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SmiMARY 

• 

The patent literature describing the development of the 

foil electroforming technology has been reviewed. A review 

of the literature covering the development of iron plating 

electrolytes has also been completed. 

A detailed study of the effects of solution parameters 

on the conductivity of iron chloride solution and the effect 
. 

of addition of a number of 'conductivity salts' has been 
, .. ~ 

carried out. The operation of a pilot plant for the conti

nuous production of iron foil has. been investigated and the 

parameters of foil production characterised • 

Preliminary cathodic polarization studies were made at 

low current densities on the iron chloride electrolyte showing 

the effects of temperature on the system • 
• 

A number of possible materials for use as insoluble anodes 

have been investigated using anodic polarization to determine· 
• 

their behaviour in the aggressive hot iron chloride electrolyte 

environment. The possibility of reducing depassivation of 

the cathode by the addition of a less aggressive anion was 

studied but no significant improvement achieved. 

For a more detailed and controlled study of the hot iron 

chloride electrolyte, a cl,osed, ,divid~d-cell incorporating 
" . 

a rotating-cylinder electr()d~ .. :was designed and constructed 
• ' ' ~ 

• •• • • . .. ·' . .. . ' 

to operate near to the boilingpolnt.of the electrolyte. 
~ : ' 

The 
., 

cell enabled a more rigorous-study of the electrolyte to be 

made as the solution parameters could be better controlled • 
• 

• • 
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• 

The concentration of the ferric ion in the solution could be 

reduced and held constant while other factors could be measured. 

This system has been used to demonstrate the electrochemical 

reduction of ferric ion in addition to demonstrating that 

chemical reduction of the electrolyte was feasible and to 

• 

study the effect of ferric ion concentration on cathode current 
. 

efficiency. Control of ferric ion concentration by use of 

the divided cell has also enabled study of some of the depo

sition characteristics, the effects of stirring on the deposit 

and a·n investigation into the use of surface-active agents in 

further optimising the electrolyte performance • 
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I. INTRODUCTION • 

The researches described in this thesis arose from an 

industrial requirement that an attempt should be made to 

establish a deeper understanding of some of the electro

chemical characteristics of the iron electrodeposition process, 

with particular consideration to the electroforming of iron 
• 

foil from a hot iron chloride electrolyte • 

Operational pilot plant production of iron foil had 

been achieved at the British Steel Corporation Research 
. 

Laboratories in S\~ansea, and developed to production scale 
• 

by Ironfoil Ltd., a subsidiary company of the Lee Group of 

Companies in Sheffield. It was in conjunction with the latter 

enterprise that the requirement to optimise the process and 

to examine some of the remaining problems arose. 

The basic pr.inciples behind the deposition of thin iron 

sheet have been established for many decades. More recently, 

sound engineering methods have been developed to enable the 
. 

efficient continuous production of iron foil. The areas that 

required more detailed understanding and possible optimisation 

were principally the electrical conductivity of the electro

lyte and the electrochemical polarization characteristics of 

the hot (l00°C), acidic iron chloride electrolyte used in 

' this application. In addition to these areas of study, an 

effort was made to improve the quality of the product. The 

• 
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• 

• 

• 

iron foil, although satisfactory in most respects, was not 

always of the highest possible quality. The major short

coming being the occasional occurence of 'pinholing', caused 

it was thought, by the inclusion of solid particles in the 

foil during the electroforming process, which later became 

dislodged leaving minute pores in the foil. Possible solutions 

to this problem were examined. 

Electroformed iron foil is a product of great practical 
• 

significance. studies carried out by the Lee Group of 

Companies indicated that the thinner gauges of foil (50-75 ~m) 

could be electroformed at a cost that would be competitive 
. 

with direct rolling of conventionally produced iron strip. 

Above this range, direct rolling is advantageous; below this 
• 

range electroforming is cheaper and offers easier handling 

for very thin foil. ElectrofOLIIling of iron foil has other 

advantages: the electrolyte can be made up by the dissolution 

of scrap steel in hydrochloric. acid. This means that an 

efficient· method is available for the recycling of scrap, 

such as black-plate trimmings, to produce a marketable 

product. Another possibility revie~Ted at length by Silman (l), 

is that.the electrolyte could be prepared directly from the 

ore, perhaps on the site of a small user such as a packaging 

concern. In addition to producing foil economically, the 

cost of transport from a steel mill would be saved • 
• 

• 

The packaging industry is • 
only one of many possible 

markets for electroformed iron foil. Its high resistance 

- 2 -
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• 

to tension, tearing and impact, its impermeability to water, 

vapour and gas, its high melting point (1500°C), good elec

trical and magnetic properties, and the variety of finishes 

. with which it can be produced, render it suitable and 

economic for many applications which already rely upon the 
• 

use of other metallic foils. 
• 

The strength and impermeability of iron foil would 

allow its use for removeable foil closures such as milk 

bottle-tops, yoghurt caps and oil can seals. Paper, board 

and plastic laminates of iron foil could be used in the 

construction of boxes, sachets, drums and tubes. A flat or 

corrugated ply of iron foil would have applications in 

heavy duty packaging. In the construction industry, iron 

foil could serve as a moisture barrier in various applications 

such as a facing for insulation, a substrate for bitumen 

damp course membranes, a lining under tiles or shingles and 

a decking· amongst built-up roofing felt. The foil can be 

wound into flexible dustwork or formed into convolute tubing 

offering a high wall strength and dimensional stability to 

both heat and moisture. 

The elctrical resistivity of iron foil is well suited 

for fabricating electrical resistance heating elements. The 

element's pattern can be readily etched or stamped on the 

foil. Copper coated iron_foil can be used for fabricating 

printed circuits. The thin copper coating acts as a conductive 

layer on the carrier of iron foil and results in an economic 

-. 3 - • 
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alternative to materials currently employed. The copper 

coated foil could also be used for fabricating the primary 
• 

and secondary surfaces of heat exch~ngers. Iron foil could 

also serve as.an electromagnetic shield for electrical 

components and cables, for example in T.V. tube electromaqnetic 

shields and shadow masks. 

Iron foil in its many possible finishes will attract 

magnets and as such would have many applications as magnetic 
. 

wall boards, visual aids and games. In addition to the 

finishes already mentioned, it is also possible to coat the 

foil with zinc, polymer, lacquer and P.V.C. coatings • 
• 

Iron foil production comes from an union of the knm-r.:. 

ledge that has arisen from the development of the iron 

electrodeposition process and the foil product:'.on technology 

arising from the manufacture of thin copper and nickel 

foils. A review of the history of iron electrodeposition 

forms a main section of this thesis and is follo'l'red by an 

· account of the development of foil production technology 

based on patent literature. 

An opportunity was taken to operate the pilot plant, 
. 

. then available at the British Steel Corporation Laboratories 

in Swansea, to gain experience of real production on a 

small scale and to monitor the medium term behaviour of the 

electrolyte. It was originally intended to carry out a 

similar operation with the full-scale plant in Sheffield 

• 
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-- --- -- -----------------
• 

but this eventually proved to be impossible. Basic laboratory 

research was carried out to investigate certain important 

electrochernical parameters of the process solution, notably 

conductivity, ~olarization and solution redox stability, 

and these form the main part of the original work reported 

in this thesis, 

• 

• 

• 

• 
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II, LITERATURE REVIEW 

IRON ELECTRODEPOSITION 

(i) Introduction 

Since Becquerel(2) first reported the preparation of 

iron by electrodeposi~ in 1831, the process has found 

numerous applications, The earliest applications included 
. . 

the manufacture of electrotypes and stereotypes(J) for use 

in the printing industry. This was of particular importance 

during periods of nickel and copper shortages as, for 
• 

example, during World liar II. An important and continuing 

application of iron electrodeposition has been in the build-

ing-up of worn or undersized components, The Russians in 

particular have developed this area( 4), 

The electrodeposition of iron has been developed to 

the state of commercial operation using a number of iron 

plating electrolytes, This field was initiated by the work 

of Burgess and Harobuechen(S) in 1904, They studied iron 
• 

deposition from ferrous anunoniuro sulphate baths, Electro-

winning of iron direct from ores was successfully developed 

during the second decade .of this century, Eustis (G) working 

at the Massachuetts Institute of Technology conducted an 

investigation into the use of iron pyrrhotite ores in· the 

~anufacture of electrolytic iron up to pilot plant scale, 

This plant produced iron of better than 99,9% purity with 
• 

sulphur as a by-product, This field was further developed 

• 
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at the Engels Copper ~lining Company(?), resulting in the 

production of a practical cell for continuous operation in 
' the production of electrolytic iron. Other notable commer-

cial developments included the introduction of the 1Fischer-. . 

Langbein 1 electrolyte in Germany in 1908 <8- 14). This 

process has been extensively used, particularly during the 
• 

First World War, to produce iron as a substitute for copper 
• 

in military application. · 

One of the most promising applications of iron electro

deposition is electrofoxmed iron 'foil. The attraction of 

the process lies in the possibility of direct manufacture 
• 

of electrolytic iron from sources such as ore and scrap, 

and in the favourable economies of the procedure \vhen 

compared with the alternative of rolling sheet to thick

nesses of 0.1 mm and less. Many attempts have been made to 

produce iron sheet and foil on a commercial basis. Commercial 

production of iron sheet was reported in Vermont u.s.A. by 

Konrad in 1953(lS). The plant produced iron sheet from 

pyrrhotite dissolved in hot iron chloride solution, giving 

a pure iron product with good ductility after low temperature 

annealing to remove hydrogen. The Montan-Union Company(lG) 

used a continuous copper band as a base on which to deposit 

iron that could be separated in a later operation. Work 

at the British Steel Corporation Laboratories in Swansea, 

South Wales and later at the Electricity Council Research 
. 

Centre in Capenhurst (see Patent Review Chapter III), has 
• 

made significant advances to~1ards successful conunercial 
• 

- 7 -
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' 

production of iron foil down to less than 25 ~m thick. 

In both Company's operations, the electrolyte was obtained 

by dissolution of scrap iron in hydrochloric:'· acid, and 

electrodepos~ted the iron onto a slowly rotating titanium 

cylinder from the hot (~ l00°C) electrolyte. Good quality 

foil has been produced, but there remain some problems to 
• 

be solved. 
• 

(ii) Reviews 

As indicated above, iron deposition has a long and 

detailed history, and has been the subject of many hundreds 

of inves'\!-gations. nany reviews and summaries of aspects 

of iron deposition have appeared in the literature, and 

as with other large areas of enquiry there have been many 

instances of duplication and overlap. The following reviews 

may be considered as being essential distillations of 

the work in the field of iron electrodeposition. 

The initial and early '~ork on both the laboratory and 

conauercial production of electrolytic iron has been compre

hensively reviewed by Cleaves and Thompson in their 

Monograph on Iron and its Alloys(l?). Much of the work 

on iron electrodeposition has been of a very empirical 

nature, this is particularly true of the early work 

sunauarised in Cleaves and Thompson' s Monograph. The basic 

working solutions were established during the period 

- 8 ·-
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• 

covered (1840-1935) and much experimentation was carried 

out in attempts to explore the many variables possible e.g. 

changes in the solution concentration, temperature, pH, 

addition ot other salts. 

A more detailed study or the electrolytes developed up 

to 19.20 was made by Hughes (l 8) • This revie,., considered at 
• 

lenyth iron de~osition from chloride, sul~hate and mixed 

chloride/sul~hate baths. A review with greater emphasis 

on the commercial aspects or electrolytic iron production 

was published by Belcher in 1924(19>. In addition to 

summarising the progress made in the electrodeposition of 
• . . 

iron over the previous seventy-five years, he considered the 

commercial manuracture or sheets and tubes. 

Developments in the field upto 

Thomas( 20l, including descriptions 

1940 were covered bv -

of hot ferrous chloride 

and cold ferrous sulphate electrolytes and their applications 

particularly in printing. Some consideration was also given 
• 

to the physical characteristics of ·the deposits produced 

from these electrolytes. In a similar vein, Lamb and Blum(2l) 

have described the history of iron plating in printing. 

The review gave descriptions for ferrous ammonium sulphate 

baths and ferrous chloride/potassium chloride baths. The 

authors also reported investigations on the effect of iron 

salts and 'conductivity' salts on the nature of the.deposit. 

The mqst comprehensive of the more recent general reviews 

was 
. (22) 

compiled by Lamb and Thomas. in 1963 and revised and 

J 
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• 

updated by Klingenmaier< 23 l in 1974. The usual general 

historical perspective was given followed by accounts of 

the development of the ferrous chloride and ferrous sulphate 

solutions. Some description of ferrous fluoborate and 

ferrous sulphamate baths were included in this review, and 

references made to the less common iron plating baths. 

, 

These included alkaline iron plating baths, a mixed fluoborate 

sulphate bath and an iron (iii) oxide/sodium hydrochloride 

bath. In addition to this, the operation of commercial 

baths was discussed. Details of bath preparation, maintenance 
• 

and control were given and references provided for further 

information on impurities, pH control, use of addition 

agents and methods of analysis for the electrolytes. The 

choice of suitable anodes, materials selection for tanks, 

and ancillary· equipment, and finally the authors have 

compiled data on some of the properties of electrolytic 

iron. A much more detailed consideration of the properties 
. ( 24) of electrodeposited iron was made by Safranek in 1969. 

Walker and Irvine(2Sl have surveyed the production and 

use of electrodeposi ted iron including progress made up to 

the mid-seventies. The survey covered the development of 

iron electrodeposition and its major applications. An 
. 

account of the more common baths was given, i.e. ferrous 

chloride, ferrous sulphate, ferrous sulphamate and ferrous 
• 

fluoborate, together with a discussion of the effects of 
. 

addition agents, impurities, pH and hydrogen uptake. Variation 

in the deposit properties with different solution parameters 

- 10 -
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were given and a review of the production and use of iron 

alloys was made. 

A recent short review from Russia( 2G) has surveyed the 

properties of iron electrodeposits and concluded that they 

\'lere determined by the secondary processes of hydrogen 

evolution and the formation of insoluble basic compounds 

of iron as well as by the behaviour of the additives used 

and their degradation products. 

A more specialised review covering the electroforming 
( 27) 

of iron components has been made by Lai and HcGeough at 

Aberdeen University. The major applications of iron depo

sition were covered from the early days of electrotype and 

stereotype manufacture; record stamper manufacture; electro-

refining; foil and sheet manufacture; building-up of worn and 

. undersized parts are all considered in good detail. The 

authors have also considered possible future applications 
. 

of the process, for example, using it for high speed deposition 

as a backing material and nickel-iron alloy codeposition. 

This review proposes to summarise the development of 

iron electrodeposition electrolytes and to indicate the 
. . 

characteristics of the electrolytes from which iron has been 
• 

deposited. Emphasis is given to the more recent work since 
• 

the older work has been well described and reviewed as 

indicated above. • 

• 

• • 

- 11-
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(iii) Ferrous Chloride Electrolytes • 

• 

' 

• 

The early development and establishment of the ferrous 

chloride from its origins in 1861, when Kra1ner< 28 l electro-

deposited soft and ductile iron from a chloride electrolyte, 

to its established use by 1928, has been well described 

by Cleaves and Thompson in their thorough Monograph(l?l • 
• 

These developments are summarised in Table 2,1, which is 

taken from that Monograph • • 
• • 

The Fischer-Langbein electolyte of that period 

(Patented in 1908, Refs, 8;,14) is \·To:tth particular mention, 
• 

as it has proven to be one of the more successful iron 

electrolytes. This combination of relatively high concen-
. 

trations of ferrous chloride (400-700 g/t) with the 

addition of calcium chloride and high operating tempera

tures (> 85°C) allowed relatively high current densities 
. 

to be used (up to "'3000 A/m2
) and low stressed deposits 

to be produced, The importance of the calcium chloride 

in the electrolyte would appear to have been overestimated 

in the liter.ature as similar and better results have been 

achieved using a ferrous chloride only electrolyte, 

Many modifications to the hot chloride·electrolyte 

have been described since the establishment of the 

- . 

. principle. Klingenmaier's review< 23 l has covered many of 

these, mainly involved with the replacement of calcium 

chloride by other alkali or alkaline earth salts, and 

their apparent effect on the nature of the deposit, For 
• 

• 
•• 
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• 

example, Stoddard< 29 l studied the effects of manganese 

chloride on the process and found that the grain size of 

the deposit could be controlled by appropriate addition. 

Max and Van Houten ( JO) carried out a much more detailed 

study of the properties of iron deposited from a ferrous 

chloride solution containing calcium chloride. They also 

did a systematic study on the effects of impurities such as 

copper, manganese and nickel on the physical properties of 

the deposit and found that the stress was reduced by small 
• 

amounts of copper but that this adversely affected the 
• 

ductility. Manganese and nickel were found to have a 

negligible effect in small amount. Similarly, the effects 

of small amounts of Alcl 3, BeC1 2 or cre12 have been studied 

by Muller et al(Jl), who reported that these constituents 

were found to render the deposit softer and rrore dur.tile. 

As stated, the chloride plating electrolytes ~·!ere 

well established by the early decades of this century. No 

fundamentally new approach or major modification ha~ arisen 

since. The majority of the work conducted in this area has 

been on minor modifications either to the constituents of 

the electrolyte or on changes to the electrolysis conditions 

with the intention of optimising the product parameters 

in line with the requirement of proposed applications. It 

would appear that most of the research in this area has 
• 

been carried out by the Russians,in many cases with a view 

to the restoration of worn machine components. Melkov< 32 l 

has published work on the effect of calcium chloride on 
• 

- 13 - '• 
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• 

the current efficiency, microhardness and appearance of 

electrodeposited iron coatings, plated from a 200 g/t. 

