬ 
looked factor is that the industrial deposition of an alloy must be 
justified by some significant advantages, since, in general, the 
control of alloy deposition is more involved and troublesome than 
that of single metals. It is possible that the introduction of a 
second metal into the bath and hence into the deposit may be 
advantageous by (1) improving the bath operation or (2) changing 
one or more properties of the deposit, such as color, luster, hard¬ 
ness, ductility, and resistance to corrosion, e.g., at high tempera¬ 
tures. 

The study of the effects of impurities in plating baths has shown 
that small concentrations of certain metals may have significant 
effects on the deposition of other metals, with which they may or 
may not codeposit. There is no sharp distinction between the 
effects of large and of small metallic additions to a deposit. For 
convenience, however, the term alloy deposition will here be used to 
refer especially to those deposits which contain more than 1 per 
cent of the minor metal. Any deposits consisting of two or more 
metals that are so finely divided that they cannot be distinguished 

' Trans, Electrochem, Soc,, vol. 78, p. 383, 1940. 
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with the unaided eye will be considered as alloys, regardless of the 
metallurgical form in which the metals may be present. Most of 
the discussion will be confined to alloys of two metals, i.e., to 
binary, or bimetallic, systems, because their deposition is better 
understood and they are more likely to be applied commercially. 
The difficulties of controlling a trimetallic bath are usually greater 
than those of a bimetallic bath. 

While the major factors that influence the codeposition of two 
metals have been fairly well defined,^ there have been few quanti¬ 
tative applications of these principles to known systems of alloy 
deposition, much less to new or unknown systems as a guide or 
basis of prediction. Virtually all alloy plating that is conducted 
commercially, especially brass plating, is based on empirical study 
and experience and not upon any far-reaching predictions derived 
from theoretical considerations. 

The principal factors that determine if two metals can be 
codeposited from an aqueous solution and the ratio of the metals 
in the resultant deposit produced at any given temperature and 
current density are as follows: (1) the static or equilibrium poten¬ 
tial of each metal in that type of bath; (2) the cathode polarization 
of each metal in the presence of the other, i,e., the cathode polariza¬ 
tion existing during codeposition; (3) the concentration of each 
metal and of its ions in the solution used and especially in the 
cathode film; (4) the solution potential, i.e., the dissolving tend¬ 
ency of the alloy deposit that is or may be formed; (5) the hydro¬ 
gen overvoltage on the resultant cathode alloy surface. In 
addition, the results will be influenced by the effects of temperature 
and current density upon each of the above properties. Even 
though the direction of the effect of each single variable can often 
be predicted, it is not yet possible to estimate the magnitude of 
such changes, especially if two or more conditions are simulta¬ 
neously varied. This brief outline indicates the complexity and 
difficulty of making an exhaustive study of any single alloy¬ 
plating system. The importance and relation of each of the above 

factors will now be considered. 
Equilibrium Potentials. Consideration of the electromotive 

series (page 44 and Table 10, Appendix) shows that in solutions 
of equivalent ion activities, e.g., in simple salt solutions, the normal 
potentials of but few of the metals are very close together. It is 
obvious that, if the standard potentials of two metals, e.g., zinc 

^ Faust, C. L., Trans, Electrochem, Soc,, vol. 80, p. 301, 1941. 
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and copper, vary widely, in this case by 1.10 volts, i.e., from—0.76 
to +0.34 volts, it is so much easier to deposit copper than zinc 
that it is very unlikely that the two metals will deposit simulta¬ 
neously from simple solutions, e.^., the sulfates. If on the other 
hand the standard potentials of two metals are close together, e,g,y 
tin (—0.14 volt) and lead (—0.12 volt), it is about as easy to 
deposit one as the other, and hence from a simple bath such as the 
fluoborate, alloys of lead and tin can be readily deposited (page 
410). 

These same relations would still hold if the zinc and copper were 
present in a complex salt solution in which the ratio of the two 
metal-ion activities was about the same as in the simple solutions. 
The formation of complex salts and ions of any metal always 
results in a decrease in the metal-ion activity. Fortunately, from 
the standpoint of alloy deposition, the relative change in ion 
activity by the formation of complexes of a given type is usually 
different for two metals. For example, in the formation of com¬ 
plex cyanide solutions from which brass is deposited, the static 
potential of copper becomes so much more negative with respect 
to its standard potential than does that of zinc that the two poten¬ 
tials approach each other and may even be reversed. In the latter 
case it would be possible to cause zinc to deposit chemically upon 
immersed copper, just the opposite of what happens in a sulfate 
bath. These relations may be illustrated by hypothetical potential 
values for cyanide solutions of copper and zinc. 

Suppose that with appropriate concentrations of copper, zinc, 
and cyanide, the equilibrium potentials of the two metals were 
each made equal to —1.00 volt. In that case, the potential of 
copper^ would have been reduced from +0.18 to —1.00 volt, 
i.e., a total of 1.18 volts, corresponding to a reduction in cuprous 
ion activity of 1.18 volt/0.058 volt = 10“*W. The potential of 
the zinc wpuld have been changed from —0.76 to —1.00 or 0.24 
volt, which corresponds to a change in zinc-ion activity of 
0.24 volt/0.029 volt = 10“W. As far as equilibrium potentials 
are concerned, it is just as easy to deposit copper as zinc from such 
a hypothetical solution. If, e.g., by addition of more cyanide, the 
equilibrium potential of the copper in such a bath became more 
negative than that of zinc, it would be easier initially to deposit 
zinc than copper. 

^ In cyanide solutions copper is in the cuprous state, Cu^. The standard 
potentii^ of a copper-cuprous ion electrode is about +0.18 volt instead of 
+0.34 volt, the value for cupric copper. 
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These principles illustrate the reasons for the frequent use of 
complex salt solutions for the deposition of alloys. It should be 
emphasized that it is not necessary to make the static potentials of 
the two metals exactly equal in the complex solution, much less 
to reverse their normal order. It is necessary that, for example, 
by complex ion formation, the static potentials of the two metals 
become close enough to each other that with a reasonable ratio 
of the two metal-salt concentrations (e.g., a ratio not greater than 
10 to 1) it is possible to deposit both of the metals at some con¬ 
venient current density. 

Cathode polarization. If a system were devised in which two 
metals had equilibrium potentials close enough to each other, 
initial simultaneous deposition would occur in some ratio, fixed 
only by the concentrations of the two metals and hence of their 
ions in that bath. If there were no cathode polarization of 
deposition of either metal, then the two metals would deposit in 
this same ratio at all current densities. These conditions are 
never approached in any actual alloy systems, because, in general, 
the cathode polarization curves of any metals in their complex 
salts have appreciable slopes; i.c., the polarization increases with 
an increase in current density. 

At least three types of systems may exist as a result of these 
differences in the respective cathode polarization curves of two 
metals in a given type of bath, as represented diagrammatically in 
Fig. 53, in each of which, for simplicity, the equilibrium potentials 
of the two hypothetical metals A and B are given the same values 
of c//, which for illustration may differ by only 0.2 volt. In this 
particular illustration, metal B is initially more noble, i.c., more 
positive, than metal A. 

Case (a) of Fig. 53 illustrates the condition in which the cathode 
polarization of metal B is so much less than that of metal A that 
there is no potential at which the two polarization curves overlap. 
In that case, in the light of the factors thus far considered, the 
codeposition of A and B is impractical. 

Case (6) represents polarization curves for the two metals that 
are nearly parallel. At any cathode potential up to A, only metal 
B is deposited. When potential A is reached, metal A starts to 
deposit, and as the cathode potential and lesultant current density 
are increased, the proportion of metal B in the deposit, which is 

. equal to the ratio of the two ordinates for the respective current 
densities of A and £ at a given potential, decreases. In such a 
system the content of metal B in the deposit is always greater 



392 ELECTROPLATINO AND ELECTROFORMINO 

than that of A but approaches equality (i.e., 50 per cent of each) 
as the potential and current density are increased. 

In Case (e), the polarization of metal B is greater than that of 
A; hence at potentials beyond the intersection of the two curves 
the proportion of. 15 increases. 

In the above, oversimplified explanation, it was assumed that 
the deposition of one metal was not infiuenced by that of the other 

(a) 

B A 
POTCNTIAL. th 

§ 

(c) 

i 
^ BA 

POTCNTIAUfh 

Fio. 53. Pbssible types of polarisation curves in alloy deposition. Case (a), the 
curves for the two metals do not overlap. Case (6), the two curves overlap. 
Case (c), the two curves cross. 

and that the behavior of the bivalent system could therefore be 
predicted from that of the separate metals. It is not possible to 
measure directly the current density and cathode potential of each 
separate metal during their codeposition. It is possible, however, 
to make a current density-potential curve for the alloy deposition 
and to analyze the depoent produced at each current density. 
Frmn these data it is possible to determine the proportion of the 
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current that is used in the deposition of each metal and to plot 
corresponding separate polarization curves for each. . 

If in a given system such curves agreed closely with those based 
on measurements with the separate metals, each in a corresponding 
solution containing only the salt of that metal, the above simple 
predictions would be verified. In the few studies in which such 
comparisons have been made, it has been found that the metal 
ratios in the deposit may vary widely from those predicted from 
the separate cathode polarization curves. Such discrepancies 
may result from abnormalities in either the solution or the 
deposit. 

Two separate cyanide solutions of copper and zinc in which the 
static potentials of copper and zinc are each —1.00 volt may 
contain quite different ratios of free and combined cyanide. If 
these two solutions are mixed, the resultant ratio of free and com¬ 
bined cyanide may change the actual and relative potentials of 
copper and zinc in the mixed solution. In consequence, the 
separate polarization curves of the two metals in the mixed solu¬ 
tion (if they could be measured) would then be different from those 
obtained in the separate solutions. 

The Deposition Potential of the Resultant Alloy. These 
considerations assume that, when codeposited, each metal acts as 
if the other were not present. This condition can exist only if the 
resultant alloy is a mechanical mixture, however finely divided, of 
the two metals. If the deposit is a true alloy, its solution pressure 
and hence the minimum potential at which it can be deposited are 
different from that of either of the separate metals. Because the 
structure of alloys determines both their cathodic and anodic 
behavior, the principal types of alloys will be briefly discussed. 

Mixtures. As indicated above, it is possible for two metals to 
be intimately mixed and still preserve their original properties. 
If such an alloy is made anodic, the less noble of the two metals, 
e.g.f A, will dissolve at the potential characteristic of that metal 
and will continue to dissolve at that same potential until the 
residue of more noble metal B so completely envelopes it that 
further solution of A is retarded or prevented. This condition is 
represented by curve I in Fig. 64. The term atomic per cent used 
in Fig. 54 refers to the ratio of the number of atoms of the metal 
and not to the proportions by weight. For example, a tin-lead 
alloy with 50 atomic per cent of each metal contains an equal 
number of atoms of each, hence 119 parts of tin and 207 parts of 
lead by weight. The per cent hy weight of each metal in this alloy 
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would be 119/(119 + 207) = 119/326 = 36 per cent of tin and 
64 per cent of lead. The use of atomic per cents in such diagrams 
instead of weight per cents serves to point out the existence cf 
ihtermetallic compounds (see below). In depositing two metals 

Fig. 54. Eciuiiibrium potentials of different types of alloys. Curve I, metals A 
and B form no compounds or solid solutions. Curve II, metals A and B form solid 
solutions in all proportions. Curve III, metals A and B form two solid solutions, 
each with a limited range. Curve IV, the two metals form a definite compound 
AtB%. Curve V, the two metals form a compound AB, which forms solid solutions 
with B, {According to Allmand and Ellingham, Applied Electrochemistry,"' 
!Bd ed., Edward Arnold A Co,, London, l))24.) 

from a system represented by Curve I the behavior could probably 
be predicted from the separate polarization curves. 

Solid SoliUions.^ Many binary alloys consist of a solution of pne 
metal in the other, similar to ordinary solutions, except that the 
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resultant alloy is solid at ordinary temperature. When such 
alloys are made anodic, the minimum dissolving potential becomes 
more noble as the concentration of the more noble metal B 
increases, as in Curve II of Fig. 64. Conversely it requires a less 
negative potential to deposit alloys with higher contents of B, 
Certain alloys may contain two different solid solutions, as in 
Curve III of Fig. 54, e.g., a solution of A in B in one part of the 
system and of B in A in the other part. 

Intermetallic Compounds. Some alloys consist of or contain 
definite compounds of the two metals, which behave electro- 
chemically as a single metal. Thus in Curve IV of Fig. 64, the 
alloy contains a compound of A and B, represented by the formula 
A2B8, i.e., containing 40 atomic per cent of A and 60 atomic per 
cent of B. If more than 40 per cent of A is present, A forms a 
separate constituent, and if more than 60 per cent of B is present, 
pure B is mixed with the compound. The important point is that 
such an alloy dissolves (and therefore may deposit) as if it were 
either a single substance (the compound), or a mixture of one 
metal and the compound. 

Such data as are depicted in Fig. 54 represent the equilibrium 
potentials of these alloys and do not necessarily show what 
potentials are involved in their deposition. They do, however, 
indicate the minimum equilibrium potentials at which a given 
alloy will deposit. Just as with single metal deposition, the 
polarization is more important than the equilibrium potentials. 

Experience has shown that the codeposition of two metals may 
take place along polarization curves that are (1) intermediate 
between those for the separate metals or (2) more negative than 
either of the metals. The third possibility, i.e., depositing two 
metals at less negative potentials than either one alone, has not 
been reported and is highly improbable. 

The deposition of an alloy at a potential less negative than that 
required for the less noble metal alone represents “depolarization'^ 
of the deposition of the latter metal. For this to occur it is neces¬ 
sary that the resultant alloy consist of a solid solution or a com¬ 
pound from which the less noble metal dissolves less readily than 
when alone. It is well known that metallic sodium cannot be 
deposited from an aqueous solution upon a solid cathode but it can 
be deposited upon a mercury cathode, with which it forms an alloy 
ealled an amalgam. If salts of both mercury and sodium are 
present in an aqueous solution, an alloy of the two metals, i.c., 
sodium amalgam, can be deposited. The sodium in this alloy 
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reacts much less rapidly with water than does pure sodium, and 
hence it is easier to deposit the alloy than pure sodium. There 
are many systems from which an alloy can be plated that contains 
a metal which cannot be separately deposited. Notable recent 
examples are the codeposition of molybdenum or tungsten with 
iron, cobalt, or nickel (page 349). Because no data are avail¬ 
able on the.standard potentials of molybdenum or tungsten, it 
is not now possible to state whether these alloy deposits represent 
simple effects of depolarization or other factors such as hydrogen 
overvoltage are responsible (see below). 

It is even more difficult to explain the deposition of alloys at 
potentials more negative than the polarization curves of either of 
the separate metals. Such a behavior indicates a retardation of 
the deposition, especially of the more noble metals. This cannot 
be accounted for by the equilibrium potentials of the alloys, which 
are never more negative than the potential of the less negative 
metals. .The excessive chemical polarization (page 46) in such 
alloy deposition may be related to the form and behavior of the 
complex ions present. 