Fecl24H 2ci electrolyte at 80°C at a current density of 
• 

4000 A/m2 • The results indicated that increased concentra-

tions of cac12 increased the microhardness of the deposit 

but had little effect on the current efficiency, At concen

trations of greater.than approximately 200 g/t the coating 
• 

became coarse and nodular and its adherence to the base 

deteriorated. Melkov returned to the problem of deposit 

adherence a few years iater< 33> in 1962 when he considered 
• • • 

possible modifications of electrolysis conditions and 

substrate preparation techniques to improve deposit adhesion, 

He found that a deposit adhesion of more than 4500 kg/sq.cm 
• 

could be achieved by pretreating the substrate with 30% 

H2so4 and then plating with an initial current density of 

approximately 1000 A/m2 for 3-5 minut~s before increasing 

the current density to 4000 A/m2 • 
• 

Some of the work emanating from Russia was of a 

more technical than scientific nature, and concentrates on 

aspects of iron deposition such as methods of bath control, 

and was obviously intended as an aid to production rather 
• • 

than scientific development of the process, One such 

publication concerned the adjustment of the ferrous chloride 

electrolyte< 34>. This paper gave simplified methods for 
. 

judging the pH of the bath by colour, and the relationship . 
• 

of the specific gravity of the electrolyte to the concentration 

- 14 -
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of iron chloride and other alkali salts present. The ideas 
' suggested would be of interest to the plant operator, but 

offer no suggestions for improvement of the process • 
• 

It would appear that little systematic work has been 

done in elucidating the basic characteristics and electro

chemical properties of the solution from which to postulate 

and test ideas in a controlled manner. It is against this 

background that there has _been a. continuous stream of very 

empirical and limited scope work. Developments of this 

type continued.through the sixties and as before have come 

mostly from Russia. 

Petrov(JS) and Pulatov(JG) published work of a similar 

nature, having investigated the effects of the alkali salts 

potassium and sodium chloride, and manganese chloride on the 

cathodic polarization characteristics and qrain size of 
. 

the iron deposit. Petrov reported small increases (10-30 mv) 

in the cathodic polarization with addition of the above 
• 

salts, and much greater increases in cathodic polarization 

of up to lOO mv with decrease in either electrolyte concen-
• 

• 

tration and temperature. Pulatov' s work essentially supported 

these findings, and ~lent on to consider the effects of 

some variations in the electrolysis conditions on the 

quantity of hydrogen absorbed in the iron deposit. This 
• 
work indicated a relationship between increased polarization 

and greater absorbed hydrogen. Thus, any factors which 

acted to increase the polarization , such as those mentioned 
• 
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• 

above, tended to increase the arr.ount of hydrogen found 

in :.the deposit. 

In a later paper (1966) Petrov et a1< 37l looked at the 

effect of the rate of change of current density on the thick

ness of iron coatings and the productive capacity during 

programmed controlled electrolysis. The results cannot 
. 

be said to be very significant as at rates of change of 

300-800 A/m2/min no change in the efficiency of productivity 

was observed while at lmier rates of change a slight reduct

ion in the efficiency was noted. · This decrease was attri-
• 

• 

buted to changes in the kinetics of the electrodeposition 

process, but since no solid kinetic or mechanistic 

considerations were presented this conclusion must remain 

in doubt. 

. 

Applications of the iron chloride electrolyte to jet 

plating have been made by Nitsa< 38 ; 39 l. In the first paper 

ae<method was described ~There a ferrous chloride/manganese 

chloride electrolyte was directed from a metallic nozzle 

serving as an anode onto a worn part which served as the . . 
. 

cathode. Satisfactory plating was obtained at a current 

density of 3000-4000 A/m2 and a pH of o.s-o.7. The current 

efficiency achieved with this process was 80% which is lower 

than can be achieved with more conventional ferrous chloride 
. 

plating. One possible reason for this relatively low 

current efficiency is the high level of ferric ion in the 

electrolyte. After short periods of operation its concen-

• 
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tration was found to be approximately 15 g/~, and is probably 

due to the inherently greater degree of oxidation that will 

occur with jet plating with this electrolyte. Attempts to 

reduce the degree of oxidation were made by addition of 

manganese chloride and a large improvement reported. The 

second of Nitsa's publications<39 ) dealt with the absorption 

of hydrogen by electrolytic iron deposits during anodic jet 

deposition from the ferrous chloride/manganese chloride 

electrolyte. The major conclusion of the work was that jet 
. 

plating provided about a two fold reduction in hydrogen 

absorption into the deposit, when compared with deposition 

from a non-agitated solution. This result would confirm 

what one would intuitively expect, as the force of the jet 

impinging on the workpiece would reduce the formation and 

growth of hydrogen bubbles. 

The mechanism of hydrogen bubble founation during 

plating from ferrous chloride was earlier studied by Karyakin 

et al (40). The fonuation and growth of the hydrogen bubbles 

on iron surfaces was filmed during deposition from a 500 g/~ 

ferrous chloride electrolyte at 2o0 c. Small changes in the 
. . 

pH of the electrolyte (O.l-4) and changes in the current 
• 

density from l00-600A/m2 did not appear to affect the process. 

The film also,showed that the bubbles founed preferentially 

at defects in the iron surface, and that the pores formed 
• 

were sometimes filled up by later deposition, Those that 

were not were left as pits in the surface in the deposit • 

...;.· 17 - • 
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The important area of hydroxide formation in iron chloride 

electrolytes was explored by Melkov and Namakonov (4ll in 

1969. Unfortunately, their work does not appear to be 

sufficiently ~echnically advanced to tackle the problem 

satisfactorily. For example, the change in pH at the electrode 

interface was measured by removing the electrode from the 

solution and allowing the solution to the electrode to drain 
• 

into a separate container where its pH was measured. This 

method allowed the solution to be affected by oxidation and 

change in temperature. Their conclusion that hydroxide 

formation in this electrolyte begins at pH's of approxi

mately 2.1-2.2 at 75°c must be treated with some degree of 
• 

suspicion as the pH is o~ly one of the factors involved in 

the oxidation of ferrous solutions. 

Fink et al ( 42 ) attempted to determine what ~1ere the 

principal variables in the electrodeposition of ircn chloride 

electrolytes. Using polarization techniques they established 

that an increase in the overvoltage and current density 
• 

• • 

caused changes in the type of crystal orientation from basis 

orientatedto field orientated. They also found that at a 

constant potential the current density decreased with increasing 

pH upto a pH of 2.5 and then increased with increasing pH. 

The required overpotential for a given current density 1r1as 

found to decrease by increasing the temperature of the 

electrolyte in the region of 25-90°C. They also demonstrated 
• 

that the current density at constant potential increased 
• 

. proportionally to the ferrous ion concentration. As with 

• 
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many previous researchexs,Fink et al, examined ~he effects 

of addition of small amounts of foreign ions to the electro

lyte. They indicated that additions of 10-3 to 10-l g/t 

of zinc or cobalt ions made no appreciable difference to 

the polarization characteristics in a 125 g/t ferrous ion 

solution, but an -1 addition of 10 g/t of cadmium ions 

displaced the curve towards more negative potentials. 
' 

' 

Overall, they therefore confirmed that the pH, temperature 

· and ferrous chloride concentration were the principal 

• 

determinants of electrolyte characteristics • 

• 

The use of aluminium chloride as a pH buffer in ferrous 
• 

chloride solutions has been suggested on occasions in the 

history of, iron electrodeposition. The work of Freimanis 

and Apetenok <43 ) suggested that the addition of A1Cl 36u 2o 

improved the buffer properties of the iron chloride electro

lyte and that the oxidation and 'aggressive' nature of the 

electrolyte are reduced. Other workers who have conducted 
' 

surveys into the effects of aluminium chloride on the 

electrolyte and deposit are Muller et al( 3ll (already described) 

and Melkov and Namakonov< 44 l who also claimed that addition 

of this compound led to a more stable electrolyte. 

Some more systematic studies of the electrochemical 

background~ the kinetics and mechanism of the iron electro

deposition process have been conducted. These can be 
• 

conveniently divided into two areas. Firstly, work on the 

fundamental kinetics and mechanism of the iron electro-

- 19 -
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deposition process. Much fundamental \~ork has been carried 

out in this area and a later section of this Review is 

devoted to it, Secondly, many studies have been conducted 

which have contributed towards a greater understanding of 

the processes involved in the actual iron plating electro-

lytes, where parameters such as concentration, temperature 

and the degree of impurity are vastly different from the 
• • 

near 'ideal' solutions used in the former type of study • 

• 

As before, much work in this area has been done by 

Russians. In 1967 Nagirnyi, Bondar and Stender<4Sl published 

a study of the pH in the precathode layer as a function of 
• • 

the electrolyte layer, the structure of the deposit and 

the hydrogen overvoltage during the electrodeposition of 

iron from aqueous electrolytes without addition agents. 

A number of interesting findings arose from this \-TOrk, 

mainly that the pH of the precathode layer corresponded to 

the regions of hydrate formation of ferrous ions at low 

ferric ion concentration, whereas at higher ferric ion 
• 

concentration {i.e. after the solution has had prolonged 

contact with air) the pH in this layer was controlled by 

the region of ferric ion hydrate formation. The cathode 

depositsin acid solutions ~1ere found to have identical 

structures, but when deposited from solutions at pH 2.0,a 

laminar structure could be observed, apparently because 
. 

of the inclusion of iron hydroxide in the deposit • 
• 

- 20 -
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More recently (1976) ~lelkov and Shvetsov(4Gl 

studied some of the variables involved in convective streams 

in highly concentrated iron chloride solutions. A number 

of factors and related variables were established. These 

included the variations of solution density.with temperature, 

the relationship between convective stream velocity and 
. 

temperature and the relationship between the electrical 

resistance in the cell and the electrolyte concentration, 

kinematic viscosity and temperature. The authors concluded 

that the optimum conditions for plating iron in a purely 
• 

convective situation were obtained using an iron chloride 

concentration.of 310 g/i at 75°c. Hodern polarization methods 

were used by Namakovov and Melkov< 471 to study the buffer 

capacity of iron chloride solutions containing large addi

tions of aluminium chloride. They found that maximum 
• 

buffer capacity at a pH of o. 5 \~as in a bath containing 

lOO g/i AlC13.6H20 and 300 g/i. FeC12,4H2o at 75°C, and the 
• 

minimum was in a bath containing 500 g/R- of Alcl36H~O. They 

also determined that the current efficiency of iron depo-

sition decreased by 6-8% after the addition of the aluminium 

salt owing to an increase in hydrogen evolution. This is 
. 

an important factor when considering the economic factors 

involved in the design of an iron electroplating system. 

Finally the authors concluded that for high quality electro

plating where close control of pH with high buffer capacity 

was required, a solution with a concentration of < 300 g of 
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In summary, 

• the ferrous chloride is now reasonably 
• • • 

well established and characterised. Its major applications 

are in the areas where high rates of deposition are desired 

since the high solubility of this salt, the high tempera

tures at which it can be operated and the good conductivity 
. 

of the electrolyte permit relatively high plating rates. 

The ferrous chloride electrolyte does, however, have some 

drawbacks. The extent and significance of these will depend 

on the application. One of the major disadvantages of the 

electrolyte is its corrosive nature. This means that choice 
• 

of materials for plant construction is critical, ventilation 

of the plant area is important and that some precaution is 

exercised by plant operators. Another point worthy of 

consideration if. connection with this electrolyte is that 

there.: is always some degree of hydrogen evolution taking 

place in conjunction with the deposition process. Great 

care must be exercised to maintain good control of the 

electrolyte so that hydrogen evolution and and thus hydrogen 

embrittleoent of the deposit is minimised. • • 

• 

(iv) Ferrous Sulphate Electrolyte 
• 

Electrolytic iron has been produced from sulphate baths 

by a number of investigators. A satisfactory process for 

'steeling' electro-types was reported by Klein<59
> as 

early as 1867. As with the chloride based electrolytes, the 

early progress in sulphate based electrolyte development has 

been well reported by Cleaves and Thompson(l?). The essential 
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details of a number of the early sulphate solutions are 

summarised in Table 2.2, which is taken from the Cleaves and 

Thompson Honograph. 

The early workers established the characteristics of this 

electrolyte, the most significant being that the limited solu

bility of this salt so restricted the permissible current 

density that the rate of deposition of iron was very slow • 
• 

It was found that additionsof magnesium sulphate, sodium bi

carbonate, sodium sulphate, ammonium oxalate and ammonium 

sulphate improved the electrical efficiency of the electrolyte 

but tended to contaminate the deposit. Better success appears 
. 

to have been obtained from solutions of ferrous ammonium · 

sulphate than from the other sulphate baths; a solution of 

this salt was used by Burgess and Hambuechen ( S) , who \qere the 

first to produc~ electrolytic iron in quantity • 

More recent work is adequately covered in Klingenmaier's 

review< 23l, which compares some of the different sulphate 

electrolytes and provides key references to some of the more 

important work carried out up to that time (1974). 

The ferrous sulphate electrolyte has continued to attract 
. 

interest and attention particularly because of its non-corrosive 

nature and ability to produce a reasonable deposit at or near 

to room temperature. Although the optimum current density 
• 

possible with this electrolyte will always be lower than the 

hot chloride electrolyte, investigations have continued to 

examine ways of improving this parameter. Kudryavtsev and 

Yakovleva (G 9l were able to produce a relatively non-corrosive 
• 

electrolyte consisting of 280-420 g/'L of Feso4.7u 2o and lOOg/'L 
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of Al 2(so4l 3.18 H2o with a pH. of 2.5-3.0. At a temperature of 
' • 

density 

hard iron deposits 

of 300-800 A/m2 in 

"1ere obtained at an optimum current 

an unagitated solution and 500-1200 

A/m2 with stirring. This solution could also be operated at 
2 . 0 

1500-1800 A/m if the temperature was increased to 70 c. 

Further researches in the Soviet Union(?O) 
. 

suggest that 

the cold ferrous sulphate electrolyte may be advantageous 
• 

for electroplating components of complex shape. The plating 

rate is slow, taking up to lOO hours of continuous deposition 

to obtain a 0.5 mm.thick deposit,·but the solution is stated 

to have good throwing power, and gives a reasonable deposit 

with a low hydrogen content. The main constituent of the 

electrolyte suggested for this purpose was 180 g/2of ferrous 

. · sulphate. In addition to this, the researchers have examined 

• 

• 

the effects of other constituents in minor quanti ties. They 
. . 

found that the addition of lOg/R. of NaBF 4 and (NH 4 lpo 4 made 

possible the production of soft, ductile deposits, the mecha

nical properties of which were almost independent of the current 
• 

.. 

density. Addition of 0.5g/R. of sulphonated phenol was found 

to increase both the hardness and the ductility of the metal 

deposits, but both properties decreased with increased concen

tration of the additive • 

• 

The successful work of Burgess and Hambuechen in the 

development of the ferrous ammonium sulphate electrolyte has 

already been mentioned( 5). Later workers have further developed 
. 

this area. Kapoor et al at the Indian Institute of Technology 

{?l)have successfully operated a 
. 

bath composed of 350g/R. ferrous 

anunonium sulphate, together with small amounts of ammonium 

- 24 -
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citrate and aluminfum sulphate. The combination of ferrous 

ammonium sulphate and aluminium sulphate gives a·bath that is 

fairly stable against atmospheric oxidation. Operated at 

7o0 c and a pH of 3.0-3.5, the optimum current density was 

500 A/m2 with a cathode current efficiency of. 90-95% • 

• 

Nagirnyi, Bondar and Stender(72l have investigated the 
• 

properties and structures of deposits, current efficiency, 

· pH of the cathode layer and cathodic polarization during 

deposition of iron at room temperature from ferrous sulphate 

solutions with and without additions of ammonium sulphate. 

They were able to obtain good quality deposits with a current 
• 

efficiency o.f 9 6-98% at current densities of up to 1000 A/m2 

with the presence of ammonium ions. The authors determined 

that with ammonium ions present, the pH of the cathode layer 

reaches approximately 9 1 indicating that iron a!!nllines may be 

foLmed near to the cathode. Their polarization studies gave 

potential versus log current curves that were linear with a 

. ' 

slope of 60 mV/dec. in pure solution and ll0-130 mVjdec. in solutions 

with NH~ additions. A significant role of crystallisation 

phenomena .. , besides the discharge of ions, is indicated. 

The extent of hydrogen absorption in iron deposits from 

sulphate solutions has been studied in some detail by Bubelis 

et alC 73 • 74 l. The amount of hydrogen codeposited with iron 

was determined by vacuum extraction at ~ 300°C. The maximum 

absorption occurred at lower temperatures with decreased 

amounts absorbed as the electrolyte temperature was increased. 

Additions of small amounts of sulphate compounds such as 
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Na2so4 , Mgso4 and Al2 (so4) 3 were found to dec~ease hydrogen 

absorption. The effects of periodic interruption and periodic 

reversal of the current were also examined. Periodic inter-
• 

ruptton was shown to decrease the degree of hydrogen codepo

sition, but reversing the current only decreased the hydrogen 

absorption when an oxidising agent such as K2s 2o8 was added 

to the electrolyte. 

Some of the factors affecting the inclusion of foreign 

particles in iron deposits from sulphate solutions have been 

examined by Vengris and Bubelis(?S) and later by Vengris et 

al (?G). The basic conclusions of the published vrork appears 

to be that the amount of particle inclusion in the deposit 

depends upon the rate of fox:mation of basic compounds at the 

cathode, thus an additive which increases the concentration 

•• 

of these compounds will be detrimental in this respect. Al
2 

(so4) 3 
and H3Bo3 are included in this category. It is worth noting 

that the fox:Jner compound is particularly mentioned in this 

.context, as it has found much application. 

The effect of aluminium and other ions (magnesium and 

ammonium) on the value of the electrolyte pH, particularly in 

the region of the catholyte layer has been studied by Orszag(??) • 
• 

The use of a glass microelectrode facilitated these studies 

in a 0.8 M ferrous sulphate electrolyte using 0 - o.Bg-ionjt 

additions of the ions mentioned. The ammonium ion was found 
• . 

to give a. lower value of pH in the catholyte due to the buffer 
3+ . 2+ Al and Mg ions led to an 

increase in catholyte pH. The presence of Al2 (so4) 3, the 

catholyte reached the limit pH of ,.4 probably due to the 

formation of iron hydroxides. 
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In addition to work of type described above, studies of 

a more fundamental electrochemical nature have been conducted 

on the ferrous sulphate electrolyte. Levin and Pushkareva <78 l 

studied the current efficiency of iron deposition and hydrogen 
• 

evolution, and the current density as functions of the poten-

.tial in a 200g/t Feso4.7H2o based electrolyte. They were 

able to relate the ratio'of the current efficiency for iron 
• 

deposition and hydrogen evolution versus the potential to 

three distinct types of deposits. The first was iron with a 

column like structure, the second, a dense iron deposit, and 

the third to the deposition of powder. current versus poten

tial studies were interpreted as indicating the formation 

of Fe(OHJ 2 at 

pH of Fe (OH) 2 

a point below the theoretical pH of 6..7. The 
. 

formation was found to decrease with increasi.ng 

electrolyte concentration, which was attributed to the foxma-

tion of slightly soluble compounds of tile type Feso4.2Fe(OHJ 2• 

(3Feo.so4 .2H2o). From their findings the authors have suggested 

that the effects of concentration and pH could be used to 

control the foxmation of iron hydroxides and thus the deposit 

properties. 