Hydrogen Overvoltage. Alloy deposition is still further compli¬ 
cated by the fact that in every aqueous solution there are hydro¬ 
gen ions, any discharge of which reduces the cathode efficiency of 
metal deposition. In a strict sense every plating bath of a single 
metal is an alloy bath, since both metal and hydrogen may be dis- 
chaiiged and the hydrogen may dissolve in or form compounds with 
the metal deposited. These same possibilities exist in a solution 
containing two metals, from which both metals and also hydrogen 
may be deposited. 

As previously explained (page 53), the proportions in which 
hydrogen and a metal are discharged from a given bath depend 
upon (1) the respective ion activities of hydrogen and of the metal 
in that solution and (2) the respective polarization curves for 
discharge of metal and of hydrogen on that metal surface. For 
example, zinc may be deposited at high cathode efficiencies from 
low pH baths because hydrogen has a high overvoltage on zinc and 
hence is not evolved rapidly at the potential at which zinc is 
deposited. 

In the presence of two metals that may be codeposited, the 
hydrogen overvoltage on the resultant alloy may be different from 
that on either of the constituent metals. There are indications, 
but not conclusive evidence, that the failure to deposit cei^ain 
metals such as tungsten and molybdenum in a pure state from 
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aqueous solutions is caused partly by the low overvoltage of 
hydrogen on such metals and the resultant low or zero cathode 
efficiency. Conversely, if the hydrogen overvoltage on an alloy, 
e,g., of tungsten and cobalt, is relatively high, it may then he 
possible to deposit such an alloy. The situation is still further 
complicated by the effect of surface finish on the hydrogen over¬ 
voltage. If the initial deposit of a metal or alloy is rough or 
spongy, the hydrogen overvoltage and the metal cathode effi¬ 
ciency are decreased. In the absence of data on the relative 
hydrogen overvoltages on any given two metals or on their 
deposited alloy, no quantitative predictions of effects of such 
variables as pH can be made for a given alloy system. 

Effects of Operating Conditions. Metal Concentrations. In 
general, an increase in the ratio B/A of metal concentrations in 
the bath increases the proportion of B in the deposit but not 
proportionally. This metal ratio in the solution is especially 
important, and it is difficult to control if, even in the complex 
bath used, one metal is still much nobler than the other. For 
example, in a cyanide bath containing silver and cadmium, the 
silver is still the more noble, so that the ratio of Ag/Cd in the 
solution must be made much smaller than the ratio desired in the 
deposit. If, for example, a nontarnishing alloy with 90 per cent of 
silver and 10 per cent of cadmium is desired, the bath' must contain 
relatively more cadmium, e.g.y 60 per cent of cadmium and 40 per 
cent of silver. It is very important to note that there is no simple 
relation between the ratio of two metals in a bath and in a deposit 
produced from that bath under any specified conditions. The 
actual ratios must be determined by experiment. It is unusual 
and purely coincidental for an alloy deposit to be obtained with 
the same ratio of metals in the deposit as in the solution. The 
actual concentrations of each metal in the bath are less important 
than their ratio. In general, just as with single metals, an 
increased metal concentration permits the use of higher current 
densities. 

Concentration of Complexing Constituent. As previously men¬ 
tioned, alloy deposition is usually made possible by the formation 
of complex metal salts and ions, in which the equilibrium poten¬ 
tials of the two metals are closer together than in their simple salt 
solutions. When this procedure is used, the complex-forming 
addition decreases the ion activity of the more noble metal to a 
greater extent than of the less noble metal. Hence, in general, 
further addition of. the complexing reagent makes it relatively 
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easier to deposit the less noble metal and therefore increases its pro¬ 
portion in the deposit. For example, an increase in the free 
cyanide content of a l>rass bath usually increases the proportion 
of sine in the brass deposit. 

Currerd Density, In geneml, raising the current density 
increases the proportion of the less noble metal in the deposit. For 
example, an increase in current density in a brass bath increases the 
proportion of zinc in the deposit. This relation exists if the 
respective polarization curves of the two metals during codeposi¬ 
tion are similar to those in Fig. 53 (2). If, however, the two curves 
should cross each other as in Fig. 53 (3), an increase in current 
density will first increase the proportion of the less noble metal A 
but beyond the intersection an increase in current density will 
have the reverse effect. In general, the composition of an alloy 
deposit will vary on different parts of an irregularly shaped 
article, because of the variations in current density. 

Temperature, The effect of an increase in temperature upon 
the codeposition from a given bath will depend upon such factors 
as its effects on (1) the two polarization curves, (2) the respective 
cathode efficiencies, and (3) the tendency of the two metals to form 
an alloy. In general, a rise in temperature aids the deposition of 
the more noble metal; e,g,j it increases the proportion of copper in a 
brass deposit. 

Addition Agents, Any substances that are used to produce 
brighter, smoother, or more dense alloy deposits may change the 
ratio of metals in the deposit if they affect the factors discussed 
above. If they form or assist in forming complex ions, their effects 
will be similar to those of other complex-forming additions. 

Anodes for Alloy Deposition. In alloy deposition it is usually 
necessary for the anodes to perform the functions of a soluble anode 
in a plating bath, i,e,, to introduce the current, to control its 
distribution on the cathode, and to supply metal to replace that 
deposited. In addition, in an alloy bath it is necessary, for the 
most efficient operation, for the anode to supply the two metals in 
the same amount and ratio as they are deposited. To the extent 
that this objective is realized, the control of the alloy bath is 
simplified. It must be emphasized that the composition or 
behavior of the anodes in an alloy bath does not directly determine 
the composition of the alloy deposit produced under given condi¬ 
tions in any short interval of time. Under these conditions the 
deposit composition depends solely upon the bath composition, 



ALLOY DEPOSITION 399 

which, as above stated, rarely has the same metal ratio as in the 
deposit. From a given bath, e.g., a brass bath, under specified 
conditions an alloy deposit of the same composition will be initially 
obtained regardless of whether the anode is insoluble, e,g,, plat¬ 
inum, or consists of copper, zinc, or brass. After a certain period 
of operation with any other than brass anodes, the bath composi¬ 
tion will change and consequently that of the deposit also. If, 
for example, a deposit containing 80 per cent of copper and 20 per 
cent of zinc is desired, the anodes must contain or, better, must 
yield to the solution the two metals in this same proportion 
and with an anode efficiency equal to the cathode efficiency, in 
order to maintain a constant composition of the bath and of the 
deposit. 

It is not conveniently possible to measure the anode and cathode 
efficiencies in alloy deposition unless by a coincidence the equiv¬ 
alent weights of the two metals are very close together. In the 
latter case the cathode efficiency depends upon the total weight of 
the two metals deposited and not upon their ratio. This situa¬ 
tion is illustrated by deposits of cobalt plus nickel, with almost 
identical equivalent weights, or of cobalt plus tungsten, in which 
the respective equivalent weights are 29.47 (for Co*^) and 30.65 
(for However, in most cases the equivalent weights differ 
widely. For example, in brass plating, that of cuprous copper, 
C'u^ is 63.6 and that of zinc, Zn^^ is 32.7. Hence, if the current 
were equally divided between the two metals and the cathode 
efficiency of each was 100 per cent, the resultant deposit would 
contain not 50 per cent by weight of each metal, but 66 per cent of 
copper and 34 per cent of zinc. Under these conditions 2 amp-hr 
would deposit at 100 per cent efficiency 2.37 g of copper and 1.22 g 
of zinc, or a total of 3.59 g of brass. If in a given experiment only 
1.8 g of brass of this composition was deposited, it would be correct 
to say that the cathode efficiency was 50 per cent. If, however, 
the 1.8 g of brass deposit contained, not 1.19 g of copper and 0.61 g 
of zinc, but these metals in some other ratio, such as 1.40 g of 
copper and 0.40 g of zinc, it would be more troublesome to compute 
the cathode efficiency. In this case the deposition of the copper 
would require 1.40/2.37 = 0.59 amp-hr, and that of the zinc 
would require 0.40/1.22 = 0.33 amp-hr. The total quantity of 
electricity used in depositing metal was therefore 0.59 + 0.33 ~ 
0.92 amp-hr. If a total of 2 amp-hr was applied, the average 
cathode efficiency was 0.92/2.00 == 46 per cent. 
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If the cathode efficiency of the alloy deposition is practically 
100 per cent and if the equivalent weights of the two metals are 
not close to each other, it is possible to compute the composition 
of the deposit from it? weight and the number of ampere-hours 
used. This method proved useful with alloys of lead and tin.^ 

The computation of anode efficiency is similar to that of cathode 
efficiency but is complicated by the fact that metal particles may 
become detached from the anode, the loss in weight of which is not 
then a measure of the anode efficiency. It is therefore preferable 
to compute the anode efficiency from the cathode efficiency and 
any changes in concentration of the two metals in the bath. 

In principle, it is desirable to employ anodes that have the same 
composition as that of the deposit and that dissolve uniformly and 
completely. Whether or not this behavior occurs depends upon 
both the composition and constitution of the alloy used in the 
anode. If it consists of a pure solid solution or a pure compound 
(page 394), it is probable that the two metals will dissolve from it 
in the same ratio in which they are in the anode, leaving little 
residue or sludge. If, however, as is more commonly true, two or 
more phases are present in the alloy anode, these are less likely to 
dissolve at the same rate. If they do not so dissolve, the bath 
composition will change and sludge will also be produced. Part of 
this sludge may result from the deposition of the more noble metal 
in the bath upon the less noble constituent of the alloy anode. 
Often it is possible to employ alloy anodes over long periods by 
adding to the bath a substance that will tend to make the anode 
corrosion more uniform without unfavorably affecting the alloy 
deposition. 

Because for certain alloy baths it is difficult to secure satis¬ 
factory solution of alloy anodes, the two separate metals can be 
used as anodes. If the solution potentials of these two metals are 
fairly close in the bath used, it may be possible to hang the two 
kinds of anodes on the same bar and to control their relative rates 
of solution by adjusting the areas of each. In most cases when 
separate anodes of two metals are used, their solution potentials 
are so far apart that at any conveniently applied potential only 
the less noble metal will dissolve. In that case it is preferable to 
have the two kinds of anodes in separate anode circuits, in one or 
both of which a resistance is placed, to control the potential and 

'Blum, W., and Haring, H. E., Tranfi, Am, Electrochem, vol. 40, 
p. 287, 1921. 
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thereby also the current density for each of the separate metals. 
Even though this arrangement is often practicable, it is more 
critical and more troublesome to operate. For example, care 
must be used to avoid too high a potential difference between the 
two anode bars; otherwise one may act as an intermediate electrode 
and receive a deposit. 

A somewhat simpler arrangement involves the use of only one 
metal as anode and the addition of compounds of the other metal 
to replenish the bath. If the concentration of the latter metal in 
the deposit is low, this method is convenient, as any anions such as 
carbonate or cyanide introduced with the added metal compound 
are then unlikely to accumulate in the bath and may even 
compensate for drag out. 

If insoluble anodes are used, c.g., of platinum, and the metals are 
replenished entirely by additions of metal compounds, the associ¬ 
ated anion, e.g,f cyanide or hydroxide, may accumulate in the bath. 
If, as in gold-alloy plating, the concentrations of heavy metals, 
c.gf., of gold and copper, are much less than of the other salts such 
as potassium cyanide and carbonate, the use of insoluble anodes 
may be practicable. One general objection to the use of insoluble 
anodes in a cyanide bath is that thereby cyanide may be oxidized 
to cyanate and ultimately to carbonate. 

TYPICAL ALLOY PLATING BATHS 

Brass Plating. Deposition of brass, which is an alloy of copper 
and zinc, is extensively used in industry for two main purposes. It 
is commonly applied to zinc, steel, and cast-iron hardware to give 
it the appearance of brass. For this purpose the color of the brass 
deposit is the primary consideration, and its composition or other 
properties are incidental. The coatings are usually rather thin, 
e,g,, about 0.0002 in. (0.005 mm), and exert little protection 
against corrosion under severe conditions. The application of 
lacquer over the brass coatings increases their useful life. It is 
important to note that the color of deposited brass is usually some¬ 
what different from that of cast or rolled brass of the same com¬ 
position. For example, to match the color of ‘‘yellow brass'^ with 
70 per cent of copper and 30 per cent of zinc, a deposit may contain 
about 80 per cent of copper and 20 per cent of zinc. 

The other large application of brass plating is to facilitate 
adhesion of mbber to steel, probably by combining with the 
sulfur or sulfur compounds in the rubber. In this use the com- 
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position olf the brass deposit is fairly critical and is usually kept 
between 25 and 33 per cent of zinc.^ The deposits are generally 
thin, i,e., less than O.QOOl in. (0.0025 mm). 

Among the early studies of brass plating is that by A. L. 
Ferguson and E. G. Sturdevant.^ Recent papers on brass plating 
were published by H. P. Coats,* and by A. K. Graham.^ 

Bath Composition, All brass plating is done from cyanide baths 
that contain copper and zinc as the double cyanides, also carbonate 
and sometimes free caustic. The copper may be assumed to be 
present as the sodium cuprocyanide, Na2Cu(CN)8, and the zinc as 
Na2Zn(CN)4. Just as with zinc baths, if free alkali is present, 
some of the zinc may be present as sodium zincate, Na2Zn02, but 
there is no means of defining the concentrations of these two com¬ 
pounds of zinc. The free cyanide is usually defined as the cyanide 
content in excess of the two double cyanides. 

Suppose that the solution is made up according to the following 
formula, suggested by Coats: 

N g/1 oz/gal 

Cuprous cyanide, CuCN. . 0.25 22.5 3 
Zinc cyanide, Zn(CN)j. . 0.25 15 2 
Sodium cyanide, NaCN. . 0.90 45 6 

To form Na2Cu(CN)8 will require two equivalents of NaCN for one 
equivalent of CuCN; therefore 0.25 X 2 = 0.50iV NaCN will 
be combined with the copper. To form Na2Zn(CN)4 requires 
one equivalent of NaCN for each equivalent (i.e., one-half the 
molar concentration) of zinc; hence 0.25iV NaCN is used to 
combine with the zinc. The combined alkali cyanide is there¬ 
fore equal to 0.50 + 0.25 = 0.75iV, and the uncombined or free 
cyanide is equal to the total alkali cyanide minus the combined 
alkali, cyanide, f.e., to 0.90 — 0.75 = 0.15iV free NaCN, or to 
0.15 X 49 = 7.4 g/1 or 1 oz/gal of free NaCN. 

In the above bath, the copper content is 0,2bN]i,e,, 0.25 X 64 
16 g/1 or 2.1 oz/gal. The zinc content is also 0.25iV; f.c., 
0.25 X 65/2 = 8.1 g/1 or 1.1 oz/gal. The weight ratio of Cu/Zn 
in the bath is 16/8.1 = approximately 2, or 66 per cent of copper 
and 34 per cent of zinc. 

^ Coats, H. P., Monthly Rev. Am, Electroplaters* Soc.^ vol. 24, p. 5, 1037. 
* Trans, Am. EUctrochem. Soc.^ vol. 88, p. 167, 1920. 

* Trans, Eleetroehem. Soc,^ vol. 80, p. 445, 1041. 
* Proc. Am. EUetraplatert^ Hoc., p. 143, 1048. 
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In addition to the essential copper and zinc compounds and free 
cyanide, the brass baths always contain carbonate, formed by 
decomposition of the cyanide, and also ammonia, formed by 
hydrolysis of the cyanide (page 285). Frequently small amounts 
of ammonia are added to the bath to control its operation.^ The 
ammonia probably changes the composition of the complex copper 
and zinc compounds. 

While it is possible to produce from appropriate baths alloy 
deposits containing the whole range from nearly pure zinc to 
nearly pure copper, most of the yellow brass plating yields deposits 
containing from 20 to 38 per cent of zinc. It has been shown^ 
that the yellow brass deposits have the same cubic structure and 
lattice spacing as the cast, recrystallized brass of the same com¬ 
position. This is Alpha brass, consisting of a solid solution, which 
may contain up to 38 per cent of zinc. Under other conditions it 
is possible to deposit brass with more than 38 per cent of zinc, 
which exists in other crystal forms. The important fact is that 
electrodeposited brass (and most other alloy deposits) have the 
same X-ray structure as cast alloys of the same composition; in 
other words, they are true alloys. 

The reported effects of various operating conditions upon the 
composition of the brass deposits are, in genera), consistent with 
the principles of alloy deposition explained previously. Apparent 
exceptions are probably the result of simultaneous changes in two 
or more factors. One confusing factor is the production of red 
brass as a result of either too much copper or too much zinc (then 
called zinc pink) in the deposit. No adequate explanation for this 
effect of too high zinc has been given. It may be associated with 
intermittent deposition of metallic copper by chemical replace¬ 
ment of the zinc in the deposit by copper. If so, this behavior 
would involve an intermittent process, such as occurs in some 

bright-nickel baths. 
The principal factors in brass plating are as follows: 
1. Bath Composition, 
a. Increasing the ratio of Cu/Zn in the bath increases the copper 

content of the deposit. 
h. Increasing the free cyanide decreases the copper content of 

the deposit. 

' Pan, L. C., Trans, Eledrockem, 8oc., vol. 74, p. 426, 1238. 
*Raub, E., and Krause, D., Z. Elektrochem,, vol. 60, p. 91, 1944, and 

Monthly Rev, Am, Ekdroplaters* Soc,y voL 32, p. 880,1946. 
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c. Addition of sodium hydroxide decreases the copper content of 
the deposit.. 

d. Addition of ammpnia tends to decrease the copper content of 
the deposit and is especially beneficial in that it yields brass 
deposits of more nearly uniform color over a wide range of solution 
composition and current density.^ 

€. Addition of arsenic as AS2O8 (previously dissolved in NaOH 
to form sodium arsenite, Na^AsOa,) increases the zinc content of 
the deposit, and some arsenic is deposited with the brass. Nickel 
salts have effects similar to arsenic. 

/. Phenol, CeHsOH, tends to reduce the zinc content of the 
deposit. 

g. The pH of brass baths is usually from 11 to 13. An increase 
in pH to above 12 increases the zinc content of the deposits. The 
pH can be controlled by adding NaOH to increase it or NaHCOs, 
sodium bicarbonate, to decrease it. Addition of ammonium 
hydroxide will not raise the pH above 11. 

2. Temperature. An increase in bath temperature permits the 
use of higher current densities. A temperature above 50®C 
(122®F) is not desirable, because then the rate of decomposition of 
the cyanide is increased. An increase in temperature increases 
the copper content of the deposits. 

3. Current Density. Usually an increase in current density 
decreases the copper content of the deposits, but in specific cases 
a reverse effect has been reported. The latter effect is more 
probable if the fr^ cyanide is very high. In general, relatively 
low current densities are used, e.g., 5 amp/ft^ (0..6 amp/dm^). 
Higher current densities reduce the cathode efficiency, which is 
usually not over 76 per cent. 

4. Anode Behavior. As noted above, the composition or 
behavior of the anodes does not have a direct or immediate effect 
upon the composition of the deposit. For satisfactory continuous 
operation it is necessary to introduce from the anodes the same 
weights of copper and zinc as are deposited or slightly more to 
compensate for drag out. In all commercial brass plating, brass 
anodes are employed, with a composition close to that of the 
desired deposits. For rubber adhesion, brass anodes with about 
70 per cent of copper and 30 per cent of zinc are used, and for 
ornamental brass plating, anodes with about 80 per cent of copper 
and 20 p^ cent of zinc. 

^ Pan, L. C., MonMy Rev. Am. Electroptaiert^ Soe., vol. 25, p. 18, 1038.' 
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The rate of solution and appearance of the anodes depend 
largely on the bath composition, especially the free cyanide. If 
either the free cyanide or the pH is too low, a white film, probably 
of zinc cyanide, forms on the anodes. The anode current density 
is usually not over 5 amp/ft^ (0.5 amp/dm*). 

Typical Brass Baths: 

1. For Rubber Bondino 

N g/i oz/gal 
Cuprous cyanide, CuCN.... 1).29 26.2 3.5 
Zinc cyanide, Zn(CN)2. 0.19 11.3 1.5 
Sodium cyanide, NaCN. 0.90 45.0 6.0 

Equivalent to 
Free cyanide, NaCN. 0.13 6.4 0.85 
Copper, Cu^. 0.29 18.8 2.5 
Zinc, Zn. 0.19 6.2 0.85 
Solution ratio, Cu/Zn * 18.8/6.2 = 3.0/1 

or 75 per cent of copper and 25 per cent of zinc 
Temperature, 35-50®C (95®- 122®F) 
Current density, 0.5 amp/dm* (5 amp/ft*) 

2. Yellow Brass, Decorative 

N g/1 oz/gal 
Cuprous cyanide, CuCN.... . 0.30 27 3.6 
Zinc cyanide, Zn(CN)2. 0.15 9 1.2 
Sodium cyanide, NaCN.... . 1.10 54 7.5 
Sodium carbonate, Na2C()*. . 0.60 30 4 

Equivalent to 
Free cyanide, NaCN. . 0.35 17 2.3 
Copper, Cu*. . 0.30 19 2.5 
Zinc, Zn. . 0.15 5 0.65 
Solution ratio, Cu/Zn =* 19/5 « 3.8/1 

or 79 per cent of copper and 21 per cent of zinc 
Temperature, 35-50®C (95-122®F) 
Current density, 0.5 amp/dm* (5 amp/ft*) 

Bronze Plating. Although bronze is strictly an alloy of copper 
and tin, much of the so-called bronze plating in the United States 
consists of copper-rich brass, which may contain about 90 per cent 
of copper and 10 per cent of zinc. 

A typical bronze bath of this type has the following composition:^ 

Copper-zinc Bronze Bath (90-10) 

N g/1 o*/gal 
Cuprous cyanide, CuCN. .... 0.6 54 7.2 
Zinc cyanide. Zn(CN)t. .... 0.13 7.5 1.0 

* Graham, A. K., Proc. Am. Blectrojdaters* Soc.y p. 143, 1948. 
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CoppBR-ziNC Bronze Bath (90-10)—Continued 
N g/i oz/gal 

Sodium cyanide, NaCN. .. 1.46 71 9.6 
Bochelle salt, NaKd4H«0,4H,0. .. 0.32 45 6.0 
Sodium carbonate, NaaCOs .... 

Equivalent to 
.. 0.56 30 4.0 

Metallic copper, Cu*. .. 0.6 37.5 5.0 
Metallic zinc, Zn. .. 0.13 4.2 0.56 
Free cyanide, NaCN. 
Solution ratio Cu/Zn = 37.5/4.2 = 

.. 0.09 
9/1 

4.5 0.6 

or 90 per cent copper and 10 per cent zinc. 
pH, 10.3 
Temperature, 110-130®F (25-56°C) 
Current density, 10-20 amp/ft* (1-2 amp/dm*) 

Small additions of ammonia, e.g,, 1 to 5 ml/I of 28 per cent 
NH4OH, are made to control the color. 

The use of a copper-cadmium bath for bronze plating has also 
been suggested^ because it is easier to control. It is operated with 
copper anodes, and cadmium oxide (dissolved in sodium cyanide) 
is added when needed. A proposed formula is as follows: 

Copper-cadmium Bronze Bath 

N g/1 oz/gal 
Cuprous cyanide, CuCN.... . 0.25 23 3 
Cadmium oxide, CdO. . 0.03 2 0.25 
Sodium cyanide, NaCN. . 0.70 34 4.5 
Sodium carbonate, Na2COj.. . 0.3 15 2 

Equivalent to 
Metfidlic copper, Cu^. . 0.25 16 2.1 
Metallic cadmium, Cd. . 0.03 1.7 0.22 
Free cyanide, NaCN. 
Temperature, 75®F (24°C) 

. 0.17 8.6' 1.1 

Current density, 2-4 amp/ft* (0.2-0.4 amp/dm*) 

It is possible to deposit alloys of copper and tin, of which more 
application has been made in England than in the United States. 
Bronze deposits containing 90 per cent of copper and 10 per cent 
of tin may be produced and also speculum metal deposits, which 
are white and contain about 50 per cent of tin and 50 per cent of 
copper. The latter alloy is harder than pure tin and has been 
suggested for plating tableware. 

A typical formula and conditions for tin-bronze plating are as 
follows: 

* Hooaboom, G. B., Jr., and Hall, N., '^Guide Book,^^ p. 82, Metal Finish¬ 
ing Co., 1947. 
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Copp£R-TiN Bronze Bath 

N g/l oz/gal 

Cuprous cyanide, CuCN. . . 0.40 36 4.8 

Sodium cyanide, NaCN. .. 0.53 26 3.5 

Sodium stannate, NaaSnOa-SHjO. 

Equivalent to 

... 0.94 63 8.4 

Free cyanide, NaCN. .. 0.13 6.4 0.85 

Copper, Cu*. .. 0.40 26 3.5 
Tin, Sniv. 

Solution ratio, Cu/Sn = 26/28 = 

.. 0.94 
0.93/1.00 

28 3.7 

or 48 per cent of copper and 52 per cent of tin 

pH, 12.0 

Temperature, 65®C (149°F) 

Current density, 5 amp/dm* (50 amp/ft*) 

Bronze anodes can be used, but copper and tin anodes on separate 
circuits are recommended. 

This bath illustrates the fact that the ratio of metals in the 
deposit, in this case Cu/Zn = about 9, may be widely different 
from that in the bath, in which Cu/Sn = 0.9. Evidently it is 
much easier to deposit copper than tin from such a bath. 

A proposed bath for speculum plating has the following 
composition:^ 

Speculum-plating Bath 

N g/i. oz/gal 

Sodium stannate, Na2Sn03*3H2f)— 1.5 100 13.3 

Cuprous cyanide, CuCN. 0.14 13 1.7 

Sodium hydroxide, NaOH. 0.38 15 2.0 

Sodium cvanide, NaCN. 

Equivalent to 

0.50 25 3.3 

Tin, Sniv. 1.5 45 6 

Copper, Cu^. 

Solution ratio, Cu/Sn = 9/45 = 0.2 

Temperature, 65®C (149°F) 

0.14 9 1.2 

Current density, 2.5 amp/dm* (25 amp/ft*) 

This bath is operated with copper and tin anodes on separate 
circuits, on which the current density is controlled to maintain the 
composition of the baths and deposits and to retain the char¬ 
acteristic green film on the tin anodes. 

Copper-zinc-tin Alloys. In recent years several baths have 
been developed from which white alloys containing copper, zinc, 

^ Mangles, R., Jones, F. V., Price, J. W., and Cuthbertson, J. W., J. 
ElecirodepoaUortI Tech, <Soc., vol. 21, p. 19, 1946. Cuthbertson, J. W., 
J, Electrodepositora* Tech, Soc.y vol. 23, p. 143, 1948. 
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and tin can be deposited. These deposits are sometimes called 
white braeSf or other trade names are applied. Their successful 
use illustrates the fact that rather complicated processes can be 
conducted commercially. Fortunately, it is not necessary to 
maintain a given compbsition very closely, as long as a white 
deposit is obtained. Typical deposits from one proprietary bath 
designated as “bright alloy’^ are reported to contain about 66 per 
cent of copper, 16 per cent of zinc, and 28 per cent of tin. They 
are produced from baths containing the double cyanides of copper 
and zinc and sodium stannate, together with an organic 
brightener.^ White alloys of copper, cadmium, and tin have also 
been deposited.^ 

Silver-cadmium Alloys. The interest in alloys of silver and 
cadmium relates largely to the possibility of deipositing non- 
tarnishing silver, containing, for example, 90 per cent of silver and 
10 per cent of cadmium. While such alloys and also those with a 
high content of cadmium and a low content of silver can be 
deposited,® no extensive commercial use of such alloys has devel¬ 
oped. One reason is that their control is made more difficult by 
the necessity of having a high proportion of cadmium in the bath, 
in order to deposit an alloy with a low cadmium content. Another 
objection is that, although the deposited alloy does not readily 
darken to form black silver sulfide, it does turn dull as the result 
of tarnish of the cadmium. 

Gold Alloys. The principal use of deposited gold alloys is to 
produce a desired color, such as green gold or rose gold. In such 
cases the exact composition is less important than the color. In 
general, a smaller amount of silver is required in deposited green 
gold than in the rolled alloy of similar color and likewise of copper 
in rose gold. The resultant alloy deposits are usually at least 
18 K, i.e., contain at least 75 per cent of gold. While no extensive 
studies on deposition of gold alloys have been published, the 
following formulas are typical of those used for colored gold 
deposits. 

‘ Diqqin, M. B., and Jernstedt, G. W., Proc. Am. Electroplatera* Soc., 
p. 247, 1944. 

* Private communication of N. Hall. 

* Faust, C. L., Henry, D. J., and France, W. G., Trans. EUctrochem. 8oc., 

vol. 72, p. 479, 1937. ^ Mathers, F. C. and Johnson, A. D., Trans. Electro- 
chem Soe., vol. 74, p. 229, 1938. Stout, L. E., and Thummel, W. G., Trans. 
Eledrochem. 8oc., vol. 59, p. 337, 1931. 
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Green Gold 

N g/i 
Potassium gold cyanide, KAu(CN)s. . 0.01 2.9 7 dwt/gal 
Silver cyanide, AgCN. 0.001 0.13 0.3 dwt/gal 
Potassium cyanide, KCN. 0.6 39 5.2 oz/gal 

Equivalent to 

Metallic gold, Au*. 0.01 2.0 5 dwt/gal 
Metallic silver, Ag. 0.001 0.1 0.25 dwt/gal 

Small amounts of arsenic or lead can be added to intensify the 
green color. 