Matulis 
. (7 9) 

and Blibelis have conducted some polarization 
. 

studies of the ferrous sulphate and ferrous ammonium sulphate 

electrolytes. Changes in the polarization potential.were 

found to be a function of the ferrous sulphate concentration, 
• 

the pH and the degree of solution agitation. In more acidic 
• 

electrolytes the deposition process involved a discharge of 
• 

hydrogen ions which increased the pH of the near cathode 

layer causing the formation of a colloidal film of ferrous 
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hydroxide which resulted in an increase in the polarization 

potential as the active centres of deposition are partially 

blocked. 

Further studies of the polarization characteristics of 

ferrous sulphate electrolyte have been made by Rotinyan and 

_ Sysoeva ( 80}. The cathodic polarization and double layer 

capacity of 0.19 - 0.93 M ferrous sulphate electrolytes contain-

ing additions of sodium chloride and boric acid, were determined 

at a number of temperatUres between 25°C and 70°C. The infer-
• 

mation obtained was used to calculate Tafel para~eters giving 

a 'b 'value in the Tafel equation equal to 2. 3RT/azF and varied 

between 0.06 and o.o8v, increasing with temperature; a values 

Were 0.45 -+ 0.05 d id d t f t t an were n epen en o empera ure • The 
• 

energy of activation for the deposition of iron was also 

calculated as 17 Real/mole. 

The ferrous sulphate electrolyte therefore offers the 
• 
possibility of operation at low temperature, \V'ith relatively 

low susceptibility to oxidation. Its limitations in teuns 

of maximum operable rate of deposition prec~ude its use in 

applications necessitating high rates of deposition (such as 

foil electrofouning}. Its principal areas of application 

have included building-up of undersized machine parts<81 • 82 l 

and to apply a hard facing to stereo types( 2ll • 

• 

• 

(v) Mixed ~ulphate-Chloride Electrolytes 

The development of this electrolyte evolved from efforts 

to combine the rapid deposition capabilities of the ferrous 
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chloride electrolyte with the less aggressive nature of the 
• 

ferrous sulphate electrolyte, The first proposals for this 

type of bath appear to be due to Meidinger( 83 l in 1859 and 

Varrentrapp( 84 l in 1868, \1ho described electrolytes composed 

of ferrous sulphate and ammonium chloride for use in 'steeling' 

electrolytes. 

The initial work on the sulphate-chloride electrolyte is 

reviewed in Cleaves and Thompson's Monograph(l?l, the more 

significant publications of that period are smnmarised in 

Table 2.3. It is interesting to note that a review by 

HughesC18l in 1921, comparing the mixed sulphate-chloride 

bath with the single chloride or sulphate'baths concluded 

that .the mixed bath had no points of superiority over the 
• 

· single anion electrolyte and had certain disadvantages such 

as difficulty of control, not present in the simpler baths. 

Later work by Schaffert and Gonser( 8?l, reported consi-
• 

. 

derable success in the development and operation of a sulphate 

chloride bath even to the extent of successful conanercial · 

operation. Their investigations into the behaviour and proper-

ties of this type of bath led to the solution of an electro-

. lyte consisting of 250g/~ of ferrous sulphate, 42g/~ of ferrous 

chloride and 20g/~ of ananonium chloride as being most suitable 

to electrotyping and for surfacing stereotypes. An adequately 

ductile, smooth deposit could be produced ·at temperatures 

below so0 c. The ability to produce a satisfactory deposit 

at relatively lm·r temperature is important in this application 

since a considerable amount of work is done with wax. or plastic 

mould cathodes. 
- 29 -
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An interesting application for the mixed sulphate-chloride 
. (88) 

bath has been suggested by Beach , this is the use of the 

bath to provide a starting deposit on active metals such as 

aluminium, beryllium or uranium. The bath can also be used 

fGlr applying an inteuuedia te layer of iron between steel and 

electrodeposited ·antimony. It has been stated that the use 

of iron in this application promotes uniform coverage and 

adhesion of the antimony deposit< 891. In addition to the 

basic iron sulphate and chloride mixture the bath described 

contains small amounts of boric acid and sodium formate. 

A number of investigators have studied the physio-chemical 

properties of iron deposits from sulphate-chloride electrolytes. 

Petrov and AndreevJ 901 determined the effect of 50-200g/t 

. additions of FeClz4H2o to 200-400g/t solutions of Fe SO 4• 7H2o 

' 

on the current efficiencyand the microhardness of the deposits. 

·At current densities of 1500-2500 A/m2 and temperatures of 

between 30-70°C, the microhardness was found to increase by 

a factor of 1.5-2.0 with addition of 50-lOOg/t of ferrous 

chloride to the sulphate electrolyte. The current efficiency 

of the process was similar to levels attained with a chloride 

only electrolyte. The rate of deposition was found to double 

for additions of ferrous chloride up to lOOg/t Fecl 2.4H2o and 

then levelled off. 

Levy and Levy et al have conducted a number of studies 

on the effects of various solution parameters on the physical 
. 

properties of iron deposited from this mixed electrolyte. 

Levy 1911 has published a study on the effect on the internal 

• • 
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• 

stress of the current density, temperature, pH and chloride 

ion concentration. The internal stress was shown to decrease 
• 

with increasing temperature and pH. It increased with increasing 

current density and was found to be virtually independent of 

chloride ion concentration from 15-30g/~. The paper also 

draws attention to the fact that while the various deposition 

parameters, when considered singly, can be explained satis-

factorily, there can be a complex intermingling of these para

meters. Acting simultaneously, they determine the state of 
• 

the cathode layer and processes occurring at the cathode 

solution interface and consequently, the structure, internal 

stress and properties. Levy et a1< 92 l also studied the effects 

of the above parameters on the microstructure and microhardness 

of the deposit. They found although there was a significant 

change in the microstructure with increasing solution pll, the 

microstructure was not greatly affected by changes in the 

other deposition parameters. Their further researches into 

the microhardness of the deposit confirmed the findings outlined 

in Levy's previous paper (gl) considered above. 

Other electrolyte and deposit characteristics have been 

examined by Koshmanov et al( 93l, these included the cathodic 

polarization and crystal size of iron as functions of the 

concentration of various inorganic additives e.g. Al2 (so4J3, 

Mn, Ni and Cd ions and H3Bo 3• Andreeva<94 l has researched into 

the formation of hydrates in the mixed sulphate-chloride 
. 

electrolyte in addition to the chloride and sulphate only 

electrolytes. Optimum electrolyte composition and electrolysis 

conditions to minimise hydrate formation were discussed • 
• 
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(vi) Ferrous Fluoroborate Electrolyte 

• 

• 

The ferrous fluoroborate electrolyte is a more recent 

development than the previous electrolytes described. It 

arose during World War II when scarcity of nickel promoted 

the development of fluoroborate solutions for the electro

forming of iron, principally for the electroforming of stereo-
. 

types for the printing industry( 9S). Early descriptions and 

patents of fluoroborate electrolytes include Kudryavtsev and 

Mel'nikova(gG) who described a solution based on 300 g/~ 
• 

ferrous fluoroborate with additions of boric and fluoroboric 
• 

acids to buffer and control the electrolyte. A good quality 

deposit could be obtained from this oxidation resistant 

electrolyte at current densities of between 200-1200 A/n2 

• 

providing that the solution parameters such as pH \<lere lvell 

controlled. Poor(g?) patented fluoroborate electrolytes 

based on mixtures of ferrous fluorob~rate and ferrous chloride 

and ferrous fluoroborate, ferrous sulphate and ammonium 

chloride. In a similar vein, the bath mentioned above< 9S) 
• 

and described in a Baker and Adamson Product Bulletin(98 l, 

1-1as based on a mixture of ferrous fluoroborate and sodium 

chloride. 

All of these electrolytes were capable of producing 

deposits with adequate strength, hardness and ductility and 

of~ered the additional advantages of being more stable and 
• 

resistant to oxidation, having the capacity for operation 

at lower temperatures \1ith less aggressive tendencies than 

the chloride electrolytes and the ability to produce satis

factory deposits at higher current densities than the sulphate 
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based electrolytes. 

. 

The work on the ferrous fluoroborate electrolytes 

described so far served to establish the basic electrolyte in 

a number of variations. Much of the work done since has 

been conducted in an effort to determine the effects of the 

fluoroborate electrolyte parameters on the deposit and to 

try to determine which solution gives the optimum performance 

in a required application • 

Schultze< 99 l worked on the optimisation of a fluoroborate 

bath containing no sulphates or chlorides, using conditions 

and organic addition agents derived from experience of nickel 

electroplating. It was found that a good iron deposit could 

be obtained at a temperature of 60°c and a current density 

of approximately 1000 A/m2 , and the physical properties of the 

deposit could be enhanced by the addition of the organic 

addition agents used in nic~el electrodeposition. 

Gindlin and Moseev{lOO) conducted a study specifically 
. ' 

into the dependence of current efficiency and microhardness 

of iron deposits from fluoroborate: electrolytes on the cathodic 

current density, pH, temperature and concentration of HBF
4 

and H3Bo3• The current efficiency varied between 76 - 97% 

depending on conditions and increased with increasing current 

density, temperature and salt concentration and with decreased 

acidity. The microhardness of the deposits varied between 

300-575 kg/sq.mm, increasing with increased current density 
• 

and acidity and decreasing with increased concentration and 

temperature. 
• 
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Further studies of this nature have been conducted and 

comparisons made betv;een the characteristics of iron depo-

sition from fluoroborate electrolytes and the deposition of 

other iron group metals from this electrolyte(lOl-l04l. The 

first paper (lOll also compares the pr~perties and operation 

characteristics of lead, tin, tin-lead alloy, cadmium, indium 

and zinc fluoroborate electroplating baths. 
' 

Levy et al have published two papers(lOS,lOG) surveying 

the electrodepositon and properties of iron deposited from 

mixed chloride/fluoroborate baths. In these they have consi

dered 'the effects of the electrolyte parameters and operating 

conditions on the quality of the iron deposit. In the first 

paper(lOS) ,an attempt was made to correlate the mechanical 

· properties and microstructures of iron foils with a variety 
' 

of combinations of current density, temperature and pH. They 

succeeded in producing foils having an ultimate average 

strength of 120,000 p.s.i. The second publication(lOG) 

tensile 

covers 

much of the same ground, but has gone on to use optical and 

electron microscopy to confirm the results of the experiments 

on mechanical properties. These methods of study led to the 

observation of a relationship between the surface roughness 

of the deposit and the bulk pH of the electrolyte, which was 

explained in terms of hydrogen evolution and hydroxide 

precipitation. 

The theme of the influence of the formation of insoluble 

hydroxides on the structure of the iron deposit from the 
. 

fluoroborate bath was taken up again by Radziuniene and 
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Bubelis(lO?). They proposed that the formation of these 

insoluble compounds effected the structure by blocking active 

growth centres and that a decrease in the concentration of 

these compounds led to a more brittle and disorientated deposit. 

Studies of the deposit stress(lOB) and of a fluoroborate 

plating process capable of producing low stress deposits<109 l 

have been carried out. The former paper discussed the use 

of X-ray techniques as a tool for.the study of internal 
' 

stresses during electrodeposition and other methods for the 

continuous measurement of stresses. Their work on iron showed 

that the· stress decreased as the thickness of the deposited 
' 

layer increased. This result confirmed the usual findings 

concerning stress in metal electrodeposits where the stress 
' 

is usually greatest at the deposit/substrate interface. The 

latter paper(log) concentrated on the development of a fluoro

borate bath that would produce a good quality low stress 

deposit without the use of organic addition agents, since their 

degradation products often give rise to problems. A purified 

fluoroborate bath consisting of 55.4 g/i Fe3+ and 9.1 g/i NaCl, 

operated at a pH of 3.0-3.7 and a temperature of 57-63°C was 

found to satisfactorily fulfil the requirements, provided that 

the bath was carefully maintained by constant filtration. 

Further research on the optimisation of the fluoroborate 

bath for use in applications where its less aggressive proper

ties are required, is reported by Mueller et al(llOl. These 

workers described the satisfactory operation of a fluorobo-
' 

rate only bath at a pH of 2.0-2.5 and temperatures of 60°C 
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again with continuous filtration to keep the electrolyte 
-

contamination to a minimum • 

A short summary of fluoroborate electrolytes including 

a brief description of the use and application of the ferrous 
. (111) fluoroborate bath has been made by Benninghoff , although 

no further references are provided • 

. (Vii) Ferrous Sulphamate Electrolyte 

As with the fluoroborate electrolyte, the ferrous sulpha-

mate electrolyte is a relative newcomer to the field of iron 

electrodeposition. It appears to have been first reported 
-

by Piontelli (ll2) in 1943, who claimed that deposits \·lith 

very good properties could be obtained from o.S-1.0 M solutions 

of iron(II) sulphamate at 25°c and at a current density of 

300 A/m2 • A similarly favourable report was made by Barrett 

in 1960(ll 3) 1 on the results of iron deposition from a bath 

comprising of 400 g/R. iron sulphamate and 30 g/R. of anuuonium 

sulphamate with small additions of hydroquinone or fouaic 

acid. Current densities of up to 1000 A/m2 and cathode effi

ciencies up to 96% were described by I1isra and Rama Char (ll4) 

in another bath containing both iron and aMnonium sulphamate • 

• . 

Polytechnic(llS,llG) Studies by Mazza et al at the Milan 

have indicated that iron can be deposited from this electro

lyte at current densities of 2000-2500 A/m2• This showed that 

the sulphamate could have applications in high speed electro-

deposition as an alternative to the ferrous chloride electro-
. 

lyte, although factors such as cost must also be considered. 
-
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At such high current densities the authors found that it was 

necessary to provide strong agitation and to use wetting 

agents to avoid pitting. One dra~1back noted was that the throw-

··ling. pm~er of the sulphamate electrolyte was very low, often 
• 

giving rise to very uneven metal distribution on the cathode • 
• 

The most systematic survey .·of the characteristics of the 

iron sulphamate bath has been published as a series of papers 

(ll7- 121 l from the Government Industrial Research Institute, 
(117) . in Nagoya, Japan. The first of these studied the effects 

of the concentration of the additives urea and boric acid 

and the effects of solution parameters such as ferrous ion 

concentration, pH, temperature and current density on the 

current efficiency and surface characteristics of the deposit. 

· Both of the additives were found to act both as brighteners 

and as buffers. · Their use enabled the production of bright, 

crack and pit free deposits. Another bath additive considered 

by these researchers was ammonium bifluoride(llS). They 

claimed that its use prevented the generation of cracks and pits 

in the deposit, but had no beneficial effect on brightness. 

In addition to the above work, the Institute has carried out 
. 

a significant survey·of the factors determining the internal 

stress of iron deposits from sulphamate electrolytes. 'The 
• 

• 
• 

effects of organic addition agents in the ammonium bifiuoride 

containing electrolyte were studied(ll9) and suggestions for 

optimum levels of addition made. The effects of foreign ions 

on the internal stress were also examined<120l. The addition 

of + Na , 
. 

K+, ca2+ and Al3+ did not effect the internal stress, 

whereas co2+ 1 and Ni 2+ were found to increase the internal 
• 
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stress as their concentration increased. Results published 

in the same paper also indicated that the complex ions 
2- 2- - .· 2- 2-

TiF6 1 SiF6 ·' BF4 , ZrF6 , BeF4 , 
2- 6-wo 4 . and 1•lo 7o24 

also increased in stress. In a follow-up to this work, the 

effects of some common anions on the internal stress were 

investigated<121). An increase in the amount of No
3
- and 

Po 2
3- increased the deposit str~ss, whereas the addition of 

' 3- 4-. Po4 on P2o 7 reduced the stress. The results of other 

studies reported in the same paper indicated that internal 

stress reached a maximum at lower values of pl! and temperature, 

so that for optimum deposit characteristics, the pH should 

be above 2.0 and the temperature approximately 50°C. 

Finally, a general survey on the properties of iron 

· deposits obtained from sulphamate electrolytes \~as published 

(viii) 

' 

. . (122) 
by Sadakov and Burygina in 1976. They showed that 

depending on the concentration of addition agents, the iron 

salt, the pH temperature and current density, iron deposits 

could be obtained at a current efficiency of 78-95% with 

a internal stress of 1-25 kg/mm2 , hardness 220-600 kg/mm2 

. 

and sulphur content of betv;een o.ol-0.07 wt%. 

Less Common and Special Purpose Elect~olytes 

A number of iron plating electrolytes based on unusual 

salts, organic compounds and molten salts have been described 

in the scientific and technical literature. Most are unlikely 

to be of great interest to the practising electroplater, but 

merit inclusion in this review as some may well indicate the 
. 

direction of future developments in this field • 
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The copper pyrophosphate electrolyte is already well 
• 

established in the field of copper electrodeposition, and 

reports have been made to use that anion as the basis of an 

iron deposition electrolyte. Case and Krohn(123l electro

deposited iron-molyl:idenum alloys from pyrophosphate solutions, 

but the first reports of iron deposition from this electro

lyte come from Sree and Rama Char at the Indian Institute of 

Science, Bangalore(124l. The authors showed that the pyro

phosphate bath could be used to deposit iron over a range of 

experimental conditions. Some problems were experienced ~tith 
• . 

anode passivity, and as \'lith other complex salt baths the 

cathode polarisation was high. It is worth noting that the 

main constituent of this bath when operated at optimum condi-
• 

tions is. iron (III) pyrophosphate, therefore a further penalty 

in tenns of power requirements occurs during the deposition 

process. 