Red Rose Gold 

N g/i 
Potassium gold cyanide, KAu(CN)2 . 0.01 2.9 7 dwt/gal 

Copper (cuprous) cyanide, CuCN.... 0.012 1.1 0.15 oz/gal 

Potassium cyanide, KCN. 0.5 32.5 4.3 oz/gal 

Equivalent to - 
Metallic gold, Au*. 0.01 2.0 5 dwt/gal 

Metallic copper, Cu^. 0.012 0.75 0.1 oz/gal 

Zinc-cadmium Alloys. The deposition of a small amount of 
cadmium with zinc represents an attempt to obtain an alloy 
coating that will yield electrolytic protection to steel equivalent 
of that of zinc and resistance to corrosion of the coating comparable 
to that of cadmium. To some extent this goal has been accom¬ 
plished by depositing about 10 per cent of cadmium with the zinc 
from a bath such a& the following: 

Zinc-cadmium Bath 

N g/i oz/gal 

Zinc cyanide, Zn(CN)2. .... 1.2 75 10 
Cadmium oxide, CdO. ... . 0.05 3 0.4 

Sodium cyanide, NaCN. .... 0.75 38 5 
Sodium hydroxide, NaOH. 2.25 

Temperature, 35®C (95®F) 

Current density, 20 amp/ft* (2 amp/dm*) 

90 12 

Anodes containing 10 per cent of cadmium and 90 per cent of 
zinc are used. When the bath is not in operation, cadmium tends 
to cement out on the anodes. Deposits of this type were 
found to yield slightly better protection to steel in an industrial 
atmosphere than either zinc or cadmium coatings of the same 
thickness.^ 

* Blum, W., Strausser, P. W. C., and Brenner, A., /. Research Natl Bur. 
StavdardSf vol. 16, p. 185, 1936, RP 867. 
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Tin-'Zinc Alloys. In an effort to obtain the protective value of 
zinc coatings and reduce the rate of attack of the coating, t.e., to 
obtain a substitute for cadmium, alloy deposits containing from 
60 to 80 per cent of tin and the balance zinc have been recently 
developed in England.^ The wide difference in the normal poten¬ 
tials of these two metals makes it very difficult to codeposit them 
from simple bath^, e.g., acid sulfate solutions. The alloys are 
therefore deposited from alkaline baths containing sodium 
stannate and sodium zinc cyanide together with free alkali and 
free cyanide. The best corrosion protection to steel and best 
solderability are furnished with alloy coatings containing about 
80. per cent of tin and 20 per cent of zinc (by weight). Deposits 
with 60 per cent each of tin and zinc are cheaper and contain less 
of the strategic metal tin, but such deposits are mOre difficult to 
control and are less readily soldered. The following bath com¬ 
positions and conditions are iwommended: 

For 80 per cent For 50 per cent 
tin nlloya tin alloys 

N g/1 oz/gal N g/1' Dz/gal 

Sodium stannate, Na«Sn0**3H20..., . 1 07 8.9 1 67 8.9 
(Equivalent to tin, Sn*^). 1 30 4 1 30 4 
Zinc cyanide, Zn(CN)2... 0.08 4.8 0.04 0.25 15 2 
(Equivalent to zinc, Zn). 0.08 2.5 0.33 0.25 8 1.1 

Sodium hydroxide, NaOH. 0.13 5 0.7 0.17 7 .1 

Sodium cyanide. 0.4.-) 22 3 0.81 40 5.3 
Total cyanide computed as NaCN 0.53 20 3.0 ' 1.00 52 7.2 
(Free s^ium cyanide, NaCN). 0.37 18 2.4 0.56 27 3.0 

Temperature, 65®C (149®F) 
Current density, 1-3 amp/dm* (10-30 amp/ft*) 

Cast alloy anodes having the same composition as the desired 
deposits are employed. An anode current density of about 
2 amp/dm^ (20 amp/ft^) is used and is adjusted so as to maintain 
the greenish yellow film that is characteristic of tin anodes in a 

stannate bath (page 328). 
Lead*tin Alloys. As noted on page 390, it is easy to deposit 

alloys of lead and tin because in simple salt solutions the poten¬ 
tials of these in the bivalent state are so close that either one 
may deposit the other from its solution until an equilibrium is 
reached. 

^Manglbs, R., J, Electrodepositors* Tech, Soc,, vol. 21, p. 45, 1946, and 
Engineering, vol. 161, p. 289, 1946. Cuthbertson, J. W., and Angles, 

R. M., Trans. Electrochem. Soc., vol. 94, p. 73, 1948. 
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It was early reported^ that lead-tin alloys can be deposited from 
fluoborate solutions. Interest in such deposits was renewed during 
the Second World War, when scarcity of tin caused electroplated 
lead or lead-tin coatings to be substituted for term platej f.e., steel 
coated by hot-dipping with an alloy of lead containing 10 to 30 per 
cent of tin. In .this connection it was shown® that alloy deposits 
with about 5 per cent of tin yield better protection against corro¬ 
sion of steel than either pure lead or alloys with higher tin con¬ 
tent. Deposits of lead-tin alloys have also been used in bearings. 

The fluoborate solutions used for plating lead-tin alloys are from 
1.0 to 2.0iV' in total metal content and contain from 0.5 to l.OiV free 
fluoboric acid together with an addition agent, usually glue. It is 
now possible to purchase strong solutions of lead and tin fluoborate 
and fluoboric acid, from which the alloy baths can be readily 
prepared. A typical modern solution for low-tin alloys is as 
follows: 

N g/1 oz/gal 
Lead fluoborate, Pb(BF4)2 . 2 381 51 
Tin fluoborate, Sn(BF4)2... . 0.2 30 4 
Fluoboric acid, HBF4. . 0.5 45 6 
Glue. 0.5 0.07 

Equivalent to 
Lead, Pb“ . . 2 207 28 
Tin, Sn». 0.2 12 1.6 
Ratio, Pb/Sn in solution = 207/12 = 17.3 

or 94 per cent of lead and (j per cent of tin 

The ratio of lead to tin in the deposit from such a bath is af¬ 
fected by the glue content but not much by the current density. 
At current densities of from 20 to 50 amp/ft® (2 to 5 amp/dm®) 
deposits with about 5 per cent of tin were obtained. With a 
higher tin content in the bath an increase in current density 
increases the tin content of the deposit, which may be made as 
high as 50 or 70 per cent tin. 

Nickel-cobalt Alloys. The close similarity of nickel and cobalt 
in both physical and chemical properties accounts for the fact that 
they can readily be codeposited. In fact, as noted h>age 364) 
small amounts of cobalt are commonly present in nickel baths and 
are usually considered equivalent to nickel. One reason that 
cobalt-nickel alloys have not come into extensive use is that their 

' Blum, W., and Haring, H. E., Trans, Am, Electrochem, Soc,^ vol. 40, p. 287, 
1921. 

* DuRose, a. H., Trans. Electrochem. <Soc., vol. 89, p. 417, 1946. 
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properties are quite similar to those of nickel or cobalt alone. The 
use of cobalt in one type of bright-nickel baths (page 368) is 
largely associated with, the greater ease of producing bright alloy 
deposits from that type of bath than from any marked difference in 
properties or behavior of the alloy deposits from those of pure nickel. 

Apart from color or brightness, commercial use of nickel-cobalt 
alloy deposits must rest on some superior properties such as hard¬ 
ness and wear resistance, resistance to tarnish and corrosion, or 
greater protective value against corrosion or erosion. Just as with 
almost all alloy deposits, the nickel-cobalt coatings are finer 
grained and may be less porous. Cobalt deposits are not neces¬ 
sarily harder than nickel, but the hard cobalt or nickel-cobalt 
deposits are apparently less brittle than nickel deposits of equal 
hardness. They therefore deserve study for special structural 
applications. 

Published studies on the deposition of nickel-cobalt alloys^ reveal 
apparent contradictions in the effects of temperature, current 
densities, and agitation upon the cobalt content of the deposits. 
It is well established that the standard potential of nickel (—0.23 
volt) is more noble than that of cobalt (—0.28 volt). The 
reported discrepancies are to be explained, not by attempts to 
question the values of these standard potentials, but by considera¬ 
tion of the relative cathode polarizations of nickel and cobalt. In 
general, this polarization is greater for nickel than for cobalt, but 
the actual polarizations depend upon the metal concentrations, 
pH, temperature, and agitation. Under most conditions an 
increase in temperature, agitation, or current density increases the 
cobalt content of the deposit, even though at equilibrium the 
cobalt is less noble than nickel. 

Nickel-zinc Alloys. Interest in the codeposition of nickel and 
zinc was stimulated by the Corronizing process, in which successive 
layers of nickel and zinc are deposited and are then heated to form 
an alloy, used to protect steel against corrosion. These two 
metals differ so much in their standard potentials (page 44) that 
it might appear impractical to codeposit them from simple solu¬ 
tions. Actually, the polarization of nickel deposition is so much 
greater than that of zinc that the two metals can be codeposited 
from sulfate or chloride baths. 

^ Fink, C. G., and Lah, K. H., Trans, Am, Electrochem, Soc.t vol. 58, p. 373, 
1930. Yowo, C. B. F., and Goxtld, N. A., Trans Electrochem, Soc.^ vol. 69, 
p. 685,1936. Young, C. B. F., and Eqebman, C., Trans, Electrochem, Soe:, 
vol. 72, p. a7, 1937. 
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In a study of the deposition potentials and structures of nickel 
zinc deposits from chloride baths, B. Lustman^ found that the 
deposits are usually banded, indicating a rhythmic or alternating 
process. He also reported abrupt changes in potential that 
corresponded to a change from an alpha solid solution to a gamma 
solid solution. 

Black Nickel Plating. In certain respects the ordinary black- 
nickel deposits may be considered as alloys of nickel and zinc. 
Since, however, they also contain an appreciable amount of sulfur, 
they probably consist largely of a mixture of nickel sulfide (which 
is black) and zinc, with possibly also some metallic nickel. It is at 
least possible that the presence of the zinc salt 3delds sufficiently 
negative cathode potentials to foster reduction of the thiocyanate 
ion, CNS“ to sulfide ion S—; which then reacts with the nickel 
salt to form black nickel sulfide. A typical formula is as follows: 

Nickel ammonium sulfate, 
NiS04(NH4)2S04*6H20. 

Zinc sulfate, ZnS04*7H20. 
Sodium thiocyanate, NaCNS. 
pH, 5.5-6.0 
Temperature, 25®C (77®F) 
Current density, 2 amp/ft* (0.2 amp/dm*) 

N g/1 o»/gal 

0.3 60 8 
0.05 7.5 1 
0.20 15.0 2 

Nickel anodes are used. 
Nickel-molybdenum Alloys. The black finish known as Moly 

black is produced from a bath containing salts of nickel and of 
molybdenum.^ The available evidence indicates that the 
molydbenum is present in the deposit as an oxide such as M02O8. 
If so, the deposit is not really an alloy of nickel and molybdenum, 
such as have been produced. A recently used solution of this 
type has the following composition.® 

AT g/1 oz/gal 

Nickel sulfate, NiS04-6H20. . 1.1 144 19 
Ammonium molybdate, (NH4)2Mo04.. . 0.34 30 4 
Boric acid, HsBOs. 
pH, 4.5 
Temperature, 70®C (160®F) 

. 0.3M 22.5 3 

Current density, 0.25 amp/dm* (2.5 amp/ft*) 

It is applied over a cyanide zinc deposit. 

- ^ Trans, Electrochem. Soc,, vol. 84, p. 363, 1943. 
‘Hoffman, R. A., and Hull, R. O., Proc. Am, Electroplaters' Soc,^ p. 45, 

1939. 
• Private! communication from K. T. Stmons. 





APPENDIX 
Table 1. Conversion of Centigrade (C.) to Fahrenheit (F.) Tempera¬ 

tures 

®C. ®F. °C. ®F. ®C. ®F. ®C. ®F. 

0-32 30-86 55-131 80 « 176 
6-41 36- 95 60-140 85-185 

10-60 40-104 65 - 149 90-194 
16-59 45 - 113 70 - 158 95 - 203 
20-68 50 - 122 76 - 167 100 - 212 
26-77 

Table 2. Conversion op Fahrenheit (P.) to Centigrade (C.) Tempera¬ 

tures 

®F. ‘‘F. ®C. ®F. ®C. 

0 - - 17.8 55 - 12.8 110-43.3 165 - 73.9 
6 - - 15.0 60 - 15.6 116-46.1 170- 76.7 

10 - - 12.2 66 - 18.3 120 - 48.9 175 - 79.4 
16 - - 9.4 70-21.1 125 -51.7 180 - 82.2 
20 - - 6.7 75 - 23.9 130 - 54.4 185 - 86.0 
25 - - 3.9 80 - 26.7 135 -67.2 190 - 87.8 
30 - - 1.1 85 - 29.4 140 -60.0 195 - 90.6 
32 - 0.0 90 -32 2 145 - 62.8 200 - 93.3 
35 - 1.7 96 -36.0 150 - 65.6 205 - 96.1 
40 - 4.4 100 - 37.8 155 - 68.3 210- 98.9 
45 - 7.2 105 - 40.6 160 -71.1 212 - 100.0 
50 - 10.0 

415 
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Tabus 3. Convbiuuon of Dborbbs Baumj^ (B4.)^ to Spbcifig Gravity 

(SP. OR.) 

'TiiiiB’4. ■ G6ihrE'R8iON of Specific Gravity (Sp. Gr.) to Dborbes 

BaumA (BA.)* 

^ This scale for liquids heavier than water is defined by the formula: Baum4 
145 00^ 

■* 146-jgo—I where sp. gr. F represents the specific gravity of 
Sp.gr. ^F. 

the solution at 60®F. referred to water at 60®F. 
^ Tables 3 and 4 are given in more complete and accurate form in Circular 

No. 19 of the National Bureau of Standards. 
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Table 5. Approximate Equivalents of Metric and Customary 

United States Unito 

Length: 

1 meter (m.) « 39.37 in. 
1 decimeter (dm.; ** 3.937 in. 
1 centimeter (cm.) “ 0.3937 in. 
1 inch (in.) « 2.54 cm. 
1 foot (ft.) 30.48 cm. 

Area: 

1 square meter (m.*) * 1,550 sq. in. 
1 square decimeter (dm.*) = 15.5 sq. in. 
1 square centimeter (cm.*) « 0.155 sq. in. 
1 square inch (sq. in.) b 6.45 cm.* 
1 square foot (sq. ft.) » 9.29 dm.* 

Volume: 

1 cubic meter (m.*) = 35.31 cu. ft. 
1 cubic decimeter (dm.*) = 61.02 cu. in. 
1 cubic centimeter (cm.* or c.c.) « 0.061 cu. in. 
1 cubic inch (cu. in.) = 16.39 cm.* 
1 cubic foot (cu. ft.) == 28.32 dm.* 

Capacity (liquid measure): 

1 liter (1.) == 1,000 ml. (or about 1,000 c. 
1 liter B 1.057 qt. 
1 milliliter! (ml.) or c.c. =* 0.034 fluid oz. 
1 gallon* (gal.) = 231 cu. in. 
1 gallon B 3.785 liters 
1 quart (qt.) * 0.946 liters 
1 fluid ounce (fl. oz.) » 29.6 ml. or c.c. 

Mass (weight): 

1 kilogram (kg.) » 1,000 g. 
1 kilogram b 2.205 avoirdupois lb. 
1 gram (g.) * 0.0353 avoirdupois oz. 
1 gram « 0.0322 troy oz. 
1 avoirdupois ounce (oz.) » 28.35 g. 
1 avoirdupois pound Ob.) ** 453.6 g. 
1 troy ounce (tr. oz.) » 31.10 g. 
1 liter of water weighs 1,000 g. 

* The millimeter, the true unit of capacity, is at present commonly so desig¬ 
nated on volumetric apparatus. The cubic centimeter (usually abbreviated 
cin.* or c.c.) has a slightly different value. For all practical purposes, however, 
the terms cvbic centimeter and milliliter are synonomous. 

* One British Imperial gallon is equal to the volume at 62®F. of 10 lb. of 
water. It is equivalent to 277.41 cu. in., to 4.55 liters, or to 1.20 U. S. 
gallons. Therefore to convert oz./U. S. to oz./Imp. gal., multiply by 
1.2. 
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Table 6. Approximate Conversion Factors for Metric and 

Customary United States Units 

1. Grams per liter (g;/!.) multiplied by 0.134 » avoirdupois ounces per 
gallon^ (os./gd.). 

2. Avoirdupois ounces per gallon (oz./gal.) multiplied by 7.5 « grams 
per liter* (g.A)* 

3. Grams per lit|^r (g./l.) multiplied by 0.122 » troy ounces per gallon 
(tr. oz./gal.). 

4. Troy ounces per gallon (tr. oz./gal.) multiplied by 8.2 « grams per 
liter (g./l.). 

5. Grams per liter (g./l.) multiplied by 2.44 =■ pennyweights per gallon 
(dwt./gal.). 

6. Pennyweights per gallon (dwt./gal.) multiplied by 0.41 » grams 
per liter (g./l.). 

7. Grams per liter (g./l.) ounces per cubic foot (oz./cu. ft.). 
^ grams per liter , , 

lOmiiitipUed by specific gravity “ by weight. 

9. Amperes per square decimeter (amp. dm.*) multiplied by 9.20 s 
amperes per square foot (amp./sq. ft.). 

10. Amperes per square foot (amp./sq. ft.) multiplied by 0.108 =» amperes 
per square decimeter (amp./dm.*). 

11. Kilograms per square centimeter (kg./cm.*) (as in tensile strength) 
multiplied by 14.22 « pounds per square inch (Ib./sq. in.). 

12. Pounds per square inch (Ib./sq. in.) multiplied by 0.0704 « kilograms 
per square centimeter (kg./cm.*). 

13. Grams per square decimeter (g./dm.*) multiplied by 0.328 » ounces 
per square foot (oz./sq. ft.). 

14. Ounces per square foot (oz./sq, ft.) multiplied by 3.04 = grains per 
square decimeter (g./dm.*). 

15. Milliliters per liter (ml./I.) multiplied by 0.128 =* fluid ounces p«*r 
gallon (fl. oz./gal.). 

16. Fluid ounces per gallon (fl. oz./gal.) multiplied by 7.8 = milliliters 

per liter (ml. A)« 
17. Specific gravity of a metal divided by 12 = oz./sq. ft. for 0.001 in. 

‘ la. Grams per liter (g./l.) multiplied by 0.161 = avoirdupois ounces 
per British Imperial gallon (av. oz./Imp. gal.). 

^2a. Avoirdupois ounces per Imperial gallon (av. oz./linp. gal.) multi¬ 
plied by 6.2 » grams per liter (g./l.). 
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Table 7. Atomic Weights of Common Elements^ (1947) 

Symbol 
Atomic 
weight 

Aluminum. A1 26.97 Magnesium. Mg 24.32 
Antimony. Sb 121.76 Manganese. Mn 54.93 
Arsenic. As 74.91 Mercury. Hg 200.61 
Barium. Ba 137.36 Molybdenum.... Mo 95.95 
Bismuth. Bi 209.00 Nickel. Ni 58.69 

B 10.82 Nitrogen. N 14.01 
Bromine. 79.92 Oxygen. 0 16.00 
Cadmium. Cd 112.41 Palladium. Pd 106.7 
Calcium. Ca 40.08 Phosphorus. P 30.98 
Carbon. C 12 01 Pt 195.23 
Chlorine. Cl 35.46 Potassium. K 39.10 
Chromium. Cr 52.01 Rhenium. Re 186.31 
Cobalt. 58.94 Rhodium. Rh 102.91 
Copper. 63 54 Silicon. Si 28.06 
Fluorine. — 19 00 Silver. Ag 

Na 
107.88 

Gold. 197.2 Sodium. 23.00 
Hydrogen. 1.008 Strontium. Sr 87.63 
Indium. 114.76 Sulfur. s 32.07 
Iodine. I 126.92 Tin. Sn 118.70 
Iron. Fe 55.85 Tungsten. W 183.92 
Lead. 
Lithium. 

207.21 
6.94 

Zinc. Zn 65.38 

^ From report of International Committee on Atomic Weights, 1947. 
For most calculations in electroplating, the nearest whole numbers may 

he employed. 
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Tablets. Usual Valences of Common Elements 

Name Symbol Valence Type of compound 

Aluminum. , A1 +111 Aluminum salt and aluminate 

Antimony. Sb + ni Antimonite 
+ V Antimonate 

Arsenic... As + III Arsenite 
+ V Arsenate 

Barium. Ba + II Barium salt 

Bismuth. 
1 

Bi + III Bismuth salt 

Boron. B + III Borate 

Cadmium. Cd + II Cadmium salt 

Calcium. Ca + II Calcium salt 

Carbon. C + IV Carbonate 

Chlorine. Cl -1 Chloride 
+ V Chlorate 
+ VII Perchlorate 

Chromium. Cr + II Chromous salt 

+ III Chromic salt 
+ VI Chromate, chromic acid 

Cobalt. j Co + II Cobaltous salt 

- + III Cobaltic salt 

Copper. Cu + I Cuprous salt 

+ II Cupric salt 

Fluorine. F -1 Fluoride 

Gold. Au + I Aurous salt 

+ III Auric salt 

Hydrogen. H + I Hydride 

Indium. In + III Indium salt 

Iodine. I -I Iodide 

Iron. Fe + n Ferrous salt 
+ III Ferric salt 



APPENDIX 421 

Table 8. Usual Valences op Common Elements—(CarUinued) 

Name Symbol Valence Type of compound 

Lead. Pb + II Lead salt 

Magnesium. Mg + II Magnesium salt 

Manganese. Mn +II Manganous salt 
-h VII Permanganate 

Mercury. Hg + i Mercurous salt 

+ II Mercuric salt 

Nickel. Ni +II Nickelous salt 

+ III Nickelic salt 

Nitrogen. N -III Ammonia, ammonium salt 
-fill Nitrite 
+ V Nitrate 

Oxygen. () - II Oxide 

Palladium. Pd + II Palladous salt 
+ IV Palladic salt 

Phosphorus . + III Phosphite 
+ V Phosphate 

Platinum. Pt I +II Platinous salt 
Platinic salt 

Potassium. K +I Potassium salt 

Rhodium. Hh I +III Rhodium salt 

Silicon. Si + IV Silicate 

Silver. Ag + 1 Silver salt 

Sodium. Na + I Sodium salt 

Sulfur. S - II Sulfide 
+ IV Sulfite 
+ VI Sulfate 

Tin. Sn + II Stannous salt, stannite 
+ IV Stannic salt, stannate 

Ziftc. Zn + II Zinc salt 
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Table 10. Electromotive Series^ 

Approximate single potentials of metals toward solutions with normal metal¬ 
ion concentration or activity. Based on the normal hydrogen electrode 

as zero. 

Volts Volts 

Zinc. .. -0.76 Hydrogen. .... 0.00 
Chromium. .. -0.56 Antimony. .... +0.10 
Iron (ferrous).... .. -0.44 Arsenic. .... +0.32 
Cadmium. .. -0.40 Bismuth. .... +0.20 
Indium. .. -0.34 Copper. .... +0.34 
Cobalt. .. -0.28 Rhodium. .... +0.68 
Nickel. .. -0.23 Mercury. .... +0.78 
Tin (stannous)... .. -0.14 Silver. .... +0.80 
Lead. .. -0.12 Platinum. 

Goa. 

.... +0.90 

.... +1.36 

' Many of these values are at best uncertain, owing in some cases to diffi¬ 
culty in measuring the potentials and in others to uncertainty as to the 
metal-ion concentration or activity in the solution used. The order in which 
they are arranged is probably correct, although the relative positions of 
cadmium and iron are in question. 

These values refer only to metals in the ^‘active^^ state. Where they are 
passive (p. 50) their potentials are more positive. Under most conditions 
chromium and nickel are passive and their potentials are much more positive 
than those in this table. 
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Tablb 11. hydrogen Overvoltage (Polarization) on Metals* 

At 1 amp/dm* (9.3 amp/ft*) at 26"C (77**F) 

(Derived from data of Knobel, Kaplan,' and Eiseman, Trans, Am. 
Electrodhem. Soc., vol. 43, p. 55, 1923.) 

Hydrogen Over¬ 

voltage 

Metal Volts 

Fiatinized platinum. 0.030 
Smooth platinum. 0.068 
Gold. 0.390 
Electrolytic iron. 0.557 
Copper. 0.584 
Brass. 0.646 
Carbon.^. 0.700 
Zinc.w.. 0.746 
Nickel. 0.747 
Silver. 0.762 
Graphite. 0.779 
Aluminum. 0.826 
Tin. 1.077 
Lead. 1.090 
Cadmium. 1.134 

^ These values are simply illustrative. The actual numerical values for 
any metal depend on the surface condition, the current density, and the 
solution used. Even the order of the metals is not constant. 
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Table 12. Resistivities' op Solutions at 26®C. (77®F.), in Ohm-Om 

Name Formula 
Concentration 

N 0.6 N 0.1 N 

Hydrochloric acid. Ha 3.01 6.64 26 
Sulphuric acid. H2SO4 4.81 9.28 40 
Hydrofluoric acid. HF 81 280 
Acetic acid. HC,H,0» 670 870 1,900 
Boric acid*. H,BOi 70,000 220,000 
Chromic acid*. H2Cr04 3.18 6.81 27 
Potassium hydroxide.... KOH 6.07 9.48 46 
Potassium chloride. KCl 8.94 17.1 78 
Potassium cyanide. KCN 8.21 16.3 70 
Sodium hydroxide. NaOH 6.77 10.6 60 
Sodium chloride. NaCl 11.6 21.7 92 
Sodium fluoride. NaF 18.6 29.4 121 

Sodium sulphate. Na2S04 16.8 29.1 109 
Sodium carbonate. Na2C02 19.1 31.3 117 
Sodium phosphate. Na2HP04 31.6 62.4 1 199 
Ammonium hydroxide... NH4OH 970 1,280 2,700 
Ammonium chloride. NH4CI 9.34 17.4 78 
Ammonium sulphate.... (NH4)2S04 12.8 23.0 94 
Calcium chloride. CaCl2 12.9 23.8 101 

Magnesium sulphate. MgS04 29.9 49.6 171 
Copper sulphate. CUSO4 34.1 66 191 
Zinc sulphate. ZnS04 33.2 63 187 
Zinc chloride. ZnCL 13.4 22.6 101 
Cadmium sulphate. CdS04 36.6 62 210 
Cadmium chloride. CdCl2 40.1 68 186 
Ferrous chloride. FeCU 16.6 28.7 
Ferrous sulphate. FeSO« 33.6 63 180 
Ferrous ammonium sul¬ 
phate. FeS04.(NH4),S04 12.0 

Nickel sulphate. NiS04 33.8 63 196 
Nickel ammonium sul¬ 

phate . NiS04.(NH4)2S04 19.6 71 
Nickel chloride. NiCh 14.1 26.0 106 
Cobalt sulphate. C0SO4 34.1 67 204 
Cobalt chloride. CoQ, 14.6 26.3 76 
Silver potassium cyanide. KAg(CN), 16.0 
Lead fluoborate. Pb(BF4)i 9.2 

' Some of these have been compiled by L. D. Hammond from various 
sources; others have been computed from International Critical Tables, 
vol. VI. Certain values have been computed from data at 18^, using known 
or ^umed temperature coefficients. These values are probably correct 
to about 1 per cent. 

* Concentrations of boric acid and chromic acid are Af. 



426 ELECTBOPLATINQ AND ELECTROFORMING 

Table 13. CoLdR Change and pH Range of Important Inoicatoks 

Indicator 
Color pH range 

Acid Basic From To 

Tropeolin 00. Red Yellow 1.3 3.0 
Thymol blue.’. Red Yellow 1.2 2.8 
Methyl yellow:. Red Yellow 2.9 4.0 
Methyl orange. Red Orange 3.1 4.4 
Bromophenol blue.... Yellow Blue 4.6 
Bromocresol green — Yellow Blue 3.8 5.4 
Methyl red. Red Yellow 4.4 6.2 
Chlorophcnol red... .... Yellow Red 4.8 6.4 
Bromophenol red... Yellow I^d 5.4 7.0 
Bromothymol blue. Yellow Blue 7.6 

Phenol red. Yellow Red 6.4 8 0 
m-CresoI purple . Yellow Purple 7.4 
^rhymol blue.. Yellow Blue ■n 9 6 
Phenolphthalein.. . . Colorless Red m 9 8 
Thymolphthalein. Yellow Blue 9 3 10 5 
Alizarin yellow. Yellow Red 12.0 





428 BLECTBOPLATINO AND ELECTROFORMING 

Table 15. Factors for Computing Average Thickness from 

Stripping Tests 

Average thickness, in. =* factor X g/cm* 

Metal Factor 

Cadmium. 0.0458 
Chromium. 0.0553 
Cobalt. 0.0442 
Copper. 0.0442 
Gold. 0.0204 
Indium. . .0 0536 
Iron. 0 0499 
Lead. 0.0349 
Nickel. 0.0442 
Platinum . 0.0184 
Rhodium. . . .. 0.0316 
Silver.. . . .. 0.0375 
Tin. 0.0540 
Zinc. 0.0553 

Table 16. Hardne.s8 of Elbctrodeposited Metals 

Range of Brinell 

Metal Hardness Number 

Chromium. 400-1,000 
Nickel. 150- 500 
Cobalt. . . .. 270- 310 
Iron. 160- 350 
Silver. 60-130 
Copper.60- 150 
Zinc... , 40- 50 
Cadmium. ... 10- 55 
Lead. 3- 6 
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Tablb 17. Rbplbctivitibs op Typical Bright Metal Surpacbs^ 

Metal 
Preparation or 

treatment 
White light reflected, 

per cent 

Aluminum. Rolled 70 
“Alzac** finish 85 
Evaporated on brass 76 
Evaporated on glass 90 

Aluminum + Mg. Evaporated on glass 88 
Antimony. 67 
Brass. 74 
Copper. Electroplated 62 

Cast 65 
Chromium. Electroplated 66 
Chromium steel. (^^Stainless'’) 62 
Cadmium. Electroplated 52 
Cold .... Electroplated 61 
Indium Electroplated 68 
Mercury. .. On glass 70 
Monel metal Rolled 60 
Nickel. Rolled 65 