· Other baths based on complexes of iron (III), such as 

oxalate and citrate have been described< 125 l; this type of 
• 

bath, however, is useful primarily for electroanalysis rather 

than electroplating. Another reference to an alkaline iron 

plating bath (in addition to the pyrophosphate bath) is one 

in which iron (III) is complexed with triethanolamine and 

ethylenediaminetetraacetic acid(126l. Only thin deposits 

have been reported from this bath and like the pyrophosphate 

bath iron does not dissolve in it anodically. The deposition 

of iron powder from a slurry of Fe2o3 in caustic soda has 

been investigated( 127 l and operated at pilot plant level. 

A similar bath has been described Nranglen<128 l which consisted 
• 

• 
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of an aqueous solution of iron (III) oxide and sodium hydro-
• 

xide, in wluch the iron was probably present as sodium 

ferrate. 

Much interest has been shown in the Soviet Union in 

iron deposition from organic electrolytes. Electrolytes 

based on methyl sulphate have received the most attention and 
. 

a number of papers have been published describing variations 

of this electrolyte, its properties and the characteristics 

of the deposits produced<129- 137l. One of these papers( 136 l 

included a comparison of the properties of the methyl sulphate 

containing electrolyte and sulphate and chloride containing 
• 

electrolytes and concluded that some of the physiochemical 

properties of the iron deposits such as rnicrohardness, adhe-

rence to the substrate and brightness were improved by the 

use of the organic based bath. However, it should be made 

clear that this type of bath would not merit serious consi-

tleration for practical high speed deposition on grounds of 

cost and electrical conductivity. 

Other organic based iron electrolytes have been reported • 

. A method for the preparation and use of iron (II) phenol

sulphonate to deposit iron was reported as early as 1958( 138) • 

This electrolyte has been used to deposit very hard iron 

coatings< 139 • 140l at current densities of up to 1500 A/m2 • 

It has been electrodeposited as a powder from a solution of 

ferrous sulphate dissolved in the organic reagent dimethyl 

sulphoxide ( 141
> • However, it is arguable whether ~mrk of this 

nature can be defined as 'organic' due to the highly polar 

nature of this reagent. 
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It has proven possible to obtain iron electrodeposits 
( 142) . from iron perchlorate electrolytes · , and from iron salts 

of fluoro acids such as H2Po3F, !IP0-2F2 , HPF 6, CF 3COOH and 

c3F7coou<1431. The deposits produced were usually not sound 

and were generally much inferior to those from standard sul-
• 

phate or chloride baths. 

A systematic discussion of ·the deposition of iron from 

molten salts and iron oxide melts is outside the scope of 

-this review, but iron has been successfully electrodeposited 

from a number of melts, 

are available(144- 148l; 

and some useful electrochemical data 
• 

• 

(ix) Organic Ad~ition Agents 

.Hany of the papers already reviewed in this chapter 

have included information on the use and effects of certain 

organic addition agents. There is a large literature concerned 

with this field, stretching back to the origins of iron 

electrodeposition. The early developments are discussed in 

Cleaves and Thompson's Monograph(!?), and further information 
• 

may be obtained from the subsequent reviews referred to 

earlier in this chapter. 

The papers published in this area that have not been 

considered in previous reviews can be divided into two main 

areas. Firstly, those concerned with a general·treatment of 

organic addition agents and secondly, those concerned with 

specific additions agents. The latter group forms by far the 
• 

majority of the publications. 
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The general papers include a study of the effects of 

additives and electrolysis conditions on the hydrogen content 

of iron coatings and current 

hydrogen< 149l. Popereka and 

efficiencies for iron and 
. 

Kosamanov(lSO) have examined the 

influence of additives on the internal stresses of the deposit 

and on the degree of inclusion into the deposit of degradation 

products of carbon and sulphur containing addition agents. 

Further studies of this nature were carried out by 

· Matuliauskiene et al(lSl) who looked into the behaviour of 

• 

• 

additives at the cathode during the electrodeposition process • 
• 

The actual effect of organic additives on the kinetics of the 

cathode process was examined by Petrov<152 l . This work 

considered the effect of the additives on the potential of 

an iron cathode in a concentrated iron chloride based electro-, 

lyte. The potential increased with the concentration of 

additive, passed through a .maximum Wtlue and decreased 

slightly to a constant value. Specific values of the change 

in potential are given for various additives, and the effect 

of these compounds on the evolution and inclusion of hydrogen 

was studied. 

The remaining papers, as previously mentioned, are prima-

rily concerned with the study of individual addition agents 

or related groups of compounds on the iron electrodeposition 

process. Urea and thiourea have been the subject of many 

studies. Their effects on iron deposition from an iron 

(153) sulphate bath has been discussed by Nachu and ElGhandour • 

The kinetics of these organosulphur additives' interaction 
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with the iron electrode has been examined hy Vegys et a1< 154l. 

Proposed equations which described the deposition of additives 

and metals were tested experimentally, and effects on the 

surface activity of the electrode determined. Further studies 

into the. behaviour 

made(lSS-157) with 

of ·thiourea in electrolytes have been 

emphasis on the effects of incorporation 
• 

• 

of degradation products into the deposit. The last of these 

studies(lS?) used polarographic methods to yield kinetic 

· parameters for. the iron deposition reaction • 

• 

• 
Other sulphur-containing addition agents made the subjects 

of research include the behaviour of p-toluenesulphoric aciu 

in iron sulphate electrolytes(lSB), and the behaviour of 

sulphanilic acid(lSg) and sulphite and thiosulphite ions(lGOl • 
• 

The effect of nitrogen containing addition agents has 
• 

been studied by Soviet research groups. Kudryavtsev and 

Smirnova(lGl) insvestigated the electrodeposition of iron 

from electrolytes containing aminoacetic acid, vlhich was found 

to markedly decrease the crystal size in the deposit, and to 

improve the electrolyte stability by raising the threshold of 

Fe(OH) 3 foLmation by air oxidation. The effects of a number 
• 
• 

of nitrogen containing additives (and other organo~compounds) 

on the electrocrystallization of iron from sulphate based 

electrolytes was examined by Radzuiniene et al<162l, using 

electron microscopy. The authors suggested that the struc

ture of the iron deposit depended not only on the adsorption 

of the additives and their reaction products, but also on 

the changes in the amount of basic iron compounds and the 

.,;ay that they were dispersed on the anode surface. A similar 
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suggestion has been proposed by vengris et al <1.63), as an 

explanation into the inclusion of impurities into iron deposits 

from electrolytes containing organo-nitrogen compounds • 

• 

· Other organic compounds that have been investigated as 

potential agents include ascorbic acid(lG4), acetylinic 

compounds, derivatives of'aromatic unsaturated acids and poly

carboxylic acids(lGS), glycine(lGG) and urotropine and 

tribenzylamine(lG?) • 

Finally, a number of projects have looked into the effects 

of organic addition agents 

of iron deposits(lGS-l?l). 

on the hardness or wear resistance 

These were all carried out to 
• 

determine the effect of various common bath additives e.g. 

dextrin, gelatin, citric acid and glycerol, on the wear 
• 

resistance of iron parts in practical ferrous chloride electro-

lytes used for the restoration of worn machine components. 

It is clear that a large number of additives have been 

used, often in a superficial and empirical manner and little 

attempt has been made to consider such additives in a syste-

matic manner or in relation to theories for the electrodeposition 
• 

of iron. It is therefore reasonable to conclude that addition 

agents for iron plating have not been considered in depth 

and indeed that the work done is small in comparison with 

studies of addition agents for Iilickel electrodeposition, \1here 

the majority of addition agent \olork has been done. 

(x) Electrical Conductivity 

Accurate information on the conductivity of concentrated 
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solutions of iron salts .is difficult to obtain. P.. general 

survey of the conductivity and density of aqueous solutions 

of about sixty metallic salts (including iron salts) of 
• 

inorganic and organic acids was compiled by Heydweiler in 

1921( 1~2 ). The only information available in that publication 

is a-measurement of the conductivity of three concentrations 

of ferrous chloride at 18°C, which is clearly insufficient 
. 

to provide enough information for modern requirements • 

The remaining ru1d more-recent investigations of iron 

electrolyte conductivity have come from the Soviet Union, but 
• 

• 

have been limited in both their availability, because of a 

lack of translations, and in their scope in that no attempt 

has been made to relate the importance of the electrical 

conductivity with other important solution parameters and 

polarization characteristics. 

The first of these papers was published by Piyavskii< 173l 

and dealt only with the electrical conductivity of cold iron 
• 

plating electrolytes and concludes that for industrial 

purposes the chloride salt at a concentration of 400 g/t 

~li thout any conducting additives gives the optimum electrolyte • 

• 

An interesting and reasonably detailed.survey of the 

electrical conductivity and viscosity of concentrated iron 

chloride solutions 

and Melkova< 1741 • 

(up to 700 g/t) was carried out by Shvetsov 
. 

This survey has provided much useful data; 

hovtever, it was carried out in the temperature range of 

40-8o0 c, and therefore does not provide the necessary data 

for near boiling electrolytes. 
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Similar information has been provided by Kosov and 

Nikolaev'
175>, \'lho have concentrated at the lov1er end of the 

temperature scale (20-60°C), but have compiled conductivity 

on data for the sulphate and sulphate-chloride electroly.tes 

in addition to the chloride-only electrolyte. 

' 
(xi) Use of a Divided Cell iri Iron Electrodeposition 

• 

• 

• 

The use of a porous diaphragm in this context was reported 

as early as 1895 by Hoepner and Klie(GO), who utilised the 

device to aid the deposition of iron from a ferrous sulphate 

solution. Since then it appears to have been essentially 
• 

ignored until quite recently when the use of a porous diaphragm 

was reported by Kudryavtsev et al'176 > in an experimental 

iron plating bath where a diaphragm was used to separi".te copper 
' 

cathodes from platinum· anodes. Its application appears to 

have been quite successful, and it is \'lorth noting that this 

paper dra\'lS attention to the fact that if the insolublr; 

platinum anodes \'lere replaced by soluble anodes, then a 
• 

diaphragm was no longer required, (This point is discussed 

later in this thesis) • 

\ 

Patents have been issued to t\'lO groups of Japanese workers 

C
177

•
178

l concerning the application of ion exchange membranes 

to iron solutions. The first ~1as connected with the use of 
• 

a cation exchange wembrane L~ a ferrous sulphate electrolyte 

using an insoluble anode and sulphuric acid as the anolyte • 
. 

The cell was successfully used to deposit iron from a 
• 

200-600 g/~ ferrous sulphate solution at a temperature of 
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between 30-70°C, pH of 2.0-4.5 at a current density of 
' 

'2 . (178) ' 
20-1500 A/m • · The second patent covers the use of an 

• 

anion exchange membrane in an electrolytic recovery bath for 
' 

sulphuric acid pickling solution. Sulphuric acid solution 
' 

could be continuously recovered from the anode compartment 

while iron was deposited in the cathodic compartment. 

A study of iron electrodeposition from a ferrous sulphate 
' 

bath using an anion exchange membrane \vas made by Kondo and . 

Koike< 179 l. They investigated the effects of electrolyte 

conditions on the efficiency of the electrophysics of ferrous 
• 

' 

sulphate, and found that a close relationship existed bet\·1een 

the concentration of the sulphuric acid in the anolyte and 

the efficiencies of iron deposition and sulphuric acid gene-
• 

ration. An increase in the anolyte sulphuric acid concen-

tration caused a decrease in its generation at the anode, 

resulting in both the lo~1ering of the pH of the catholyte 

and the efficiency of iron deposition at the cathode • 

Other reports exist on the use of divided cells in the 

regeneration of ferric chloride etching solutions used in 

printed circuit board manufacture e.g. Hillis at the 

Electricity Council Research Centre has worl~ed in this area (lSO), 

but discussion of this work would be outside the scope of 

this review. 

• 

(xii) Mechanistic and Kinetic Studies 

The subject of the mechanism of electrodeposition of 

metals and of iron itself has been the topic of r.~any studies, 

and it was not until about twenty years ago that a real 
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understanding of the field developed. 

The development of the theoretical and practical back

ground to the modern interpretation of electrodeposition 

mechanism has been throughly revie~Ted. and discussed by Bockris 

and Damjanovic(lBl). These authors have not only reviewed 
• 

the development of studies into the mechanism of the depo-

' I 

sition of metals in general, but have also provided an excellent 

treatment on the mechanisms of deposition of iron itself in 

the same review. Bockris has been one of the leading names 

in the field of iron deposition mechanism studies having been 

author and co-author of some of the key papers on the electrode 

kinetics of iron deposition and dissolution e.g. (lB 2>. For 

a detailed description of· his and others' contributions to 

the field the aforementioned review should be consulted(lBl) • 

A limited number of studies have been carried out since 

the publication of the Bockris and Damjanovic review. Hilbert 

et al(183-lBS) have studied the iron deposition reaction 

from acid solutions under steady-state and nonsteady-state 

conditions. In the first of these studies(lBS) a rotating 

gold disc electrode was used in a 0.1.11 Feso4 solution with 

a sodium sulphate support electrolyte to investigate iron 

deposition in the region·of limiting diffusion currents and 

to determine the diffusion coefficient of the ferrous ions. 

Similar experimental. techniques were employed by the same 
• 

workers to examine the influence of the surface pH on the 

mechanism of the iron deposition reaction. They found that 

b1o different reaction .mechanisms were indicated depending 

• • 
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upon whether the pH was more or less than 2.8, and that this 

difference was probably r.elated to the formation of hydro-

lysis products. Calculation of exchange current densities of 

the 2+ Fe/Fe electrode showed that a non-catalysed mechanism 

was the no:rmal one, i.e. the reaction taking place at pH < 2. 8. 

Further studies by the group(lSS) using rotating platinum disc 
' 

equipment essentially confi:rmed their earlier \vork, but indi-

cated that a pH of 3.3 was the critical value for the change-

over of mechanism. 

Kinetic studies<186 l carried.out in an almost neutral 

electrolyte (pH ~ 6) yielded Tafel data which indicated that 

during Fe2+ reduction. the tvm electrons were added simul-

taneously and allov1ed an estimation of the exchange current 
• 

density of iron ( ~ 10-S A/cm2 l to be made • 

The research described by Bockris and Darnjanovic(lSl) 

and the papers mentioned above have been concerned \·Tith the 
• 

establishment of basic kinetic and mechanistic data in 

'near-ideal' iron electrolytes. It would be unrealistic to 

expect to obtain this type of fundamental data from concen-

trated practical plating electrolytes vlhere many more variables 

·are involved, therefore the work carried out on these electro-

lytes has. been mostly concerned with rather empirical defi

nitions of the electrolyte involved and the infor~ation obtained 

cannot necessarily be extrapolated to other electrolytes. 

Publications in this category include a study of convective 

streams in highly concentrated solutions of iron chlorides(lS?), 
• 

in which the factors effecting these streams such as concentration, 
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temperature viscosity and interelectrode spacing were examined. 

This study, of course, only applies to unagitated electro-

lytes where convection plays the major role in metal ion 

transport. 

Studies of cathodic processes occurring in concentrated 

iron chloride electrolytes have been carried out by Melkov 

and Namakonov<188 • 189 l. In the first, electrodeposition 

from a 300 g/'1. Fec12 • 4n2o bath at 75°c \V' as examined using 

polarization techniques. A mechanism of the electrodeposition 

at the pH of o.s is postulated, but no further major conclu

sions were drawn. In the second paper<189 l similar work was 

carried out using the ·same chloride electrolytes 'di th the · .. 

addition to the polarization data recorded, the buffer capacity 

of the electrolyte was investigated and the current efficiency 

determined. This parameter was found to decrease with the 

addition of aluminium chloride by some 6-8% owing to increased 

hydrogen evolution. This has significant implications if the 

addition of aluminium chloride to ~1orking electrol~·tes is 

being considered, as a reduction in current efficiency of 

that degree would be seriously detrimental to the economics 

of the process. 

• 

(xiii) Iron Electrodeposition \V'ith Periodic Current neversal 

Many claims have been made that periodic reversal (PR) 
• 

or interruption or the superimposition of an alternating 
. 

current onto the direct current supply, can have a beneficial 

effect on the iron electrodeposition process. Like many other 

• 
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areas of iron electrodeposition research, the -work done in 

this field has largely been empirical and has to some degree 

been contradictory. No attempt to apply these techniques was 
. 

made during"the course of this project as the field is so 

extensive that it ~1ould warrant long term investigation to 

reach significant conclusions. However, it \~as considered 

that some indication should be given in this review of the 
• 

nature of the work completed in this area • 

The first reports of the application of periodic reverse 

techniques to iron electrodeposi tion were made in ·the late 

fifties< 190 •191 ) • The major claims of these investigations 
• 

were that smoother and brighter deposits could be obtained 

without noticeable effects on the current efficiency on 
• 

hardness of the deposit. Further claims have been made that 

the use of the technique resulted in improved structure< 192l, 

altered grain size< 193) and generally removed any tendency 

towards anisotropic mechanical properties in the deposit<194 ). 

Related to claims that PR techniques resulted in improved 

structure are a number of publications< 195- 198) which 

indicated that the hardness was increased and the wear resis-

tance of the deposits were improved by its use. The latter 

of the above publications<198 ) also investigated the effects 
• 

of varying the ratio of the total current to the anodic 

current on the hardness of the deposit. They found that 

an increase in this ratio increased the hardness of the deposit • 

• 

Studies of the effects of PR on the internal stress 

of iron deposits <199 • 200) appear to indicate that it was 
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possible to control the magnitude of the residual stresses 

in iron electrodeposits. A mathematical model was deve

loped(lgg) describing, simultaneously, the cathodic and 

anodic current densities, temperature and pulse period effects 

on the magnitude of the stresses as a function of the thick-
• • 

ness of the electrodeposit. The second paper describing tl1e 
• 

effects of PR on stress (200), was concerned only ;.1ith a cold 

iron chloride electrolyte, and the effects of a superimposed 

assymetric alternating current on deposit properties. In 

addition to claiming reduced internal stress, this paper 
• 

also claimed that the deposit adhesion to its substrate ~1as 

increased and that a deposit 'dth greater wear resistance 

was produced. 

Many of the investigations have included determinations 

of the current efficiency for the electrodeposition of iron 

with some font of alternating current control. l~ork on a 

cold chloride electrolyte(20l) indicated that under optimum 

plating conditions, the current effici"ency was 49-52%. It 

is interesting to note that the same paper claimed that a 

many fold increase was possible in the operating current 

density with the use of an assymetric ·alternating current 
• 

compared with cold plating with direct current. Further 

studies of ,the current efficiency using PR techniques in cold 

ferrous chloride electrolyte have been conducted by 

Bratishche;~02 • 203) , with similar results to the above. 

Liskovets( 204) has published an interesting report on 

the effects of the ratio between cathodic and anodic current 
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components on the parameters of iron electrodeposition from 

a hot ( 75°C) concentrated iron chloride electrolyte in a 

flow-type situation, Results indicated that an 1ncrease 

in the above ratio increased ~current efficiency, the 

deposition rate and the microhardness of the deposits. 

Finally, recent work by Apetenok and Jansons< 205 l would 

appear to increase the evidence that periodic reverse tech-

niques can yield many improvements in iron deposition. 

Their work indicated that the rate of deposition could be 

increased, the physical properties of the deposit improved 
• 

and the adherence of the deposit to the substrate improved, 

by the use of this technique • 

• 

. (xiv) Final Comments 

' 

• 

• 

The electrodeposition of iron a~loys (binary and ternary) 

is a large and significant field, for which there is. a 
• 

large literature. This field is, however, outside the scope 
. 

of this review and for present purposes has not been considered. 

The history of iron electrodeposition as can be seen 

is long and detailed, and to a large degree empirical in 

nature. No single review could claim to be co~pletely 

comprehensive in providing an insight into the field because 

of its extent and the necessarily unco-ordinated manner in 

which most of the work has been conducted. It should also 
. 

be noted that some information is unavoidable because, as 

is often the case in applied technology, some research will 

have been done by private and industrial concerns, which 
• 

has not appeared in the scientific and .technical literature. 
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III PATEN'£ REVIE\'1 

DEVELOPNENT OF CONTINUOUS FOIL ELECTROFORHING TECHNOLOGY 

The patent history of continuous foil electroforming · 

can be traced back to a 1933 patent by the Anaconda Sales eo. 

U.S.A. <
206). It concerned the electrofoLming of an endless 

foil (particularly copper) followed by reinforcement in a 

second bath to give it the required thickness. The patent 

covered many years of research and development resulting in 

the commercial operation of a lead covered copper drum 
. 

mounted horizontally on a lead lined concrete tank so that it 

was partly immersed in the electrolyte, (Fig. 3.1). The cylin-

drical surface of the drum immersed in the electrolyte \va::: 

opposed by lead anodes spaced_about lcm from it. Violent 

air agitation supported the stirring effect of electrode 
. 

gassing in the bath. In the second, reinforcing, vat the 

foil was led concertina-like vertically up and down over a 

number of rollers, one being near the tank bottom and the 

next one just belov1 the electrolyte surface. Within each of 

these vertical folds a row of anodes was suspended from a 

bar across the vat. 

Lead was found to be the most suitable metal for the 

cathode given the corrosive nature of the acid copper electro-

lyte. To maintain a satisfactory finish on the foil the 

cathode surface was continuously abraded and polished during 

operation. 

Further consideration of the cathode surface material 

was made by Wynne-Williams in his 1934 .patent (20 7l. In it 
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• 

he suggested the use of a chromium or chromium plated cathode 
• 

surface. The use of such a cathode surface ~1as claimed to 
. 

overcome the problems of formation of a cathode film and 

adhesion problems found on previous rotating cathode mandrels. 

The specification also provided for the use of one or more 

skimming members which act on the cathode to reduce to a 

minimum the thickness of the cathode film. 

In a patent specification(20S) issued at about the same 

time as the Wynne-Nilliams specification, the Anaconda Copper 

~lining eo., described a refinement to their continuous foil 

electroforming cell in which they claimed to have overcome 
• 

the difficulty of providing satisfactory edge delineation 

particularly on thinner gauge foil • 

The problem of obtaining a foil \-lith sharp clean cut 

edges and preventing deposition or dendritic gro~1th on those 

surfaces of the drum where it is not desired was one of the 
. 

most important obstacles to commercial production • 

.. 
Previous attempts to overcome these difficulties included 

application of an insulating coating to the curved surface of 

the drum at its ends, or to apply a gasket or disc of insula

ting material to the ends of the drum. While these expedients 

may function satisfactorily for some time they do not provide 

a permanent solution to the problem. 

The solution suggested by Anaconda is a combination of 

mechanical and electrical means. Increased thickness at the 

edges of the sheet was prevented by means of shields that 

obstructed the flow of current from the. edges and back of the 
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anode. A clean-cut edge, which may be stripped without 

tearing was produced by secondary cathodes suspended on the 

tank '1-Talls, so connected that they were cathodic to the ends 

of the drum. The solution at the ends of the drum was sepa-
• 

rated from the main body of the electrolyte by means of the 

.shields referred to. The surface of the ends of the drum was 
. 

• 

ah1ays anodic to the electrolyte in contact with it, and no 

plating on it was possible, while the cylindrical surface of 

the drum on which the sheet was deposited was cathodic to 

the main body of the electrolyte. 

A further refinement in the electroforming and handling 

of foil is covered in an Anaconda patent of 1941(209 ). Strip

ping thin foil from the cathode had continued to be a problem 

because of the ease with which the foil tears at the edges • 

A tear not only spoilt the product but caused serious delays 

in production. The ne"1 method for foil rer:toval described in 
• 

this patent involved separatingthe centre portion of the foil 

in advance of the edge portions from the cathode. Thus, the 

• 

minimum of stripping strain was·put on the edges and the develop-

_ ment: of edge-tears minimised. The essential feature of the 

mechanism described in this patent for removing. the foil in 

the desired manner \~as a tapered roller mounted for rotation 

about its longitudinal axis in close proximity and parallel 

to the cathode surface, with its centre section of greatest 

diameter over the centre section of the drum. The apparatus 

is sho\vn in Fig.· 3.2. 

The rapid development of the electronics industry in 

' 
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the post Second Norld War period created a large ne'VT market· 

for electroformed foil, particularly copper, for the manufacture 

of printed circuit boards. A Ferranti patent( 2lcl linked 

copper foil electroforming with printed circuits and other 

electrical uses calling for the bonding of such foil to phenolic/ 

paper laminates. The patent aimed at electroforming foil one 

side of which was particularly rough. This 'Vtas in order to 
• 

increase the bond strength with the laminate at the interface • 

Copper from an acid bath was, initially, deposited at about 
• 

1100 A/m2 with bath agitation. Then the foil 'Vtas rinsed and 

transferred to a cyanide bath of the same deposition speed 

at half the current density but without agitation,thus produ

cing the required roughness. The patent protected both acid/ 

alkali foil as described above as well as giving existing 

• 

foil a rough and hence adhesive surface by unagitated alkaline 

deposition. In the latter case the patent specified an inter-

mediate layer of freshly deposited copper in order to improve 

adhesion and cohesion. 

In an effort to improve foil quality and plant operating 

conditions the ~naconda eo., patented a method of delivering 

the electrolyte continuously 

drum and the anode(21l,212). 
• • • 

into 

The 

the space bet'Vreen the cathode 
(206) 

1933 patent . shoHed 

the necessity for agitation (most conveniently air) to produce 

sheet having a high degree of uniformity of gauge and freedom 

from pinholes. However, air agitation proved to be objection

able on a number of grounds. It produced an irritating acid 

rrlst requiring workmen to use respirators and causing dis

colouration and corrosion to occur~n the electrodeposited 

sheet. Splashing of the electrolyte near. the cathode dr~~ 
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also resulted in wetting and trapping of lead dust (generated 

by the cathode polishing apparatus) on the surface of the 

drum leading to defects in the deposited sheet. 

The improved apparatus is sho1m in Fig. 3. 3. As can 

be seen, the major development was the introduction of a 

pressurised electrolyte inlet manifold located below the 

bottom of the cathode drum. The electrolyte was pumped upwards 

and circulated around the drum in turbulent motion resulting, 

. it was claimed, in an electrodeposited foil of exceptional 

uniformity and remarkably free of·pinholes and other porosity, 

even down to average gauge thicknesses of little over 0.001 in. 

As a result of u.s. Government specifications requiring 
• 

a non-porous copper foil of at 

circuits, the the Clevite Corp 

least 99.5% purity for printed 
(213 214) obtained patents ' for 

' 

an improved method of electroforming ~hin copper foil. The 

method utilised a chromium plated drum similar to the Wynne-
• 

Williams patent( 20?), the improvement being in the method of 
• 

preparation and care of the chromium plated surface. The 

patent covered the preparation of a stainless steel or regular 
• 

steel drum, followed by the application of a special crack-

· free layer of chromium and the preparation of this surface 
• 

to remove oxides·and chromium complexes. The drum was then 

quickly put into service, almost completely immersed in the 

electrolyte and immediately covered with a thick pore free 

layer of copper, to protect the surface from oxidation and/ 

or contamination. This copper layer 11as removed just prior 

to the continuous platL~g operation. 
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Continuing the association of electroformed foil with 

the electronics industry, Conley, Turk and Pochapsky obtained 

a patent(2lS) in 1965 for a claimed improvement in nodula

rised copper foil for printed circuit boards. Plating condi-
• 

tions and electrolyte content were defined to give a foil with 

the appropriate surface finish for optimum adhesion to the 

circuit board laminate. 

A possible alternative to the rotating drum electrode 

was proposed by Pedone in a British Patent of 1967<216 ). 

This invention consisted of a cathode made of an endless tape 
. 

wound around rotating devices. The tape was made at least . 
• 

partly of electroconductive material such as stainless steel 
• • 

. and partly immersed in an electrolyte containing bath with 
' 

· some means of agitation provided. The arrangement is shown 

in Fig. 3.4. ' 

The inventor claimed some advantages for the method. 

The cathode tape can be made any length allowing plating over 

a large area, considerably increasing the output of the 

apparatus as well as the efficiency of production. A cathode 
• 

• 
cylinder of considerable dimensions would be necessary in 

order to reach high production rates. The endless belt cathode 

facilitates the tise of soluble anodes unlike the rotating 

cylinder where the anodes must maintain close proximity to 

the curved surface of the cylinder. 

In 1967/68 General Hotors patent specifications<217 • 218 l 
. 

published in Britain and the u.s.A. relating to the use of 

a ferric hydroxide dispersant in iron plating baths. Although 
• 
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not intended primarily for use in continuous iron foil product-

ion, the principle was eminently applicable to this field 

where quantities of this particulate contw~inant will be 
• 

formed both by atmospheric oxidation and as a by-product of 

the electrolysis process. 

The patent covered the use of an additive of a water 

soluble salt of a condensation product of a B-napthalene 

monosulphonic acid and formaldehyde \'lhich has the follmving 

formulae: 

The structural formula is: 

. . . . 

• 

This was added to a ferrous chloride bath in quantities of 

between 0. 25 and 1.0 grams per litre of electrolyte. The 

specification .claimed that this dispersant allo~1ed the electro

deposition of substantially smooth and pit free layers of iron 

"l'lithout the use of filters \vhich \vere prone to clogging. It 

was also claimed that anode efficiency could be improved 

since it too will be adversely affected by ferric hydroxide 

fouling. 

A British patent< 219 l taken out by a Bulgarian Corporate 

Body sought to provide a method of electroforming metal foil 

• 
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at current densities much !1igher than previously possible. 

They claimed that previous methods allowed deposition with 

current densities from 800 to 2000 A/m2 whereas with their 

apparatus current den si ties of up to 6000 A/m2 were possible. 

The former methods were limited at high current densities 

by ion migration, diffusion and convection limitations, 

because of insufficient agitation. The specification provided 

for the f¥lmiliar rotating cylindrical cathode concentrically 

opposed by a semi cylindrical· anode. The improvement lay 

in the delivery of the electrolyte under pressure to the 

anode cathode gap from the bottom of the anode. The arrange

ment was such that a continuously changing stream of electro-

lyte could be supplied to the gap over the full width of 

the drum. This stream of electrolyte reduced the thickness 

of the cathode diffusion layer to a minimum and thus permitted 

the application of high current densities. A schematic 

diagram of the cell is given in Fig. 3.5. The ideas covered 

in this patent appear to be very similar to those detailed 

in Anaconda patents of l958(2ll) and 1959{2l 2 ) and differ 

only in minor detail. 

-
. 

A significant advance to electroforming technology was 

made in an Anaconda eo., patent' 220) of 1969. •rhis patent 

provided for the use of a titanium clad rotating cylinder 

cathode. The lead covered drums proved to have a number of 

inherent disadvantages. For exa:nple, the oxide formed on 

the cathode surface during the plating process· had to be 

removed conti:luously by grinding and polishing, increasing 

the labour requirements and wearing down the drum surface, 
• 
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leading to periodic resurfacing requirements. ~1oreover, lead 

particles caused contamination of the foil. The use of stain

less steel as a cathode drum surface required a special 

electrolyte solution and operated at a "comparatively low 

temperature 
. 0 

not exceeding ~ 40 C. Successful plating on the 

chrome plated drums was very dependent on the chrome surface. 

Special preparation and frequent maintenance of the chrome 

surface was of extreme importance. The increased maintenance 

led to increased costs and lack of competitiveness in the 

production of commercial grade foils. 

The specification claimed that it was possible to produce 
• 

high grade copper foil by electrodeposition on a drum made 

by engaging the inner surface of a titanium cylinder \vhich 

has a non-porous and smooth outer surface with a mating 

surface of an electrically conductive metallic structure. 

(See Figs 3.6-3.7). The importance of good physical contact 

between the titanium shell and its metallic support ~1as 

emphasised as was the requirement for a thin shell of titani~~ 

rather than a solid titanium cylinder because of the metals' 

relatively low electrical conductivity. Since titanium forms 

a smooth and tenacious oxide coating, grinding and polishing 

were no longer required. Additional cost savings were made 

from the fact that the plating temperature of conventional 
. 

copper plating baths could be elevated to between 50°C-60°C. 

In the early seventies a number of patents were issued 

covering the continuing development of copper foil specifi

cally for the electronics industry. The Circuit Foil 

• 
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Corporation . (221 222) 
dev~sed methods ' · for making copper foil 

with improved bond strength beb;een the foil and the laminate 

especially at high temperatures. This vtas achieved by 

coating the matt side of the foil with a metal v1hich at 

elevated temperatures \-Tas substantially inert to the substrate 

e.g. nickel. Patents were issued to the Clevite corporation 
• 

(223' 224 ) , protecting methods for the prevention of foil 
' 

staining on printed circuit boards. 'rhis again v;as done by 

electrodeposition of various metals on to the copper foil. 

At about the same time as the above, Circuit Foil obtained 

patents in the u.s.A.C225 ) and Britain(226 l for improvements 

in foil electroplating techniques in which a contj.nuously 

moving sheet \-Jas moved in a serpentine fashion into and out 

· of an electrolyte between successive planar anodes (Fig. 3.8). 

• 

The improvements related to overcoming problems concerned 

with current distribution over the plating surface due to 

'ionic imbalance in the electrolyte bath which in turn could 

• 

• 
be related to variations in the degree of flovr. and agitation 

in the bath during electrodeposition. The essence of the 

patent lay in confining the e1ectrolyte between the cathodic 

sheet and the anode to prevent transverse migration of 

electrolyte across the strip. The gas evolution which took 

place between the strip and the anode then created an air 

lift effect \-Thich acts as the driving force for a pumping 
• 

system which carried the electrolyte up over the tops of 

the anodes giving an almost uniform circulating pattern. 
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The beginning, of the last decade also saw the first of 

·a number of patents relating to the continuous electroforming 

of iron foil. In October 1971 a patent( 227 l was taken out 

by the British Iron and Steel Research Association covering 

the application of continuous foil electroforming technology 

to the production of iron foil. The patent specified the 

use of an 'endless moving matrix' as cathode to produce the 

thin strip which was then moved beb1een porous planar anodes 

in a second bath so that its thickness can be increased as 

required. The use of iron chloride and iron sulphate electro-

lytes and the possible use of iron ore or scrap iron based 

electrolytes was covered. The conditions for plating vrere 

defined as was the use of graphite anodes capable of with

standing the demanding conditions of a hot, acidic bath. 

Approximately two years later, the Electricity Council 

patented( 228 , 2291 an apparently improved method of iron foil 

electroforming, essentially consisting of a rotating cathode 
. 

cylinder with a titanium surface partly surrounded by a 

closely spaced anode of insoluble material. The apparatus 
• 

included a method for heating the cathode cylinder to maintain 

it at a uniform temperature greater than that of the electro-

lyte so that the foil would not have non-uniform character

istics due to temperature variation. Apart from these modi-

fications the patent appears to be similar to that of the 

i ' h d 1 1 ' i (2 2 7 ) Br t~s Iron an Stee Researc1 Assoc~at on · • 
• 

The Electricity Council were also working on the idea 

of using tin cans ~~d tinplate off-cuts as a source of iron 
• 
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for iron foil electroforming. Theypatented<230 ) a method 

which included the step of recirculating used electrolyte 

over metallic iron 'ilhere at least part of the iron \~as in 

the form of tin plated.iron. They claimed that the tin ions 

spontaneously precipitate out forming a sludge in the ferrous 

chloride electrolyte. Where the tin ions do not precipitate 

out spontaneously, they proposed the addition of a selective 

chelating agent to effect precipitation. In cases 'ilhere lead 
• 

may be present {from lead solder used in the assembly of tin 

cans) , the patent proposed the use of another chelating agent • 
• 

The actual chelating agents used were not specified in the 

patent. It 'ilas suggested that the tin and lead may be recovered 

by suitable processing of the sludge • 
• 

The Continental Can eo., were also working on the iron 

electrofroming electrolyte. In a patent {231 ) published in 

OctOber 1975, they proposed a novel method for counteracting 

the build-up of solid ferric chloride during continuous iron 

electrodeposition. The process, which may be applied to many 

solid/liquid reactions, involved passing the solid reactant 
• 

(e.g. ferric hydroxide) into a rapidly rotating cylinder which 

has porous 'ilalls. Centrifugal force. caused the solid to be 

propelled against the walls of the chamber. The chamber was 

then charged with the second reactant {e.g. hydrochloric acid) 
• 

which was propelled into the solid lining the •~alls. During 
• 

its passage through the solid particulate layer, chemical 

reactions take place and the reaction product is expelled 

through the openings in the wall. 
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improvement to the method of electrodepositing a metal 

onto a moving fOil cathode was patented by the Electricity 
• 

Council in December 1975(232 ). The major modification was 

located in the secondary cell \~here further metal was deposited 

onto a foil, made on an endless matrix in the primary cell. 