Electroplated 62 
Platinum. Rolled 64 

Electroplated 69 
Palladium. Rolled 61 

Rhodium. Electroplated 72 
Silver. On glass 90 

Rolled 93 
Electroplated 95 

Stellite. Cast 69 
Speculum metal Cast 64 
Tin. Cast 70 

Zinc. Rolled 56 

* Approximate values derived from various publications and from unpub¬ 
lished tests at the National Bureau of Standards. 
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» 
Tabls 18. Summary of Spibcifications for Plated Coatings 

A, AES—ASTM Specifications 

Basis 
metal 

. Spec. No. 
' and Type 

Minimum thickness on 
significant surfaces 

Salt 
spray, 

coating 
in. mm 

hr 

1. Steel A164-40T 
Zinc 

GS 
LS 0.0005 0.013 
RS 0 00015 0 0038 

2. Steel A10S-40T NS 0 0005 0.013 
Cadmium OS 0 0003 .0.0075 

TS 0.00015 0.0038 

3. Steel B200-45T 
(Copper)* 

+ lead 
Cu 

ES 
0 000015 0.00038 

06 

Pb 
MS 

0.0010 0.025 
48 

Cu 0.000015 0 00038 
Pb 

PS 
0 0005 0 013 

24 
Cu 0 000015 0 00038 
Pb 0.00025 0.0006 

4. Steel A16fi-45T 
(Copper)* 

4- nickel 
-f" chromium DS 96 

Cu H-Ni 0 0020 0 050 ‘ 
Final Ni 0 025 
Cr 

FS 
0 OOOOl 0 00025 

72 
Cu -fNi 0.00125 0 031 
Final Ni 0.015 
Cr 

KS 
0.00001 0.00025 

48 
Cu + Ni 0.00075 0.019 
Final Ni 0.0004 0.010 
Cr 

QS 
0.00001 0.00025 

16 
Cu-hNi 0.0004 0.010 
Final Ni 0.0002 0.005 
Cr 0.00001 0.00025 

* Use of copper is optional. If used, it must meet stated requirements. 
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Table 18. Summary op Specifications for Plated Coatings—{Continued) 

A. AES—ASTM Specifications—{Continued) 

Basis 
metal 

Spec. No. 
and Type 

Minimum thickness on 
significant surfaces 

Salt 
spray, 

coating 
in. mm 

hr 

5. Copper B141-45 
or })rass Nickel 

-h chromium 
Ni 

FC 
0.0005 0 013 

Cr 
KC 

0.00001 0 00025 

Ni 0.0003 0 0075 
Cr 

QC 
0.00001 0 00025 

Ni 0.0001 0 0025 
Cr 0 OOOOl 0.00025 

0. Zinc B142-45T 
or zinc (Copper) ♦ 
alloys -f Nickel 

4“ chromium FZ 48 
Cu + Ni 0.00125 0 031 
Cu 0.0004 0 010 
Final Ni 0.0005 0.013 
Cr 

KZ 
0.00001 0 00025 

32 
Cu -f Ni 0.00075 0 019 
Cu 0 0003 0 0075 
Ni 0 0003 0 0075 
Cr 

QZ 
0.00001 0 00025 

1 1 10 

Cu 4- Ni 0.0005 0 013 
Cu 0.0002 0 005 
Ni 0 0003 0 0075 
Cr 0 00001 0.00025 

♦ Use of cop[)er is optional. If used, it must meet stated requirements. 
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Tablb 18. Summary op Spbcipicationb for Plated Coatings—(Cow^iniict/) 

B. British Standard Specifications, BS-1224 

Minimum thickness on 

Basis 

metal 
Coating Type 

significant surfaces 

* 
in. mm 

1. Steel Nickel 

+ chromium 

Ni8S* 

Ni 0.0008 0.020 

Cr 

Ni5S 

0.00002 0.0005 

Ni 0.Q005 0.013 

Cr 

NiSS 

0.00002 0 0005 

Ni 0.0003 0 008 

Cr 0.00002 0.0005 

2. Copper Nickel 
1 

or brass + chromium 

Ni6C 

Ni 0.0006 0 015 

Cr 

Ni3C 

0.00002 0 0005 

Ni 0.0003 0 008 

Cr 

Ni2C 

0.00002 0 0005 

Ni 0.0002 0 005 

Cr 0.00002 0.0005 

* For type Ni8S, salt spray or other porosity tests are opt ional. 
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Tabui 19. Total Ck>NOBMTSATioi» or Comai Sulfhati Plus Svlfbobic 
Acid in Solutions of Qivbn Sracinc Gbavitt 

I^iedfie 

gravity at 
26* „ 
^C.‘ 

Copper sulphate 

phis sulphuric acid 
Specific 

gravity at ‘ 
26® 

Copper sulphate 

plus sulphuric acid 

6./1. oz./gal. os./gal. 

1.01 20 2.7 1.13 217 29.1 

1.02 36 4.8 1.14 234 31.3 

1.03 62 7.0 1.15 251 33.6 

1.04 68 9.1 1.16 268 36.9 

1.06 84 11.3 1.17 286 38.3 

1.06 100 13.4 1.18 303' 40.6 

1.07 117 16.7 1.10 321 43.0 

1.06 133 17.8 1.20 339 46.4 

1.00 160 20.0 1.21 367 47.8 

1.10 166 22.3 1.22 376 50.2 

1.11 183 24.5 1.23 393 52.6 

1.12 200 26.8 

1 
1 
i 

I The spedfic gravity detemuned at 25”C. (TT^F.) based upon the density 

of water at 4*C. (d9.2‘‘F.). 
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Table 20. Solubiuty op Copper Sulphate ik the Presence op Sulphuric 

Acid at 25**C. (77®F.)‘ 

Sulph^c acid 
present 

Solubility of copper Bulphate 
(CuSO«.£^) 

N g-A 02./gal. N g.A os./gal> 

0 2.82 352 47.2 
0.5 24.5 3.3 2.61 326 43.7 
1.0 6.6 2.42 304 40.8 
1.5 73 5 9.9 2.28 285 38.2 
2.0 08.1 13.1 2.14 267 35.8 
2.5 122.6 16.4 2.00 250 33.5 
8.0 147.1 19.7 1.84 30.8 
3.5 171.6 23.0 1.70 212 28.4 

‘ Derived from paper by Goodwin, H. M., and Horsch, W. G., Chem. 
Met Eng.y vol. 21, p. 181, 1919. 

Table 21. Reslstivity op Copper Sulphate-Sulphuric Acid Solutions* 

AT 25°C. (77®F.) in Ohm-cm 

aso4g./i. 
CuS04.5H]0 g./l« 

0 50 100 150 200 

0 4.8 2.44 1.77 
50 65 4.9 2.58 1.88 

100 45 5.1 2 86 2.00 
150 29 5.3 3.04 2.18 
200 24 5.5 3.14 2.31 

^Calculated from Richardson and Taylor, Trane. Am. Eledrochem. 
Soe., voL 20, p. 170, 1911. 
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Table 22. Specific Gravity of Chromic Acid Solutions as a Function 
OF THE CrOs Content^ 

Density C3rO, content Density 

(¥-) 
CrOi content 

Molarity g./l. oz./gal. Molarity g.A oz./gal. 

■n 0.16 16 2.0 1.18 2.67 267 34.4 

119 0.20 29 3.9 1.19 2.72 272 36.4 
0.43 43 6.8 2.88 288 38.6 

1.04 0.67 67 7.6 1.21 3.01 
1.05 71 9.6 1.22 3.16 316 42.3 

1.06 86 11.4 1.23 3.30 44.2 

mfm 13.4 1.24 3.46 346 46.2 
1.14 114 15.3 1.26 48.2 
1.29 129 17.3 1.26 3.76 376 

1.43 143 19.1 1.27 3.90 62.2 
1.11 1.57 157 1.28 64.6 
1.12 1.71 171 22.9 1.29 4.22 422 66.6 
1.13 1.86 186 24.8 4.38 438 68.7 

1.14 26.8 1.31 4.53 453 
1.16 2.16 216 28.8 1.32 4.68 468 62.7 
1.16 2.29 229 1.33 4.84 484 64.8 
1.17 2.43 243 32.6 1.34 

* From data compiled by J. A. Beattie for ^international Critical Tables,” 
McGraw-Hill Book Company, Inc., New York. 

Table 23. Approximate Specific Gravities of Solutions Containing 

Ferrous Chix>ride and Calcium Chloride at 25°C. (77®F.) 

Calcium chloride, CaCls Ferrous chloride, FeClt.4HtO 

N 
g.A oz./gal. 

2 AT. 200 g./l. 3 AT. 300 g. A 
or 27 oz./gal. or 40 oz./gal. 

1 

1 66 7.6 1.15 1.21 

2 111 14.9 1.19 1.24 

3 167 22.4 1.23 1.28 

4 222 29.8 1.27 1.31 

5 278 37.2 1.30 1.35 
6 333 44.7 1.34 1.39 

4 
5 
6 
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Tabu 24. DuNsinn or Comhbbcxal Acids 

Name Formula 

Conceti- 
tration, 
percent 
by wt. 

8p.gr. 
Wt.of 
Igal., 

lb. 

Pounds of pure 
acid in each 

gallon of 
concentrated 

acid 

(Water). H2O 8.3 
Acetic. HCaHjO, 9.5 8.9 5.3 
Hydrofluoric. HF 48 1.16 19 9 6 4.6 
Hydrochloric.... HCl 35 1 18 22 9.8 3.4 
Nitric. HNO, 67 1 41 42 11 9 
Sulphuric. H,S04 93 1 84 66 15 3 14.2 
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Absolute electrical units, 32 
Accelerated corrosion tests, 137 
Accelerated wear tests, 148 
Acetate, 282 

in nickel bath, 366. 
Acetic acid, 282 

in nickel bath, 366 
Acid, anhydride, 20 

definition, 19 
dibasic, 21 
mineral, 20 
monobasic, 21 . 
salts, 24 
strength, 20 
tribasic, 21 

Acid baths, chromium, 338 
copper, 290 
lead, 331 
tin, 326 
zinc, 308 

Acidimetry, 160 
Acidity, 75, 171 
Activated carbon, 359, 371 
Activation, of nickel, 343 
Addition agents, 81 

alloy deposition, 398 
cadmium, 316 
copper, acid, 292 

cyanide, 295 
lead, 331 
nickel, 82, 366 
silver, 300 
tin, acid, 326 

alkaline, 328 
zinc, acid, 310 

alkaline, 312 
Adhesion, 127 

measurement, 130 
Agitation, 67 

air, 270 

Agitation, copper baths, 291 
effects, 68 
mechanical, 271 
nickel baths, 373 

Air agitation, 68, 270 
Airplane bearings 

indium plating, 319 
silver plating, 299 

Alkali, definition, 21 
determination, 160 

in cleaners, 167 
in tin bath, 194 
in zinc bath, 194 

Alkalimetry, 160 
Alkaline baths, brass, 401 

bronze, 405 
cadmium, 315 
copper, 295 
gold, 302 
silver, 298 
tin, 327 
zinc, 310 

Alkaline cleaners, 207 
analysis, 165 

Alkane sulfonates, 283 
copper, 294 

Alloy anodes, 398 
Alloy deposition, 388 
Alloy deposits, 401 

bismuth-copper, 334 
brass, 401 
bronze, 405 
copper-cadmium, 406 
copper-zinc-tin, 407 
gold, 408 
lead-thallium, 323 
lead-tin, 410 
nickel-cobalt, 411 
nickel-molybdenum, 413 
nickel-zinc, 412 
silver-cadmium, 408 
tin-zinc, 410 
sinc-cadmium, 409 

441 
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Alloying of deposits; 129 
AUoys,388 

intennetallio compounds, 395 
mixtures, 393 
solid solutions, 394 

Alpha brass, 403 
Alternating current, 33 

superimposed, 247 
Alto (printing), 221 
Aluminum, conductors, 250 

deposition, 319 
plating on, 378 
zinc anodes, 315 

Amalgamation, 300 
Amine, 283 

copper bath, 295 
Ammeter, 256 

shunt, 256 
Ammonia, 

brass baths, 403 
determination, 187 

Ammino compounds, 
palladium, 386 
platinum, 384 

Ampere, 32 
Ampere-hour, 33 
Ampere-hour meter, 33, 259 
Amphoteric, 307 
Analyses, acidity, 160 

colorimetric, 162 
cyanide, 161, 191 
electrolytic, 172 
electrometric, 178 
gravimetric, 159 
precipitation, 161 
qualitative, 157 
quantitative, 157 
spectrographic, 164 
spectrophotometric, 162, 182 
volumetric, 159 

Analysb of solutions, acid butlis, 169 
acid pickles and dips, 168 
alkaline cleaners, 165 
cadmium, 198 
chromium, 177 
cobalt, 186 
copper, 172,196 
gold, 196 
iron, 188 
lead, 177 

Analysis of solutions, nickel, 185 
platinum, 189 
rhodium, 189 
silver, 196 
tin, 175, 198 
zinc, 174, 198 

Anhydride, acid, 21 
Anion, 18, 23 
Anode, 39 

bags, 375 
efficiency of, 41 

alloy, 399 
hooks, 252 
polarization, 49 

Anodes, alloy, 398 
cadmium, 317 
chromium, 343 
copper, 297 
nickel, 375 
zinc, 314 

Anodic cleaning, 210 
coatings, 134 
pickling, 213 

Antimony deposition, 334 
Antipitting agents, 368 
Area of surfaces, 107 
Armature, 236 
Arrangement, tanks, 261 
Arsenic, in brass bath, 404 

deposition of, 333 
Asbestos diaphragm, 359 
Assay gallon, 6 
Atom, 9 
Atomic number, 276 
Atomic per cent, 393 
Atomic weight, 12, 419 
Auric compounds, 288 
Aurous compounds, 288 
Average thickness, 103, 104, 105, 428 

B 

Barrel plating, 272 
Base, definition, 21 
Base box (tin plate), 326 
Base metal, 44 
Basic copper carbonate, 295 
Basic nickel carbonate, 363 
Basic salts, 25 
Basis metfld, effects, 86, 89, 343 
Basso (printing), 221 
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Bath voltage, 54 
Batteries, primary, 244 

secondary, 244 
Baum4 scale, 4. 416 
Bek process (gold), 303 
Bent cathode, 95 
Bimetallic alloys, 389 
Binary compounds, 15 
Bipolar electrodes, 248 
Bismuth deposition, 334 
Bismuth-copper alloy, 334 
Black-light test (adhesion), 130 
Black nickel, 413 
Blue asbestos, 359 
Blue dip, 301 
Boric acid, 187, 366 
Brashear method (silvering), 225 
Brass, anodes, 404 

bath analysis, 198 
plating, 401 

Bright alloy, 408 
Bright dip, 214 
Bright nickel, 363, 366 
Bright plating range, chromium, 340, 

342 
Brightener, 82 

cadmium, 316 
copper, 295 
nickel, 366 
silver, 300 
zinc, 313 

Brinell hardness, 146 
British Imperial gallon, 417 
British Specifications, for nickel salts, 