It concerned the distribution of large currents through a 

thin foil of, for example, 0.001 inch thickness. In previous 
• 

systems the foil was coupled to the current scource b0t means 

of rollers and with the large currents involved over a rela-

tively small area of contact, problems such as buuling and 
• 

uneven current density occurred. This patent sought to 

avoid this by using a large area of contact. ~s shown in 

Fig. 3. 9, the foil is dra\m over a conducting support which 
• 

contacted essentially the whole area of the foil to be plated • 

In this way the current passed through the foil substantially 

perpendicular to its plane and \~as very uniform • 

• A new approach to carbon anode construction was patented 

~33 ) by the Electricity Council in 1976. Again the object 

was to improve uniformity of the electrolysing current. It 

• 

had been sho~m that large conforming anodes formed from a 

block of graphite sometimes displayed non-uniform current 

distribution characteristics. This was due to the resistivity 

of the graphite and the length of the current fl01~ paths from 
• 

the point of connection with the current scource to the anode 

surface. The proposed solution consisted of constructing 
• 

an anode by attaching graphite strips with acnon-degradable, 

conductive adhesive onto a conductive metallic surface shaped 

appropriately as the abode. In use, the metallic conductive 
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portion was connected to the current scource. The current 

could then flow to all parts of the anode surface ~lith no 

appreciable drop in potential, hence all of the working area 
. 

of the anode was at substantially the same potential and 

the current density constant. 

One of the more recently published patents in the conti

nuous foil electroforrning field is .one from Gould Inc. <234 >. 
The invention concerned an improved method of electrodepositing 

iron foil on a rotating drum cathode in conjunction \·lith a 

soluble anode made of iron or an iron containing m.aterial. 

The arrangement is shown in Fig. 3.10. The operation was 

similar to the rotating cylinder cathode devices described 

previously except that the anode \'las arranged so that it could 

be moved nearer to the cathode surface as it was consumed • 

It was claimed that this method of foil productien produced 

foil which was less prone to suffering from Hydrogen embrittle-

ment as a rather less acidic electrolyte could be used, and 

in addition, higher current densities could be used • 

A patent< 235 l filed in Britain in December 1975 and 

published in 1978 considered another approach to the possi-

bility of using consumable or semiconsumable anode materials, 
. 

In this case the rotating drum cathode was half surrounded 
. 

by a melded fibre belt wh~ch was in turn surrounded by the 

consumable anode material, The belt ensured a constant gap 

width and was fixed in position relative to the anode material. 

The rotation of the cathode relative to the melded fibre 

caused the fabrics to act on the surface of the electrodeposit 

• 
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to break up the depleted barrier layer. The layout of the 

apparatus is shmm in Fig. 3. 11 • 

• 

The arrqngement described above should not be confused 

. with the idea patented by Eisner of the Norton eo., <236 ) 
. 

~there the cathode ~1as continuously activated by a moving 

belt of small, hard, spaced particles supported by a matrix, 
• 

apparently permitting very high current densities and depon-

sition rate. (Some doubts have since been expressed about 

the validity of the claims made by the Eisner patent) • 

. 

In conclusion, the development of continuously electro-

formed foil technology has been traced through the patents, 
• 

from its origins in the copper foil industry to the present 

day where the technology finds application in many areas • 

·Iron foil can be seen as a logical development and application 

of knovlledge gained from the copper foil industry. Nickel · 

foil in various forms is an important industry. It is, 

however, largely non-patented being based on know-how and 

novel application from the aforementioned areas • 
• 

• 

• 

• 
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IV. IRON FOIL PRODUCTION ON A PILOT PLANT 
• • • 

(i) Introduction 

The work described in this chapter resulted from the 

operation of a pilot-scale plant for the continuous product-

tion of iron foil from a concentrated ferrous chloride electro-

lyte. 
• 

The plant ~tas situated at the British Steel Corporation 

Research Laboratories (Swansea) • Its origins can be traced 

directly to the work carried out by Brown and Salt at the 
• 

British Iron and Steel Research Association's Laboratories, 

later disclosed in patent form( 227 l, and described in 
. 

Chapter III of this thesis • 
• 

The pilot plant had been in use for a number of years 

and contributed to the B. S. C. 's fund of knowledge of iron 

foil production. It became available for use during this 

'project as a result of a co-operative development agreement 

between the B.s.c. and the Arthur Lee Group. 

The objectives of the work were to attempt to gain 

some insight into the operation of this type of plant, that 

could later enable better judgement to be made on the imple-

mentation of ideas arising from laboratory "~<Tork, and to try 

to obtain a more detailed understanding of the processes 
. 

involved in the pract:ical plating operation • 
• 

. 

The general layout of the plant is shown schematically 

in Fig. 4.1, and a full description of the plant follows. 

- 69 -

• 



• 
' 

• 

• 

• 

' 

• 

• 

(ii) Plant Description 

• 

• 

• 

Electrolyte 

The electrolyte was prepared by dissolution of scrap 

black plate in commercial grade hydrochloric acid and mains-

supply water. The iron concentration "'as monitored by 

conventional titration agai~st N/2 potassium dichromate( 237 l 

using barium diphenylamine sulphonate as indicator. Hydro-

chloric acid was added to the system until the concentration 

of the ferrous· chloride reached~3 H. The pH of the solution, 
• 

prior to starting plating, had to be kept above zero to 

avoid excessive damage to the cathode and below 4 to avoid 

brittle foil • 

• 

Electrolytic Cell 

The cell consisted of a rectangular container with a 

24 litre capacity. It was constructed from 10 mm Tufnol 

sheet. The electrolyte entered the cell from the top over 

a weir to ensure constant level, and was removed from the 

cell via a drain in the cell floor and via an outlet at the 

level of the weir to prevent overflm~. The rate of flow 

through the inlet and outlets could be controlled by simple 

valves. 
.. 

The cathode was mounted horizontally in the end walls 
• 

of the cell by liquid-tight bearing seals. The cathode 

consisted of a machined cylinder of solid titanium, drilled 

to reduce its weight. Both ends of the cathode were sealed 

off with discs of Tufnel to prevent overplating. The 
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~larking width of the cathode was 14. 6 cm. The edges of the 

deposition area were delineated with 'Silastomer' silicon 
• 

compound. 

The anode was machined from graphite block and contoured 
. 

to be concentric with the cylindrical cathode surface. The 
• 

anode-cathode spacing was 0.8 cm. The anode covered an arc 

of 15.5 cm.giving a working area 2 of 226 cm • 

The current was supplied to the cathode via three copper 

brushes acting on a phosphor-bronze slip ring. The anode 
• 

was supplied from the bus bars via 'Karbate' anode inserts. 

Electrolyte Regeneration System 

• 

The regenerator consisted of a covered rectangular poly

propylene container of approximately 275 litres capacity. 

This was divided into three equal parts by two weirs to 

.direct the spent electrolyte through the scrap black plate • 

Baskets made of· titanium mesh on a titanium frame were 

used to contain the scrap in the regenerator. Eight (1 kl':) 

titanium clad heating elements ~1ere used to heat the electro-

lyte to the required temperature. The temperature c0ntrol 

was by means of two mercury contact thermometers switching 
. 

the heaters via 'Gallenkamp' 20 A relays • 

• 

Pump and Header Tank 

The electrolyte was circulated by a %" Jabsco pump 

fitted with a neoprene impeller on a titanium shaft. A 
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constant solution head was provided for the pump by a 30 

polypropylene header tank mounted slightly above the level 

of the pump. 

Storage Tank 

The system was provided \~i th a large polypropylene storage 

tank (capacity > 1000 .R.) for the storage of surplus electro

lyte and for removing the electrolyte from the scrap v1hen 

regeneration was not required. Use of the storage tank required 

an extra pump fitted with flexible hose, hence the electro-
• 

lyte could only be pumped to the storage tank when it was 

relatively cool (< 80°C) otherwise the flexible tubing 

collapsed • 
• 

Connections 

The components of the plant were interconnected \'lith 

l~" high density polypropelyne tubing supported on slotted 

angle frame. Polypropylene tubing provided the desirable 

combination of durability and ease of asse~bly. 

Power Supply 

The direct current required for the plant was supplied 

by a 'Westinghouse' 500 A, 16V mains rectifier operating from 
• 

a 400 v 3-phase supply. The rectifier was equipped v:i th a 

westinghouse thyristor central unit. The current was m~asured 
' 

using a 'Fluke' digital multimeter across a 0.0015 n shunt. 

The rectifier \-/as somewhat dated and produced a rather 
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spiky waveform ~1hich will have introduced some degree of 

inaccuracy. Also, the rectifier was not able to provide a 

current lower than about 60 A. For currents lower than this 

a 30 A battery charger ~;as used, 

Foil Post-Treatment 

The iron foil produced was continuously peeled from the 

cathode drum, it '"as then rinsed on both surfaces by mains 

water from a sprinkler system. The rinsed foil was then 

dra'-m through a citric acid bath at S0°c and then rinsed again. 

The foil was then dried by means of a hot air blower, treated 

with WD40, coiled and stored in sealed plastic bags until 

examination. 

Instrumentation 

The cathodic polarization data were obtained using a 

'Vibron 1 Electrometer Model 33 B-2. The potentials '"ere 

measured against a saturated calomel electrode. The electrode 
' 

' 

was not placed directly into the solution to avoid contamina-

tion, but via a KCl salt bridge and Luggin probe with a 

ceramic tip. 

All values of pH ~1ere measured by sampling and using 

an 'EIL 1 Model 31 pH meter (± 0.1 pH) with automatic tempera-

ture compensation. 'rhe pH electrode was an 1 Activon Glass 

Ltd.,' high temperature model for use above So0 c. 

Conductivity values were obtained using a 1 Philips 1 Model 
' 

Pl~ 9501 conductivity bridge employing a 1 Philips 1 Model 

0 

0 
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(iii) 

• 

• 

' 

• 

P\~9517 conductivity cell with a cell constant .of 28.3 
• 

-1 cm 
• 

A 1 Muirhead' decade resistance box \1as used in conjunction 

with the conductivity meter to expand its working range. 

• 

Experimental 

Start-up Procedure 
• 

• 

A strict routine had to be followed in order to start 
• 

• 

production of satisfactory foil. To start a production run, 

the electrolyte was drained from the storage tank into the 

regeneration and header tanks. Once the electrolyte had 

reached a suitable height in the header tank, the pump could 
• 

be switched on and the electrolyte circulated around a closed 

loop through the pump, regenerator tank and header tank. 

The cell was not included in the circulation loop at this 

stage so that the cathode would not be damaged by the electro

lyte if its pH happened to be too low. 

Once the electrolyte was circulating the heaters could 

be switched on. When the temperature had risen to more than 

50°C, samples of the electrolyte were taken and tested for 

pH and concentration. Adjustment of these parameters was 

made if necessary by addition of water and/or concentrated 

hydrochloric acid until the pH was in the region of 1-2 and 

the concentration ~ms about 3,0 H. 

When the electrolyte temperature had reached about l00°C 

it 'l'tas circulated through the cell and a few minutes allowed 
• 

for the cell and electrolyte to reach operating temperature • 

• 

• 
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• 

With the cathode drum stationary, the current was S\vitched 
. -2 .. 

on and adjusted to about 4000 A/m • Approximately 3-4 minutes 
• 

• 

were allo\ved for deposition of an adequate layer of foil. 

The cathode was then rotated \<li th a peripheral velocity of 
-1 5 cm.min , giving a foil thickness of just over 50 llm. The 

leading edge of the foil was peeled off the cathode surface 

using a scalpel blade and drawn over rollers and fed into 

the wash and citric acid baths. After treatment and drying 

under a hot air blower the foil ~tas coiled on a cardboard 

roll, the appropriate tension being applied by an electric 
• 

motor via a magnetic clutch. 

' • 
During a run, the edges of the foil, as it came off the 

cath?de, had to be examined regularly as they were rather 

prone to tearing. This fault was more noticeable as the foil 

was made thinner. 

• 

• 

Starting Conditions 

It was important to keep the starting conditions in the 

region mentioned above i.e. pH of 1-2, concentration "' 3.0 }!, 

temperature "' l00°C, and initial take-off speed of 5 . -1 
cm.m~n . 

Failure to keep the first two parameters within the said limits 
• 

resulted in hard, brittle foil v1hich 1t1as extremely difficult 

to remove from the cathode surface. Other factors may have 

been important at this stage e.g. Fe (III) concentration, but 

further work was needed to examine this. Once the foil \vas 

leaving the cathode surface cleanly, the current density 

and/or drum rotation speed could be adjusted as required. 
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· Shut Down Procedure 

The po~;er supply was shut off and the end of the foil 

removed from the drum ensuring that no small pieces of foil 

were left on the drum. The cell was then drained and the 
• 

. 

electrolyte allm1ed to cool to less than 80°C before it could 

be pumped from the regenerator to the storage tank. The 
• 

solution could not be pumped into the storage tank while still 

hot because a portable Jabsco l.z" pump with flexible tubing 

had to be used and the tubing collapsed if the temperature 

was greater than about 8o0 c • 

. 

Polarization Studies 
• 

Galvanostatic polarization data ,.;ere obtained from tl-10 

production runs. They '~ere obtained, beg inning at the normal 

start up current density of 

current density manually to 

about 4000 run- 2, increasing the 

-2 over 6000 Am then reducing it 

to as small a value as the apparatus would permit. Approxi-
. 

mately five minutes were allm~ed after each change in current 

density for the system to equilibrate. 

There ~;as significant fluctuation in the 'Vibron' reading 

and thus the results shown can be considered only as the 

median value. 

Values of the cell voltage were also obtained from one 

of the runs. 

pH Studies 
• 

Variation within System: The pH of the cell was monitored 
• 
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• 

• 

• 

by sampling from the major components of the system i.e. the 

cell, the regenerator and the pump header tank. 

Variation lvi th Time: The pi! of the cell was monitored 

during a number of foil production runs from the start up to 

shut down. The results obtained give a clear indication of 

the trend of the pH during a run • 

This procedure was carried out during runs with conti-
• 

nuous regeneration of the electrolyte and repeated for runs 

without regeneration. 
• 

Conductivity l~easurcment 

.values of the conductivity of the electrolyte were 

obtained by monitoring the electrolyte in the cell directly 

during the plating operation. 

• Cathode Current Efficiency 

· The efficiency of the foil production from a typical 

solution was determined using as long a production run as 

possible to maximise accuracy. The procedure involved ensuring 

as constant a current as possible during the run and then 

accurately weighing the foil produced in a given time, at a 

known current. 

Ferric Ion Concentration Studies 

The method used for the determination of the ferric ion 

concentration was by titration against potassium dichromate. 
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The method involved a determination by difference i.e. the 

ferrous ion concentration was detennined, and the ferric ion 

then reduced to ferrous by addition of stannous chloride. The 

total iron concentration could then be determined. The ferric 

iron concentration was the difference bebreen the two 

determina tions. 

Samples of electrolyte were taken from the cell during 

normal operation at given time intervals and the determinations 

made as quickly as possible • 

(iv) Results 

' 

• 

Figure 4.2 shows the galvanostatic polarization data 

corresponding to typical plant operation. An indication of 

the accuracy of the measurements is given on the graph. 

' Figure 4.3 shows the cell voltage during a typical• polarization. 

run. 
. ' 

The pH deteuuinations within the different parts of the 

system showed no detectable differences during normal operation. 

Figures 4.4-4.5 show the trend of pH with time under 

normal operating conditions with the electrolyte undergoing 

continuous regeneration. It can be seen that the pH dropped 

rapidly in the first 10-15 minutes of operation after which 

it steadied out on a constant value. The results obtained 

'i-lithout continuous regeneration of electrolyte sho'l'red a similar 
' - • :11 

trend. ' 

The conductivity of a typical electrolyte was fow1d to 
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' shovl no detectable change wit.h time during the. plating operation. 

This can be seen in Fig. 4.6 • The value of the conductivity 

under the conditions given on the figure was found to be 
-1 -1 0.34 n cm· • 

The cathodic current efficiency for foil production from 

a typical solution was found to be 91.3%. The electrolyte 

was 2. 9 5 M in ferrous ion with an average pH of 1. 5 at a 

temperature of 98.6°c. • 

The study of ferric ion concen·tration shm·;ed that under 

normal plating conditions with continuous regeneration and 

recirculation of the electrolyte the concentration of the 
• 

ferric ion did not rise above about 1% of the total iron 
• 

• 

concentration and in fact may have been rather lower than this, 
. ' 

as 1% is about the limit of accuracy of this method of 

determination. 

Confirmation of this \vas provided by prolonged running 

vlithout regeneration to allow a build up of ferric ion concen-

tration. This showed that even after five hours of plating 

the ferric ion concentration had only risen to about 0.03 r-1 

or 1% of the total iron concentration. 

A further result from the work on the pilot plant arose 

from the exa~ination of the black particulate scum that was 

observed on the surface of the electrolyte after prolonged 

dissolution of scrap. A sample of the material was collected 

and warmed with an excess of concentrated hydrochloric acid. 

Little dissolution v1as observed indicating that the material 

was not magnetic and was possibly particular carbon • 
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• • 

(v) Conclusions 

• 

. 
(a) The polarization data obtained was limited in extent 

• 

because of the plant limitations at the lo~1 current end 

of the scale. They do, however, show that there is no 

trend tawards a limiting current density even at current 

densities well above the normal operating values. This 

was later confirmed by laboratory studies • 

The degree of polarization of the system compares favour-

ably with results obtained in the laboratory, indicating 

that the laboratory data should be applicable to plant 

operation at this scale. 