364 
for plated coatings, 432 

Bronze plating, 405 
Brush surface analyzer, 87 
Brushes, generator, 237, 240 
Buffer action (pH), 77 

nickel bath, 79, 365 
Building up deposits, 220 
Burette, 160 
Bus bars, 250 

C 

Cadmium, alloys, 406 . 
copper, 406 
silver, 408 
zinc, 409 

Cadmium, anodes, 317 
compounds, 307 
cyanide, 316 
determination, 198 
in nickel baths, 370 
oxide, 316 
plating, 315 
protective value, 134, 136 

Calcium, in iron baths, 185, 358, 360, 
435 

in zinc anodes, 315 
Calomel electrode, 43, 46, 178 
Calorie, 58 
Capacity, electrical, 34 

volumetric, 417 
Capillary tube, 86 
Carbolic acid (phenol), for copper, 292 

for brass, 404 
Carbon bisulfide, in silver bath, 300 
Carbonate, in cyanide baths, 285 

determination, 194 
removal, 286 

in silver bath, 299 
Case-hardening, 290 
Cathode, definition, 39 

efficiency, 41 
in alloy disposition, 399 
measurement of, 41 

films, 61, 62 
hooks, 252 
polarization, 48, 49, 52 

in alloy deposition, 391 
sputtering, 227 

Cathodic cleaning, 209 
coatings, 134 

Cation, 18, 23 
Cavity scale, 96 
Cell constant, 57 
Centigrade temperature, 3, 415 
Centrifuge method (sulfate), 183 
Cerrobase, 221 
Cerrotru, 221 
Changes in matter, 10 

chemical, 10 
physical, 10 

Channel-type porosity (chromium), 
348 

Character of deporits, 60 
Chemical analysis, 156 
Chemical calculations, 12 
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Chemical changee, 10 
compounds^ 9, 15 
equations, 12 
formulas, 12 
notation, 12 * 
polarisation, 46, 356 

Chemistry, principles, 8 
Chloride determination, 187 
Chloroplatinate, 384 
Chloroplatinic acid, 383 
Chord method (thickness), 111 
Chromic acid, 21, 335 

anhydride, 335 
baths, 338 
solutions, specific gravity, 435 

Chromic salts, 337 
Chromium, baths, 338 

analysis, 177, 179, 182 
coatings, porosity, 144 
compounds, 335 
plating, 337 
properties, 346 
porous, 348 
salt baths, 337 

Chromous salts, 337 
Circular mil, 258 
Circulation, solutions, 273 
Citrates, 282 
Citric acid, 282 
Cleaning metals, 200 
Clean surface, test, 201 
Coatingage (thickness), 125 
Cobalt, compounds, 357 

deposition, 360 
determination, 186 
in nickel anodes, 361 
in nickel baths, 367, 368 

Cobalt-tungsten alloy, 350 
Collodial solutions, 81 
Colorimetric pH measurement, 76 
Colorimetry, 162 
Combination of elements, 10 
Commercial acids, density, 436 
Common-ion effect, 71, 377 
Commutator, 236 
Comi^a cyanides, 71, 288, 288 

inorganic salts, 280 
ions, 71 
orginic salts, 282 

Compound, definition, 8 
Compound-wound generator, 238 
Concentration gradient, 63 

polarization, 45 
Conductance, 54 

specific, 54 
Conducting paint, 227 
Conductive surfaces, 224 
Conductivity, 54 

cell, 57 
of baths, 83 
measurement, 55 

Conductors, 249 
Conservation of energy, 11 

of matter, 11 
Constitution, plating baths, 277 
Contacts, electrical, 252 
Contact tin, 329, 330 
Contractometer, 151 
Convection, 45 
Conversion tables, Baum4-specific 

gravity, 416 
CJentigrade-Fahrenheit, 415 
Metric-U.8. units, 418 

Conveyor tanks, 272 
Copper, alloy deposits, 401 

anodes, 297 
carbonate, 295 
compounds, 288 
conductors, 250 
deposition, 289 
determination, 172 
effect in nickel bath, 370 
electrotyping, 290 
fluoborate, 293 
powder, 224 
pyrophosphate, 294 
sulfate, 290, 433, 434 

Corronizing, 412 
Corrosion protection, 133 
Coulomb, definition, 32 
Coulometer, 32 
Covering power, 90, 95, 342 
Cresol, 326 
Crystal form, 65 

chromium, 344 
lattice, 61 , 
t3npe8, 65 

Cupric compounds, 288 
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Cuprous compounds, 288 
Cimrous oxide, in copper, 297 
Ciftrent, 31 

conductors, 249 
density, 268 
distribution, 249 
efficiency, 40 
measurement, 256 

Cyanide, analysts, 283 
baths, brass, 405 

cadmium, 316 
copper, 295 
gold, 304 

alloy, 408 
indium, 322 
silver, 301 
zinc, 311 

determination, 192, 283 
decomposition, 285 
ions, 285 
ratio, 284 
solutions, 71 

Cyanometric analysis, 161 
Cycle (alternating current), 33 
Cylipdrical conductors, 90, 92 

D 

Daniell cell, 244 
Decomposition of compounds, 10 

of cyanide, 285 
Deformation of coatings, 145 
Depolarized nickel anodes, 375 
Deposition potential, alloys, 393 
Density, Baum5, 4, 416 

calcium chloride, 435 
chromic acid, 435 
commercial acids, 436 
copper sulfate, 172, 434 
ferrous chloride, 435 
metals, 422 
solutions, 4, 416 

Dextrin, 292 
Dextrose, copper bath, 292 

indium bath, 322 
silvering, 225 

Deposition, immersion, 45, 289, 306 
Diamminoplatinous nitrate, 385 
Dibasic acids, 21 

Dichromate, 335 
titration, chromium, 177 

iron, 184 
Dichromic acid, 335 
Diffuse reflection, 149 
Diffusion, 45 
Dip gold, 306 
Dimethylglyoxime, nickel, 106, 185 
Dips, brass, 214 

bright dip, 214 
cadmium, 317 
copper alloys, 214 
zinc, 312, 317 

Direct current, 31 
Dissociation, 18, 19, 20, 21, 23 
Distribution, current, 90 

metal, 94 
primary, 90 
secondary, 94 

Double commutator, 240, 262 
cyanides, 71 
decomposition, 10 
nickel salt, 363, 364 

Drag-out, 84 
Dropping test for thickness, 117 

cadmium, 118 
copper, 118 
tin, 118 
zinc, 118 

Drop-weight method (surface ten¬ 
sion), 86 

Ductility, chromium, 346 
iron, 359 
nickel, 374 

Dull nickel, 363 
Dynamo, 236 

' E 

Edison battery, 243 
Electrical energy, 33 
Electrical equipment, 236 
Electrical instruments, 256 
Electrical units, 30 
Electricity, 30 
Electrochemical equivalents, 422 
Electrochemical series, 44, 423 
Electrochemical tests, thickness, 121 

chromium, 121 
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Electrochemistry, 3D 
Electrode, definition, 30 

anode, 39 
calomel, 43,46, 178 
cathode, 39 
potentials, 42 

Electroforming, definition, 220 
Electrolysis, 39 
Electrolyte, definition, 39 
Electrolytic analysis, cadmium, 198 

copper, 172 
nickel, 185 

Electrolytic cleaning, 209 
Electrolytic copper anodes, 297 
Electrolytic dissociation, 18, 19, 20, 

21,23 
Electrolytic nickel anodes, 364 
Electrolytic pickling, 212 
Electrolytic tin plate, 326 
Electrometric titration, chromium, 

177 
Electromotive force (emf), 31 
Electromotive series, 44, 134, 423 
Electron, 10 
Electropolishing, 215 
£lectrot3rping, 228 

copper, 290 
nickel, 381 
preparation, 228 

Elements, 8, 278, 419, 420 
Embrittlement, steel, 213 
Emulsicm, 204 

cleaning, 206 
Energy, 11 
Equilibrium potentials, 45 

in alloy deposition, 389 
Equipotential surface, 90 
Equivalent weights, 40, 422 
Equivalents, metric and U.S., 417 
Erichsen cup test, adhesion, 130 
Erodon of coatings, 146 
Ester, 203 
Etching reagents, 110 
Exposure tests, 135 

F 

Fahrenheit scale, 3, 415 
False neutral system, 262 

Faraday, definition, 40 
Faraday’s law, 39 
Fat, definition, 203 

removal, 203 
Ferric (iron) compounds, 357 
Ferrocyanide titration, 174 

cadmium, 198 
zinc, 174 

Ferrous (iron) chloride bath, 358, 360 
specific gravity, 435 

Ferrous compounds, 357 
Ferroxyl test, porosity, 142 
Field magnets, 237 
Film, cathode, 61, 62 

chemical, 222 
conductive, 222 ^ 
mechanical, 222 
silver-iodide, 223 

Filters, 273 
Filtration of solutions, 273 
Fire assay, gold, 196 
Flask, graduated, 160 
Fluoborate, 281 

copper, 293 
lead, 331 
lead-tin, 411 
nickel, 362 
tin, 326 
zinc, 310 

Fluosilicate, 280 
lead, 331 

Fluosilicic acid, 280 
chromium, 338 

Formaldehyde, silvering, 226 
Formate, 285 

nickel, 366 
Formic acid, 285 

nickel, 366 
Formulas, of compounds, 12 

plating {see Plating formulas) 
of salts, 22 

Free cyanide, definition, 285 
determination, 191 

brass, 402, 403 
cadmium, 315 
copper, 295, 296, 297 
gold, 303 
silver, 298, 301 
zinc, 310 
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Free cyanide, titration, 161 
Freezing, carbonates, 286 

6lms, 63 
Frequency, a-c, 33 
Full-wave rectification, 242 

G 

Gallium deposition, 310, 320 
Gallon, British Imperial, 417 

U.S., 417 
Galvanic protection, 134 
Galvanized iron, 134 
Gelatin, 81 
General Electric gage (thickness), 125 
Generators, 236 
Germanium deposition, 324 
Glass electrode, pH, 76 
Glucose, indium bath, 322 
Glue, 81 
Glycerin, 203 
Gold, alloys, 408 

anodes, 305 
coloring, 302 
compounds, 288 
cyanide, 304 
determination, 163, 196-197 
filled coatings, 302 
fulminate, 304 
karat fineness, 303 
plating, 302 
rolled, 302 
strike, 304 

Graduated fiask, 160 
Graphite, 222, 224, 230 

brushes, 240 
Gravimetric analysis, 159 
Grease, removal, 203 
Green gold, 303, 408 

H 

Half-wave rectification, 242 
Hammer test, adhesion, 130 
Hangers, 251 
Hard chromium, 340 
Hardness, chromium, 336, 346, 347 

measurement, 146 
metals, 146, 428 

Hardness, nickel, 374 
Haring cell, 47, 56, 97 
Heat, produced in electrolysis, 58 . 

treatment, nickel, 375 
Hexahydrox3rplatinate, 384 
Hexametaphosphate, 208 
Hexavalent chromium, 339 

determination, 177 
High-copper cyanide bath, 296 
High-speed copper bath, 296 
Horsepower, 33 
Hot-dip tin, 326 
Hot water test, porosity, 143 
Hull cell, 91, 100 
Hydrated ions, 61 
Hydrochloric acid, 20, 211 
Hydrocyanic acid, 287 
Hydrofluoric acid, 338 
Hydrogen electrode, 43, 76 • 

ion concentration, 27, 74 
measurement, 76 

overvoltage, 49, 336, 424 
in alloy deposition, 396 
on zinc, 308 

Hydrogen peroxide, nickel, 369 
tin, 327 

Hydrolysis, 26, 27, 207 
Hydrometer, 4 
Hydrophilic compounds, 204 
Hydrophobic compounds, 204 
Hydroxides, 21 
Hydroxyacetic acid, 282 
Hydroxyl ions, 27 
Hypo, 295 

I 

Immersion, deposition by, 45, 289, 
306 

methods (thickness test), 114 
tin, 329, 330 

Impedance (a-c), 34 
Impervious surfaces, 224 
Impurities in nickel baths, 370 

determination, 188, 370 
effects, 370 
removal, 370-371 

Indicators, 25, 76, 426 
Indium plating, 321 
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Inductance, electric, 34 
Industrial chromium plating, 340 
Inhibitors, pidding, 212 

, trichloroethylene, 206 * 
Inorganic compounds, 15 ^ 

salts, 280 
Insoluble anodes, alloy, 401 
Inspection, electrodeposits, 101 
Instability constant, 284 
Insulation, 268 

racks, 269 
tanks, 269 

Interference fringes (thickness), 127 
Intermediate electrodes, 248 
Intermetallic compounds, alloys, 395 
Interrupted direct current, 247 
International electrical units, 32 
Ion, complex, 280, 283, 285 

definition, 18 
migration, 18, 45, 61 

lonogen, definition, 39 
IR drop, 46, 52 
Iron, anodes, 359 

chromium bath, 340 
compounds, 357 
deposition, 357 
determination, in chromium bath, 

181 
in iron bath, 183 

nickel bath, 370 
Isotope, 10, 276 

J 

Jacquet method, adhesion, 132 
Jet test for thickness, 120 

nickel, 120 
silver, 121 

Joule, definition, 33 

K 

Karst fineness, gold, 303 
Kilowatt, definition, 33 
Kilowatirhour, 33 
Knoop indenter, hardness, 146 

L 

T.s^mellar flow, 68 
Laminated depoats, mekel, 366 

Lead anodes (chromium), 343 
carbonate, 331 
determination, 177 
fluoborate, 331 
fluosilicate, 331 
lining, 265 
molds, electrotype, 234 
perchlorate, 331 
peroxide (battery), 243 
plating, 330 
sulfamate, 331 
thallium alloy, 323 
tin alloy, 410 

anodes, 343 
Linear conductor, 90, 91 
Lines of current flow, 90 
Lipson gage, thickness, 125 
Local thickness, deposits, 103, 108 

measurement, chord, 111 
dropping test, 117 
electrochemical, 121 
immersion, 114 
jet, 120 
magnetic, 122 
microscopical, 110 
spot, 116 

Location, equipment, 260 
tanks, 274 

Low-pH nickel bath, 80, 372 
Low-copper cyanide bath, 295 

M 

Magne-gage, 123, 124, 126 
Magnesium, in nickel bath, 365 

sulfate in nickel bath, 365 
in zinc anodes, 315 

Magnetic methods (thickness test), 
122 

composite Cu-Ni on steel, 126 
nickel on brass, 122 
nickel on steel, 126 
nonmagnetic coatings on steel, 124 

Magnetic properties, nickel, 374 
Manganese compounds, 353 

deposition, 31^ 
Mass flow, ds 
Matter, definition, 8 

conservation, 11 
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Mechanical agitation, 271 
cleaning, 218 

Mechanism of electrodeposition, 60 
Melting points, 336 
Meniscus, 4 
Mercuric compounds, 307 
Mercurous compounds, 307 
Mercury compounds, 307 

deposition, 318 
in silver plating, 300 
in zinc plating, 312 

Metal concentration, in alloy deposi¬ 
tion, 397 

in baths, 70 
cyanides, 284 
distribution, 94 
ion concentration, 70 
molds, 220 

Metaphosphate, 208 
Metasilicate, 207, 208 
Mctastannic acid, 328 
Methyl orange, 426 
Methyl red, 426 
Metatungstate, 335 
Metric equivalents, 417 

system, 5, 417, 418 
Micro-Brinell, hardness, 147 
Microinches, 87 
Micro-Ollard test, adhesion, 132 
Microscopical method, thickness, 110 
Migration, colloids, 81 

ions, 18, 45, 61 
Mineral acids, 20 
Mixtures, definition, 9 

alloys, 393 
Molar solution, 24 
Molasses, in acid copper, 292, 293 
Molding graphite, 230 
Molding wax, electrotyping, 228 
Molecular weight, 13 
Molecule, definition, 10 
Molybdenum, alloys, 349, 413 

compounds, 335 
deposition, 348 
in zinc bath, 313 

Moly-black, 349, 413 
Mond process nickel, 364 
Monobasic acid, 21 
Motor, 236 

Motor-generator, 236 
Multiple arrangement, tanks, 37, 261 

N 

Negative charge, 18 
electricity, 10 
ions, 18 
molds, 220 

Neutralization, 20 
Nickel, acetate, 363 

anodes, 375 
baths, 380 
carbonate, 363 
chloride, 363 

specification, 364 
cobalt alloys, 364. 368, 411 
compounds, 357 
deposition, 362 
deposits, properties, 374 
determination, 185 

colorimetric, 186 
cyanide titration, 185 
electrolytic, 185 

double salt, 363 
electrotyping, 380 
formate, 363 
molybdenum alloys, 413 
plating, 362 

aluminum, 378 
cast iron, 376 
copper and brass, 377 
magnesium, 378 
steel, 376 
zinc, 377 

properties, 374 
protective value, 136 
salts, 363 
strike, 129, 301, 381 
stripping, 106, 427 
sulfate, 363 

specification, 364 
zinc alloys, 412 

Niter cake, 212 
Nitrates in plating, 73 
Nitric acid, density, 436 
Noble metals, 44 
Nonmetallic surfaces, conductive, 224 

impervious, 224 
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Normal potentials, 44, 278, 423 
solutions, 23 

Normality, 7, 23 

O 

Ohm, definition, 32 ’ 
Ohm-centimeter, 55 
Ohm-inch, 55 
Ohm's law, 31 
OUard test, 131 
Organic amines, 283 

compounds, 15 
solvents, 204 

Oscillograph, 37 
Outdoor exposure tests, 135 
Overvoltage, 50 

effects, 51 
Oxidation, 17 

cyanide, 285 
and reduction, 17, 161 

Oxide, removal, 211 
Oxidising agent, 17 

grsphited surface, 232 
Osokerite, 229 

P 

Palladium deposition, 385 
Palladosammine chloride, 386 
Parallel arrangement, tanks, 37, 261 

rheostats, 253 
Passive films, 222 
Passivity, 50, 134, 336 
Penetration hardness, 229 
P^rchlor, 205 
Perchlorate, lead, 331 
Periodic reverse current, 246 
Periodic system, 276, 278 
Permanganate titration, iron, 184 
pH, adjustment, 170 

control, 78, 372 
cyanide baths, 80, 193 
definition, 74 
effects, 79 
iron bath, 358 
measurement, 76, 171 
nickel baths, 372 
range, indicators, 426 

Phase, ac, 35 
angle, ac, 35 

Phenol, 292, 326, 404 
Phenolphthalein, 426 
Phenolsulfonic acid, brass bath, 404 

copper bath, 292 
tin bath, 326 

Phonograph matrix, 221 
records, 221 

Physical changes, 10 
Physical properties, 8 

chromium, 344, 346, 347 
nickel, 374 

Pickling, brass, 214 
steel, 211 
zinc, 215 

Pin-point porosity, chromium, 348 
Pipette, 160 
Pitting, nickel, 368 
Plastic molds, electrot3rpe, 232 
Plastics, plating on, 234 
Plating bath formulas, antimony, 334 

bismuth, 334 
brass, 405 
bronze, 405, 406, 407 
cadmium, 316, 317 
chromium, 340 
cobalt, 361 
cobalt-tungsten, 350 
copper, acid sulfate, 290, 293 

alkane sulfonate, 294 
amine, 295 
cyanide, 295, 296 
fluoborate, 293 
pyrophosphate, 294 
Rochelle salt, 296 

germanium, 324 
gold, 304, 305. 306 

alloys, 408, 409 
indium, 321 
iron, 359, 360 
lead, 331 
lead-tin, 411 
manganese, 354 
nickel, 380, 381 

cobalt, 381 
electrotypes, 381 
stereotypes, 381 

palladium, 385, 386 
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Plating bath formulas, platinum, 383, 
384,385 

rhodium, 387 
silver, 301, 302 
speculum, 407 
tellurium, 351 
thallium, 323 
tin, 327, 328, 329, 330 
tin-zinc, 410 
zinc, 310, 311, 313, 314 
zinc-cadmium, 409 

Plating racks, 251 
range, chromium, 340, 341 
tanks, 263, 266, 267, 268 

Platinum deposition, 383 
determination, 189 
group metals, 382 

Plumbite, 331 
Polarographic analysis, 164 
Polarization, copper, 49 

definition, 45 
effects, 51 
measurement, 46 
nickel, 50, 52 

Polonium deposition, 352 
Porosity tests, 141 
Porous chromium, 348 
Porous cup method, gold, 304 
Porous pot, chromium, 339 
Positive molds, 220 
Potassium vs. sodium cyanide, 286 
Potassium nitrate (in silver), 298, 

299,301 
Potential, definition, 31 

sign, 45 
Power, definition, 33 

efficiency, 239 
factor, 34 

Precipitation (analysis), 161 
Preece test, zinc, 114 
Preparation, electroplating, 200 

electroforming, 220 
Primary batteries, 244 

current distribution, 90 
Printing plates, 221 
Process specifications, 152 
Product specifications, 153 
Profilomcter, 87, 367 
Properties, of electrodeposits, 101 

Properties, chromium, 846 
iron, 359 
matter, 8 
nickel, 374 

Protective value of coatings, 186 
on brass, 136 
on steel, 136 
on zinc, 137 

Proton, definition, 10 
Pumps, 273 
Purification of nickel baths, 371 

zinc baths, 313 
Purity of chemicals, 152 
Pyrophosphate, 281 

copper, 294 
zinc, 314 

Q 

Qualitative analysis, 157 
Quantitative analysis, 157 
Quantity of electricity, 31 
Quinhydrone electrode, 76 

R 

Racks, 251 
Radioactivity, 8, 10 
Rating scale, corrosion, 135 
Reactance, a-c, 34 
Reaction potential, 51 
Rectification, 241 
Rectifier, 241 
Red brass, 403 
Red gold, 409 
Reducing agent, 17 
Reduction, 17, 161 
Reflecting power, 148 
Reflectivities, 149, 429 
Relative accuracy, 1 
Resistivity, chromium, 347 

copper baths, 434 
definition, 54 
effects, 83 
measurement, 55 
nickel, 374 
solutions, 425 

Resistors, 55 
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Reverse current^ cleaning, 210 
periodic, 240 
stripping, 105 

Rhenium deposition, 355 
Rheostats, 253 . ^ 
Rhodium, deposition, 3M 

determination, 189 
Ripple in voltagOi 241 
Rochelle salt, 73 

copper bath, 296 
silvering, 226 

Rockwell hardness, 146 
Rolled copper anodes, 297 
RMed gold, 302 
Root mean square, 87 
Rose gold, 303, 409 
Rubber adhesion, 401 

S 

Saccharin, in nickel bath, 368 
Salt, acid, 24 

basic, 25 
definition, 21 
error, pH, 77 
fog test, 138 
spray test, 138 
water gold, 305 

Sampling baths, 165 
plated products, 109, 154 

Saponification, 203 
Scleroscope hardness, 147 
Scratch hardness, 147 
Secondary batteries, 244 

current distribution, 94 
Selection electrodeposits, 101 
Selenium deposition, 351 
Self-excited generator, 237 
Self-sustaining baths, 309, 372 
Semibright nickel, 3^, 367 
Sensitising before silvering, 226, 235 
Separate anodes, allqy deposition. 400 
Separately excited generator, 238 
Separation films, 222 
S^ies, refining, 248 

rheostats, 2^ 
tanks, 37 

Shunt, ammeter, 256, 257 
Shunt*wound generatOTi 237 

^gn of potentials, 45 
Significant figures, 1 
Significant surfaces, 103 
Silver-cadmium alloys, 408 

chloride, 298 
compounds, 288 
cyanide, 71, 298 
deposition, 298 
determination, 196 
films, 224 
iodide films, 223 
plating, 298 

airplane bearings, 299 
strike, 300, 301 
stripping, 106, 427 

Silvering plastic, 224, 233 
surfaces, 224 

Sine wave, 34 
Single-phase rectification, 242 

potential, 43 
salt, nickel, 363 

Smoothing action, nickel, 87, 367 
Soap, definition, 203 

formation, 203 
soak, 209 

Soda ash, 209 
Sodium, arsenite, 333 

carbonate, 207, 208 
removal, 286 

cyanide, 284 
metasilicate, 208 
palladous nitrite^ 385 
perborate, 327 
phosphate, 207 
plumbite, 331 
silicate, 207, 208 
stannate, 324 
stannite, 327 
suifarsenite, 333 
sulfate, 365 
thiosulfate, 295 
vs. potassium cyanide, 286 
sincate, 307, 310 

Soft chromium, 345 
Soil, definition, 200 

removal, 203 
Solid solution (alloy), 394 
Solubility, copper sulfate + sulfuric 

add, 200, 434 
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Solvent, cleaning, 204 
organic, 204 

Solution, 9 
potential, 43 

Specific conductance, 54 
Specific gravity, conversion to Baum4, 

416 
copper sulfate, 172, 433 
chromic acid, 435 
commercial acids, 436 
definition, 4 
ferrous chloride, 435 
metals, 422 

Specific resistance, 54 
Specifications, AES-ASTM, 153, 430 

British, 432 
deposits, 101, 152, 153, 430 
graphite, 231 
nickel salts, 364 ^ 

Spectrophotometry, 162 
chromium, 182 
gold, 163 

Spectroscopic test, thickness, 127 
Specular reflection, 149 
Speculum plating, 407 
Spherical conductors, 90, 92 
Spiral contractometer, 151 
Spot test for thickness, chromium, 116 

nickel, 116 
Stalagmometer, 86 
Standard potential, 44, 277, 278, 423 

solutions, 159 
Stannate, 324 
Stannite, 327 
Stannous chloride, 226 
Stannous sulfate, 327 
Stearate, 203 
Stopping-off, 270 
Storage batteries, 243, 244 
Stress in deposits, 151 

nickel, 368 
Stripping deposits, 105,106, 386, 387, 

427 
Structure, deposits, 63, 67, 68, 69 

matter, 9 ' 
nickel, 375 

Substance, definition, 8 
Sulfamate, 282, 331 
Sulfate, chromium bath, 338 

Sulfate, determination, 182 
ratio, 340 

Sulfide films, 223 
Sulfocyanate (thiocyanate), 418 
Sulfuric acid, 19, 20, 212, 290, 436 
Superfinish, 87 
Superimposed, alternating current, 

35, 247 
Surface-active materials, 85, 86, 204 
Surface tension, 85, 204 

T 

Tainton process, zinc, 308, 309 
Tank bars, 251 n:.. 

linings, 264, 265, 266 / 
Tanks, concrete, 267 

enameled iron, 268 
glass, 268 
plastic, 268 
rubber, 268 
soapstone, 268 
steel, 266 
stoneware, 267 
wood, 263 

Tartaric acid, 282 
Tellurium deposition, 351 
Temperature, Centigrade, 3 

conversion, 415 
effects, alloy deposition, 398 

nickel deposition, 373 
resistivity, 58 

Fahrenheit, 3 
Tenaplate, electrotsrping, 232 
Tensile strength, nickel, 374 
Tensiometer (surface tension), 86 
Terne plate, 411 
Tetrachloroethylene, 205 
Tetrasodium pyrophosphate, 208 
Thallium deposition, 322 
Thermal conductivity, 59 
Thickness of deposits, 102 

average, 103 
factors, 428 
local, 103 
measurement, 104 

chord. 111 
dropping test, 117 
electrochemical, 121 
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Thickness of deposits, measniement, 
104 

immersion, 114 
jet test, 1^ 
magnetic, 122 
microscopical, 110 
spot test, 116 
stripping, 105, 427 

standanls, 113 
Thiocyanate titration, silver, 196 
Thiosulfate titration, chromium, 179 

copper, 173 
Thiourea, 292 
Three-phase rectihcation, 242 

wire system, 262 
Throwing efficiency, 99 

power, 53, 89 
box, 97 
chromium plating, 341 
measurement, 95 

Tin, anodes, 328 
baths, 326, 327 
contact, 329 
compounds, 324 
copper bronise, 406 
deposition, 325 
determination, 175, 176, 198, 199 
immersion, 329 
lead alloys, 410 
plate, 326 
plating, 325 
sine allo3^, 409 

Titration, definition, 26 
Total cyanide, 283 

determination, 192 
Toxicity, cyanides, 287 
Transformer, 241 
Treeing of det>osit8, 69 
Tribasic acid, 21 
Trichloroethylene, 205 
Trisodium phosphate, 207, 208 
Trivalent chromium, 339 

determination, 179 
Tungsten, alloys, 349, 350 

compounds, 3^ 
dep^tioD, 340 

Turbidimetor, sulfate determination, 
183 

Turbulent flow, 68 
Types, of bath, 277 

current, 246 
metals, 276 

Twinned crystals, 65 
Two-wire system, 262 

U 

Uranium, 336 
acetate (zinc titration), 174 

V 

Vacuum evaporation films, 227 
Valence, definition, 15 

table, 420, 421 
Vapor degreasing, 204 
Vickers hardness, 146 
Vinylite molds, electrotype, 233 
Viscosity, solutions, 84 
Volt, definition, 32 
Voltage drop, rheostats, 255 
Voltage ripple, 241 
Voltameter, 32 
Voltmeter, 256 
Volumetric analysis, 159 

W 

Water break (cleaning), 201 
Watt, definition, 33 
Watt-hour, 33 
Watts nickel bath, 368 
Wax molding, 228 
Wear resistance, 145 
Weights and measures, British, 7, 

417, 418 
metric, 5, 417, 418 
U.8., 5, 417, 418 

Weston normal cell, 32 
Wetting agents, 82, 85, 204 

in nickel baths, 370 
Wheatstone bridge, 57 
White gold, 303 
White lead, 331 
Wohlwill process, gold, 35, 247 
Wood’s metal, 221 
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X 

X-ray method, structure, 
thickness, 127 

Y 

Yellow brass, 401 

Z 
% 

Zinc, anodes, 314 
baths, acid, 308 

alkaline, 310 

Zinc, cadmium alloy, 409 
coatings, protective value, 134, 136 

403 thickness test, 118 
compoimds, 307 
deposition, 308 
determination, 174 
nickel alloys, 412 
nickel bat^, 370 
oxide, 310 
pink (brass), 403 
plating, 398 
sulfate, 308 
tin alloys, 409 

Zincate, 307 