As mentioned above, no info:rmation could be obtained 

about the effects of Fe3+/Fe 2+ reduction in this system 

as it could not be operated at low current densities. 

(b) The·lack of variation within the system establishes that 

the regeneration and circulation capacities were adequate 

for the system. 

The rapid change in the pH of the system at the start of 
• 

the deposition process indicates that a ne>1 set of 

equilibrium conditions are set up when the current is 

switched on. 

(c) The value of electrolyte conductivity agrees generally 

with those found under laboratory conditions. 

(d) 'l.'he determination of the cathode current efficiency for 
'· 
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• 

the deposition of iron confirmed results obtained by 

British Steel and Arthur Lee on other plant that :;the 

current efficiency lies between 90 - 95% for a typical 
• 

working electrolyte. The value obtained (91%) is rather 

10\'ler than values obtained under laboratory conditions 

which is probably due to the greater concentration of Fe(III) 

present in the pilot plant electrolyte than in the labo-

ratory cell \'lhere conditions could be more vigorously 

controlled • 

• 

(e) It was hoped that extent of ferric ion generation in the 
. 

plant could be established. (During operation there ¥Tas 

a distinct change in the electrolyte colour from clear 

green to a colloidal yellow-brmm) • Ho~rever, the change 
• 

in concentration proved to be so small, that it would only 

be possible to state that under normal operating conditions 

the ferric ion concentration does not rise to more than 

1% of the total iron concentration. It should be noted 

that the regeneration side of this plant ~1as originally 

designed to supply a much larger cell, so it had a very 

high regenerative capacity. 

(f) The black particulate material sometimes present in the 

electrolyte was probably particular carbon from the 

carbides present in the scrap. 
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• V. EXPERIMENTAL 

1. Conductivity l~easurements 

Solution Preparation 

The test electrolytes were made up in distilled water 

from 'S.L.R.' quality reagents. (Pu:city > 99%). The solutions 

were de-oxygenated with oxygen-free nitrogen, to ··minimise 

the effects of atmospheric oxidation of the ferrous ion in 

solution. 
• 

The concentrations of the conductivity salt additions 

to the solutions >·Tere chosen so that the. solutions 'IWuld not 

be completely saturated at room temperature, as this v10uld 

obviously be undesirable in both experimental and plant 

• 

conditions. The background concentration of ferrous chloride 

in each solution is l.SM • 

• was made 

' 

up in 

The electrolyte sample size was lOO cm3 ; 

Grade A Standard Flasks to within : o.oa 

this 

3 cm • All 'lveighings 

were carried out on a 'Mettler Pl210' balance with an accuracy 

+ of - 0,02g. 

The pH of all of the solution + was adjusted to 0.00 _ 

0.05 with hydrochloric acid using a 'Corning-Eel' Uodel 12 

pH meter in conjunction vlith a 'Corning' 476050 Semi-Hicro 

Combination pH electrode with an internal silver/silver 

chloride reference • 

• 
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Conductivity Cell 

The conductivity cell is shown in Fig. 5.1. The cell 

was a commercially produced model (Philips P.W. 9517 Immersion) 

and had a pre-calibrated -1 cell constant of 28.3 cm • It was 

constructed from 'Pyrex' glass with cylindrical platinum elec-

trodes, and could be operated with a minimum 

4-cm3 over a range of 1-1000 mn-l cm-1 • 

sample size of 

·conductivity Meter • 

The conductivity meter used was a direct reading Philips 

Laboratory Conductivity Meter P.W. 9501/01. Figure 5.2 is a 

h 0 0 11 \ 0 f h b . f h se emat~c ~ ttstrat~on o t e as~c components o t e meter. 

Measurements were made using an audio frequency (2000 nz) 

alternating current in order to minimise polarization errors. 

(200 Hz) was also available with the instrument). As sll01m in 
• 

the diagram the a.c. is generated by an oscillator linked. to 

on a.c. impedance bridge, one arm of \vhich is formed by the 

cell. In the meter the va:::-iable impedance arm and the detector 

are linked to give a direct read-out, and the facility to 
. 

adjust the other arms of the bridge is provided to allow cell 

constants of between 0.01 - 30 cm-l to be used. 

Procedure 

Aliquots of approximately 25 cm3 of the test solution 

were contained in modified boiling tubes suspended in a 25~ 

water bath, thermostatically controlled to \vithin ± O.l°C by 

a 'Tecam' thermostat/stirrer. A'Red rod' silica sheathed 
• 
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• 

heating element was used as an auxlliary heater at the higher 
. • 

temperatures. The tubes were sealed with rubber bungs to . 

prevent evaporation losses at higher temperatures and to 

minimise atmospheric oxidation. 

• 

The conductivity of each solution was then determined 

at the temperatures indicated by immersing the conductivity 

cell into the test solutions, ensuring that the system came to 

thermal equilibrium in each case • 

A background conductivity determination '~<ras carried out 

to determine the contribution of the make-up distilled water · 

to the overall conductivity. This \~as found to be less than 

lo-5n-l cm-l in each case and was thus 

with the overall conductivity (between 

the test solutions. 

' 

• 

• - 04 -

• 

negligible in comparison 

0.2 - o.Gn-l~-l) of 

• 

• 

• 

• 



• 

• 

• 

2. Polarization and Laboratory Cell Work • 

(i) Initial Polarization Studies 

Preparation and Pretreatment of Planar Titanium Cathode 

The initial polarization studies were carried out using 

a 1 cm 2 planar ~itanium electrode. Various methods of sheathing 

the titanium to produce a 1 cm2 surface were tested. These 

were ranged from simply masking a 1 cm wide strip of titanium 

with P.T.E.E. tape leaving a 1 cm wide section exposed. This 

did not prove successful as some iron deposition took place 

under the edges of the tape. Attempts were then made to sheath 
. -

a 1 cm x 1 cm x o. 5 cm piece of titanium in silicon rubber 

compound using a perspex mould to cast the rubber around the 

electrode. This was unsuccessful as the silicon rubber would 

not form a satisfactory seal on the edges of the electrode, 

therefore some deposition could occur on the sides of the 
• -

t·itanium. A successful electrode (shown in Fig. 5. 3) was 

finally prepared by setting the titanium electrode in a vinyl 

ester epoxy resin using the perspex mould mentioned above. 

The vinyl ester resin was chosen after it was found that 

'Araldi te' brand epoxy resin could not 'ili thstand long term 

contact 'ili th the hot electrolyte. 

To prepare the electrode for use, it 'ilaS ground on 

progressively finer grades of emery paper. The electrode was 

then thoroughly degreased in 'Genklene IV' in an ultrasonic 

bath, and finally rinsed in distilled water. 
• • 
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Preparation of Test Electrolytes • 

The test electrolytes for this section of the work were 

prepared in the manner described in Section V.l. (i). Since 
• 

the electrolyte used (3.5M ferrous chlo:tide) was very near to 

saturated, great care had to be exercis~d so that a solution 

of correct concentration and pH could be prepared • 

• 

Counter Electrode 

The anode consisted simply of a strip of electrolytic 

grade graphite (obtained from the British Steel Corporation 

Research Laboratories in Swansea) partially coated with silicon 
• 

• 

rubber to minimise absorption of the electrolyte. Its general 
• 

form is shown in Fig. 5,3, and its dimensions were such that 
• 

it could be inserted and removed via the neck of the vessel 

used for the reaction cell. 

Reference Electrode System 
• 

All the potentials quoted in this thesis were made \-rith 

reference to a standard saturated calomel electrode (i.e. + 

242 mV vs Standard Hydrogen electrode potential at 298 Kj. 

The measurements were made using a commercial 'EIL' 

Laboratory calomel reference electrode system with an extended 
• 

ceramic tipped Luggin probe (sho~n in Fig, 5.4). The tip of 

the Luggin was placed at the top of the working electrode so 

that it would not impede the current path bebreen anode and 

cathode. The ceramic tipped Luggin proved very convenient 
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• 

and effective as it was not prone to leakage nor foxm bubbles 

in the probe as is often the case with capillary Luggin probes. 

Its major disadvantage is that the potential sensing tip is 

approximately 1 mm away from the electrode surface which can 

lead to inaccuracy at high currents or in low conductivity 

solutions. Neither of these conditions arose during th1s 

section of the work and the method proved entirely satisfactory. 

Electrolytic Ce~l 

The layout of the cell used ~or the initial polarization 

studies is illustrated in Eig. 5.4. The basic vessel consisted 

of a 'Pyrex' 500 rnl culture vessel (Quickfit FV 500) with a 

five necked lit (Quickfit MAF 1/75) clamped together and 
• 

using a P.T.F.E. gasket to ensure a good seal. The \'lorking 

and counter electrode were inserted through opposite necks 

of the lid and fitted into a polypropylene spacer at the 

bpttom of the flask to ensure a constant inter-electrode 

spacing. The Luggin probe of the reference electrode was 

located through one of the remaining circurnferal necks and 

adjusted so that it was situated near to the top of the working 
. 

electrode. A nitrogen diffuser fitted through the fourth of 

these necks. This provided both agitation of the electrolyte 

and displaced dissolved oxygen from the electrolyte. A refl~~ 

condenser and gas jet was fitted to the remaining neck to 
• 

minimise evaporation losses during operation at elevated 

temperatures. 

Heating and temperature control to :t O.l°C was provided 

by a thermotastically controlled 'Tecam' thermostat/stirrer. 
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A 'Red rod' silica sheathed heating element was used for 

auxiliary heating at elevated temperatures. 

Potentiostat, Linear Sweep Unit and Ancillary Equipment 

. 

The potentiostatically controlled current supply was 

provided by a 'Chemical Electronics TR 40 (3A)' potentiostat. 

The potential ramp for the polarization determinations was · 

generated by a 'Chemical Electronics' Linear Sweep Unit 

connected directly to the potentiostat. This pe:nni tted an 

overpotential of up to 3000 mv on the working electrode • 

The cell current was usually measured across an external 

HI calibrated, non-inductively wound, 'Ni'-Chrome' resistor. 

For larger cell currents, two 10 resistors were used in parallel • 

The potential across the measuring resistor was registered 

using a 1 Vibron' Electrometer Model 33B-2, the output of which 

was recorded, via a potential divider arrangement of decade 
• 

resistance boxes, on a 'Bryans 28000 1 X/t chart recorder • 

Electrolytic Cell Circuit 

The electrical circuit is shown in Fig. 5.5a. The system 

consisted of a conventional three electrode arrangement of 

working, counter and reference electrodes. The potentiostat 
• 

is essentially an operational amplifier which has the electro

chemical cell forming the elements of the feedback loop as 

shown in Fig. 5.5a. The reference electrode is kept at the 

vertical ground (the feedback input of the amplifier). The 
• 

circuit therefore ensures that the reference electrode follows 
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the potential set at the positive input of the amplifier. 

The potentiostat includes additional circuitry to fulfil the 

following requirements: to maintain adequate voltage output 

to drive the I:equired current through the cell; to provide 

adequate output current for the applications envisaged; to 

sum programming voltages from external sources to provide the 

waveform for various experimental.techniques; and the ability 
• 

to provide a voltage proportional to the cell current appro

priate for driving a recording instrument. Figure 5.5(b) 

sho\~s a practical circuit for doing this. 

A summing amplifier A2 provides the programming voltage 

Ep as the sum of component parts from an external source. 

Jlrnplifier A3 is a current follm·1er giving a grand referenced 

output voltage directly proportional to the cell current • 

Adaptations for Anodic Polarization Studies • 

Relatively minor modifications to the system were 

required to enable anodic polarization studies to be carri.ed 
• 

out. Since no deposition takes place on the working electrode, 

the 1 cm2 planar electrodes required could be prepared by 

simply masking off the required area on strips of the material 

to be studied with P.T.F,E, tape. 

The major requirement of the counter electrode is that 

it is of sufficient area that the processes taking place on 

it are not the limiting factors in the electrolytic cell, 

To this end a large, planar titanium electrode with a surface 

area of 20 cm2 was used during these determinations. 
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The working.electrodes were prepared as described for 
• 

the titanium cathode, except in the case of the platinised 
. 

titanium electrode, where such preparation would have destroyed 

the surface coating. This electrode was simply degreased and 

cleaned in the usual manner. 

The reference electrode system was the same as described 

previously • 

• 

Procedure ' 

Measurements 

The \·mrking electrode and test electrolyte \-Tere prepared 

as described. The electrolyte was deoxygenated at room tempe-

rature, then heated to operating temperature ~There the pH 

was finally adjusted to the desired value. 

The working electrode was fitted to the cell under 

nitrogen, and a 10 ~m layer of iron was galvanostatically 

preplated at a low current density (5 mA/cm2). The circuit 
. 

was then switched to the potentiostatic mode and the point 

of zero current located by applying the appropriate potential 

across the cell via an internal reference scource from the 
• 

potentiostat. A potential ramp was then applied to the 

electrode via the linear sweep unit at a rate of 30 mV/min • 
. 

This was found to be the optimum value from preliminary work). 

The cell current was recorded as a potential across a 

calibrated resistor, and the overpotential as a horizontal 
• 

displacement with time on the chart paper. This displac~~ent 

• 
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aould ·be converted to millivolts since ·the S\1eep rate and the 
.. . 

chart speed were known. 

Presentation of Results 
• 

The polarization data was recorded using the normal 

electrochemical convertions with anodic and cathodic over-

potentials a.s positive and negative quantities respectively 

on the y axis and current density displayed on the x axis. 

In most of the data the logarithm of the current density was 

recorded so that some expansion of the lower current densities 
• 

could be obtained • 

• 

(ii) Rotating Cylinder Electrode and Divided Cell Studies 

Introduction 
• 

• The simple electrolytic cell utilising planar electrodes 

as described in the previous section exhibited a number of 

limitations. These are considered in detail in the Discussion 

section of this work. Essentially, they reduced the degree 

of accuracy and reproducibility of the '~ork, and curtailed 

the amount of information that could be extracted from the 

system about the deposition processes involved • 

• 

General Arrangement 

The general arrangement of the modified cell and 

associated equipment is shmm in Plate 1. The major develop-· 
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ment to the system was the installation of a tit_anium rotating 

cylinder electrode as a cathode. This electrode rotated about 

a vertical axis and was located at the centre of a cylindrical 

graphite anod~. The cell was later further modified by fitting 

a container constructed of an ion exchange membrane material 

between the cathode and anode. The basic cell is shown in 

Plate 2. 
• 

The auxiliary equipment is essentially as described in 

the last section, except that an electric motor with ·associated 

control gear and a mercury well electrical contact system 

have had to be incorporated to drive and supply the electrode • 

• 

Rotating Cylinder Electrode 

The rotating cylinder electrode used for most of this 

work is shown in Plate 3 and Fig. 5.6. It consisted of inter

changeable titanium cylinders of the dimensions sho~m, and 

surface areas of 1, 2 and 4 cm2• Close fitting P.T.F.E. and 

caps were located on the ends of the electrode to ensure that 

electrodeposition took place only on the cylindrical surface 

of the electrode. The lower end cap '1-ras located by a nylon 

screw, the upper one was clamped between the top of the 

electrode and the end of "a 6. 25 mm diameter stainless steel 

shaft. This shaft connected the drive motor to the electrode 

via a precision bit and collet. The shaft entered the cell 

via a P.T.F.E;. stirring gland fitted '1-rith a felt washer 

using silicone grease to form a seal. The section of the shaft 

inside the cell was protected from the solution by a silicone 

rubber sleeve. In order to minimise the effects of any 
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e:centricity of the shaft, its length was kept to a minimum. 

To facilitate this, the length of the vessel used for the cell 

was reduced by about 3 cm. 

The electrical contact to the shaft and electrode was 

made.via a mercury well situated near to the top of the shaft. 

This arrangement was found to be satisfactory for the currents 

and rotation velocities involved • 

Counter Electrodes 

• 

The counter electrode . used in conjunction ~~ith the 
. . 

rotating cylinder electrode is sho•Nn in Fig. 5.6 and 'in situ' 

in Plate 2. It consisted of a piece of electrolytic grade 

graphite of annular cross-section, mounted in the cell so 

that it was concentric with the working electrode. The electrical 
•, 

supply to the graphite ring was via a P.T.F.E. masked titanium 

rod threaded directly into the graphite • 
• 

Reference ~lectrode System 

The reference electrode system previously described, 

using a ceramic tipped Luggin probe for use with planar elec-
. 

trodes and low current densities, would not have been adequate 

for use in this relatively high current density application. 

The problem arises from the fact that in high current fields, 

the potential drop between the working electrode and a point 

in the electrolyte is relatively larger that it would be in 

the same situation at a lower current density. Therefore, 
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when only lm'l current densities (i.e, small elect~ic fields) 

are involved, it is sufficiently accurate to use the relatively 

coarse ceramic Luggin capillary as a potential sensing probe 

situated appro~imately 1 mm from the electrode surface. With 

high electric fields it is essential that the tip of the probe 

be as.close as practically possible to the electrode surface 

to minimise the effects of the potential drop between the 
• 

electrode surface and the tip of the Luggin probe • 

To meet these demands it was necessary to use a Luggin 
. 

capillary as shown in Fig. 5.6. This system consisted of a 

6 mm diameter 'Pyrex' .tube with a fine capillary drawn at 

one end. The tube was fitted·and adjusted so that the tip of 

the capillary ~1as as close to the top of the electrode as 

practically possible. The electrolyte was allowed to find 

its natural level in the tube. A ceramic tipped Luggin was 

then inserted into the electrolyte contained in the tube. This 

Luggin capillary was connected via a ground glass top to a 

remote saturated calomel electrode in a 3. 8 M potassium 

chloride reservoir. 
• 

This type of Luggin probe arrangement proved superior 

to the more conventional potassium chloride filled capillary 

Luggin. In addition to its convenience of use, it minimises 

the possibility of contamination of the electrolyte by the 

potassium chloride which foL!ItS the conducting path between 

the Luggin probe and the reference electrode. Leakage in this 

system is minimised by the ceramic tip of the Luggin probe, 

the use of a ground glass tap in the salt bridge and that 
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there is no positive 'head' of solution pressure on the Luggin 
• 

probe, i.e. the salt bridge reservoir should be at the same 

level as the tip of the probe • 

• 

Electrolytic Cell 

The same type of fi~e necked culture vessel as previously 

described was adapted for use with the rotating cylinder 
• • 

electrode. _It was shortened by about 3 cm, so that the shaft 

length to the electrode could be kept to a minimum. As before 

the flask was fitted with a reflux condenser and gas jet, 
• . 

and a nitrogen diffuser for deaeration of the electrolyte • 

The water bath no longer proved capable of heating the 

cell to the required temperature because of the greater heat 

dissipating properties of the modified electrodes. It was 

replaced by a magnetically stirred paraffin oil bath heated 

by a silica sheathed 'Red rod' heating element, thermostati

cally controlled by a mercury contact thermometer and associated 

relay system. 

The arrangement of cell, oil bath, motor and ancillary 

equipment can be seen in Plate 1. The cell could be fixed in 

position in the oil bath with its centre vertically belo\,.r the 

motor by a simple arrangement of wing nuts and clamps. 

Divided Cell 

Developments in the work led to the requirement for a 

divided electrolytic cell. A cationic ion exchange membrane 
• 

(IONAC MC-3470) was selected for the function of keeping 
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ferric ions generated at the anode away from the deposition 

processes taking place on the cathode. 

A simple design for the cell was formulated consisting 

of a cylinder made from the membrane material that could be 

located between the cathode and the concentric anode • 

. 

Forming the flat membrane material into a cylinder proved 

problematical. Attempts to join the ends of the material 

together using various epoxy resins failed, nor did it prove 

possible to use silicon rubber compound to stick the ends 

together to form a solution proof seal. These methods were 

satisfactory ~Then the membrane was dry, but \'lhen it was wetted 
• 

the ion exchange resin that was impregnated onto an inert 

support fabric became soft and the adhesives ceased to be 

· effective. It was known that the membrane could be welded 

• 

together and that this method was sometimes used in industrial 

applications. Laboratory attempts to achieve a satisfactory 

join by various forms of heat welding ~1ere only partially 
. 

successful. A strong .join could be obtained, but a nlli~ber of 

pin holes always appeared on the seams, rendering the product 

useless. 

• 

The problem was finally solved by clamping the ends of 

the membrane between two strips of polypropylene, the inner 

one being tapped to take 6 B.A. nylon bolts. The join was 

sealed by lining the interfaces ~1ith P.T.F~E. tape. The 

resulting cylinder was sealed at the bottom by clamping the 

membrane to a circular disc by a radial arrangement of 4 B.A. 

nylon bolts acting through a polypropylcne ring. Sealing was 

• 
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again effected using P.T.F.E. tape. The resulting assembly 
• 

is shown in Plate 4 and can be seen located in the cell in 

Plate 2. 

• 

R.C.E. Drive Hotor and Speed Control 
• 

The drive motor used ~1as a 'Citenco• constant torque 

meter, mounted horizontally above. the cell (Plate 1). The 

motor was fitted with a worm drive gear box giving a 0-1200 

rpm output and was manually speed controlled via a calibrated 
• 

10-turn v1ire \~ound potentiometer. The electrode shaft was 

connected to the motor via an insulated collet and a 'Jacobs' 

precision chuck. • 

The rotation velocity was initially measured and set 

using a calibrated stroboscope. This method proved cumbersome 

and a 'Farnell' digital tachometer was incorporated into the 

system. The tachometer was triggered by an infra-red photo

diode reflecting from a slotted aluminium disc mounted on 

the chuck. 

• 

Ancillary Equipment 

The major items of the ancillary equipment i.e. potentio-
• 

stat, linear sweep unit, potential and current measuring and 

recording equipment ~1ere the same as described in the section 

on the preliminary work. The only addition to these was the 

use of a '.k-;mitron' lA/lOA digital comtometer for measuring 

the current passed through the cell during current efficiency . 
• 

determinations. This device was connected into the counter 

electrode circuit and recorded directly the number of coulombs 

passed through the cell. 
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Procedure 

General Preparation 
' 

Solution make-up and pH adjustment were as described in 

the section on Initial I~ork. The parameters of the electro-

lYtes to.be examined were: 3.5M ferrous chloride, pH o.s at a 

temperature of l00°C. The preparation of the rotating cylinder 

electrodes was similar to that described for the planar tita-
. . 

nium electrodes, except that a small lathe was used in conjunct-

ion with the fine grade emery paper for grinding and polishing 

the electrodes. The test solutions were deoxygenated and 
• 

. 

heated to the operating temperature with continued nitrogen 

diffusion. Fresh solutions were used for each sequence of 

runs to avoid problems of ferrous ion concentration depletion • 

Preplating and Foil Adherence Problems 

A prerequisite for the measurement of the polarization 

characteristics of iron deposition under these conditions 

was the production of a reproducible, preplated layer of iron. 

Initial attempts were made using a cylinder with a surface 
2 area of 2 cornu (Height 9.09 mm, diameter 7,0 mm), to obtain 

a 10 ~m thick iron layer at a current density of 20 mA/cm2 

in the above electrolyte at l00°C, The deposit produced would 

not foLllt a consolidated adherent layer over the electrode 

surface, but fractured and peeled off the electrode, This 

was apparently due to excessive internal stress within the . . 

deposit. The first remedy tried was to preplate at 

current densities of between 5-10 mA/cm2• This did 

' 
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effective. It was considered that an alternative method of 
• 

surface preparation might produce greater adherence between 

the deposit and the electrode. Three methods of chemical 

polishing of titanium \'lere tested to see whether satisfactory 
• 

adherence could be achieved. The chemical constituents are 
• 

shown in Table 5.1. Effective as these etching solutions were 

in producing a well polished titanium surface, they did not · 

provide the answer to the problem, 

Another approach to reducing the effects of the internal 

stress in the deposit was to increase the diameter of the 

cylinder since the effects of the deposit stress is inversely 

proportional to the diameter of the electroform, The maximum 
• 

possible diameter of the cylinder was limited by the size of 
. 

the neck of the cell (13 mm) and the fact that the electrode 

and shaft had to be inserted at an angle through the neck. 

These considerations noted,a cylinder with a diameter of 10 mm 

was produced, (surface area 2 cm2) and preplating trials made. 

This modification did not resolve the problem. 

Minor modifications in procedure such as reducing the 

rotation velocity from 1200 rpm to 600 rpm and then to 200 rpm, 

or experimenting with different thicknesses of the preplated 

layer, failed to produce an adherent deposit. 

It was then decided that rotating cylinder electrodes 

made of different materials should prove effective in sur

mounting the problem. Cylinders of'l8/8' stainless steel, 

nickel and copper were made and used in the cell, They proved 

to be a partial answer, in that an adherent deposit could be 

produced on them, on which polarization dcterminations could 
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be carried out. However, they gave rise to a major drawback. 

These metals lacked the tenacious oxide layer that was present 

on the titanium electrode, this meant that the iron electro-
• 

deposit adhered so well to the substrate that the only way 

to remove it was to machine the electrodeposit off. In addition 

to being tedious this was undesirable for academic reasons 

considered in the Discussion section of this thesis • 

• 

Further consideration of the problem indicated that if 

the pH of electrolyte ~1as increased, there would be a reduction 

in the amount of hydrogen evolution. A reduction in hrdrogen 
• 

evolution should lead to a diminution of hydrogen embrittlement 

of the deposit. To test this hypothesis, the pH \~as increased 

from 0. 5 to 1.0 (a larger increase would lead to excessive 
• 

quantities of ferric ions). This modification of the electro

lyte proved immediately effective and a smooth, relatively 

ductile and adherent deposit could be ~roduced on a titanium 

cylinder. At the conclusion of a polarization determination, 
• 

or for current efficiency determinations, the iron electro-
• 

deposit could easily be peeled off the electrode, 

Polarization Measurements 

• 

The preparation of the electrode and the test electrolytes 

has been described. The procedure follo~1ed was basically 

similar to that described for the work with planar electrodes • 
• 

A series of preliminary determinations indicated that only 

during the initial stages of the polarization sweep was the 

process mass transfer controlled. The rotational velocity of 

I 
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the cathode was, therefore, not critical providing it was 

sufficient to be well into the turbulent regime and that it 

did not allow bubbles of hydrogen gas to build up on the surface 

of the deposi~. The majority of the determinations were carried 

out at a rotational rate of 600 rpm. The sweep rate for the 

potential ramp was again 30 mV/min. 
' 

• 

Analysis of Ferrous and Ferric Ion Concentration 

• The electrolyte consisted of an acidic solution of approxi

mately 3.5 M ferrous chloride containing small percentages 
• 

of ferric chloride and solid ferric compounds. These could 

be determined separately or as combinations. 

The most satisfactory method for detenninlng the concen-

tration of these ions is by volumetric titration against 

potassium dichromate. The orange dichromate salt is reduced 

. by ferrous ions to a green chromic salt: 

+ 6Fe2+ + + 1411 ... 

from which it follows that the equivalent weight is one-sixth 

the molecular weight. 

The ferrous ion concentration can be determined directly 

by titration. The concentration of ferric ion and the total 

iron content of the electrolyte must, hov<ever, be determined 

by difference, since the ferrous ion is the reactive species 

in the determination reaction. Ferric ions must first be 

reduced to ferrous, this is most conveniently facilitated by 

stannous chloride. Titration of the reduced electrolyte 
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' 

against potassium dichromate solution will indicate the total 

iron concentration (i.e. ferrous and ferric), and by subtract-

ing the result of a ferrous only determination, the ferric ion 

concentration can be obtained, 

The detailed procedure for the determination and analy

tical background is given by Vogel< 237>. For this work, 10 ml 

aliquots of the electrolyte were sampled. The concentration 

of the standard potassium dichromate was made up so that the 

Burette reading could be directly related to the concentration 

of ferrous ions in the electrolyte (i.e. 30.00 mls = 3.00 M 
• 

• 

Fe(II) • The redox indicator used was sodium diphenylomine 

sulphate, the end point being a permanent colourchange from 

green to purple, 
' 

• Cathode Current Efficiency Determination 

The current efficiency for the deposition of iron from 

the described electrolyte was measured under a variety of 

conditions. For greater accuracy of determination, a larger 

(4 cm2) rotating cylinder electrode was designed and constructed. 

The greater surface area allowed a greater mass of iron to 

be deposited, thus mass determinatlons would be more accurate. 

The current efficiency runs were invariably done galva

nostatically at a preset current density. The number of 

coulombs of electricity passed through the. system was measured 

by a 'Kemitron' lA/lOA digital coulometer, the results obtained 

on this device were checked 'iTith a stop-watch and careful 

monitoring of the cell current, ' 
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The mass of the deposit was determined by weighing the 

cylinder and deposit together, then removing the deposit by 

peeling it from the cylinder and re1~eighing the cylinder. It 

WiS estimated that the deteLminations were carried out to an 

accuracy of better than ± 1.0% 

Reduction of Ferric Ions by Hydrazine Dihydrochlorid~ 

The factors leading to the choice of hydrazine dihydro-
• 

chloride as a possible reducing agent for ferric ions-are 

considered in the Discussion chapter of this thesis. The 

relevant half reactions are also given • 

Initial attempts to use aqueous hydrazine were unsuccessful 

due to its basic nature. This caused an immediate precipi

tation of iron hydroxides on additon.. Additon of the hydra

zinc with vigorous agitation, as a dilute solution and at a 

range of temperatures did not overcome the precipitation 

problem. 

To determine the effects of hydrazine dihydrochloride 

on the electrolyte, a stQichiometric equivalent was addedc. 

to the electrolyte, and the ferrous and ferric ion concentrations 

analysed periodically for up to 18 hours. This was repeated 

"for different initial concentrations of ferric ion, and further 

determinations were carried out to assess the effect on the 

rate and degree of reduction of leaving the electrolyte open 

to atmospheric oxidation rather than protecting it by nitrogen 

diffusion. 

• 
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The efficacy of this reducing agent during the actual 
• 

plating process was tested by carrying out plating runs in an 

open (undivided)cell whilst monitoring the build-up of ferric 

ions in the solutions. A stoichiometric equivalent of hydra

zine dihydrochloride was then added while plating continued, 

and the ferric ion levels monitored periodically as before, 

by titration. 
• 

Operation with Divided_Cell 

No major changes in procedure were required \d th the 

ion exchange membrane modification to the reaction cell. An 

additional nitrogen diffuser: was installed so that bath the 

catholyte and anolyte could be deoxygenated • 
• 

• 

The volume of the catholyte was 85 cm3, and since the 

maximum weight of iron deposited during any determination 
• 

was less than 0.15 g, the depletion of the iron in the solution 
• 

never exceeded 1%. 

Electrochemical Reduction of Electrolyte 

The attempt to reduce ferric ions to ferrous by direct 

electrochemical reduction was made possible by the incorporation 

of the ion exchange membrane into the system, as this prevented 

ferric ions formed at the anode is kept a~1ay from the cathode. 

The reduction was carried out under conditions of open 

and closed atmospheres i.e. ~1ith and without the effects of 
• 

atmospheric oxidation. 

• 
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The cathode was galvanostatically preplated to a thickness 

of 10 jlm, and a polarization .run initiated. When the 'plateau' 

due to the Fe3+/Fe2+ limiting current density was observed, 

the potential sweep was stopped and then potentiostatically 

maintained at that value (550-600 mV vs s.c.E.). The decay 

of the cell current was then mai.ntained over a period of up 

to six hours until the cathode current density appeared to 

. . 

reach a steady minimum. The ferric and ferrous ion concentration 
• 

levels were determined at the start and end of each run, but 

obviously could not be sampled during the run as the volume 

of the catholyte would be depleted • 

Complete control of the initial ferric ion concentration 

levels was not possible during the determinations where the 

electrolyte was open to atmospheric oxidation, and the initial 

ferric ion concentration level during these runs was obviously 

higher as the solution had been subject to increased oxidation. 

The procedure is therefore not quantitative, but to 

ensure that the results observed were reasonably consistent a 

number of determinations were carried out, typical results of 

which are shown in Fig. 6.37. 

Addition of Surface Active Aoents (Surfactants) 

The choice of surfactant is discussed in Chapter 7 of 

this thesis • 

All of the determinations of the polarization carried 

out in this section of the work were conducted using the 

• 
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divided cell described. This was to ensure that the other 

variables, particularly the ferric ion concentration were 

kept constant. 

The electrolyte was first 'prereduced' to minimise the 

ferric ion concentration so that possible changes observed in 

the polarization characteristics could not be attributed to 

this factor. The prereduction was carried out electrochemically 

under nitrogen protection as described in the previous section • 
• 

• 

The concentrations of surfactant used were based on 
• 

levels described by the manufacturers. An initial polarization 

• run was carried out in an electrolyte containing no additive, 

this was used for the base comparison. Further runs were 

then c:;arried out \vith an increasing concentration of surfactant 

• added. The other solution parameters was as normal and are 

given on the appropriate figures • 

• 

• 

• 

• 
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VI. RESULTS 
• 

1. Conductivi 

Figures.6.1-6.6 show the variation of conductivity with 

temperature, firstly (Fig. 6.1) for ferrous chloride only at 

concentrations of between l.0-3.5 M. These can be seen to 

increase in an approximately linear fashion over the tempe-
o 0 . 

rature range (20 -90 C) examined. The remaining Figs. 6.2-6.6 

show the effects of additions of cac12 , MgC12 , NaCl, NH 4Cl 

and KCl respectively. The concentrations of the additions 

are indicated on the figures • 

Figure 6. 7 shows the effect of change in ferrous chloride 

concentration on its conductivity at a number of temperatures 

between 20°C and 90°c. Figures 6.8-6.12 illustrate how the 

addition of increasing concentrations of conductivity salts 
• 

to a base solution of 1.5 H ferrous chloride affected the 

solution's conductivity. 

Figure 6.13 shows the results obtained when the pH of a 

3.5 M ferrous chloride solution was varied between pH 0~1.2. 

It should be noted that this represents more t~an a ten-fold 

increase in hydrogen ion concentration. 

Figure 6.14 is a summary of some. of the c?nductivity/ 

temperature results. It compares the effect on the conductivity-
' . 

temperature relationship of 1.5 !! additions of the salts 

listed above. 1 

• 

Figure 6.15 su~~arises the variation of conductivity 

• 
• • .. 
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with concentration of conductivity salts at a constant empe

rature of 90°C. 

Figure 6.16 is an Arrhcnius plot . of the conductivity/ 
• 

temperature results. This was carried out· in an attempt to 

establish whether or not the relationship was purely expo

nentially related. 

• 

• 

, 

• 
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2, Polarization and other \'lork 

Figures 6.17-6.20 cover some of the initial problems 

that arose during the early attempts to obtain polarization 

infouuation from the system. Figure 6.17 shows the effects 

of fractures occuring in the electrodeposit during the plating 

process, the numbers 1-5 on the graph indicate where major 

fracturing occured. Figure 6.18 is an attempt to indicate the 

extent of 'electrochemical noise' in the system at a range of 

temperatures. Figure 6.19 allows a direct comparison to be 

.made between the result from a typical rotating cylinder 
• 

determination and planar electrode/nitrogen agitation (Fig. 6.18) 

results. Figure 6. 20 shoviS the result of tvro consecutive 

polarization runs in the same solution under supposedly 
• 

identical conditions. There is a significant increase in the 

magnitude of the current density at which the plateau centred 
• 

at 650 mV vs s.c.E., occurs. A possible explanation of this 

result is discussed later • 
• 

Figure 6.21 is a suw~ry of the initial polarization 

data obtained from the 3.5 M ferrous chloride electrolyte at 

pH 0.5 and the temperatures indicated (20°C-l00°C) using the 
• 

1 Ciu2 planar titanium cathode. For reasons discussed in the 

next chapter, the polarization curves have been limited to a 
. 2 
current density of 10 mA/cm • The main features shown are 

the steady depolarization of the reaction ~Tith increased 

temperature, and increasing presence of a limiting current 

density at lower overpotentials. 

• 
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Figures 6.22-6.25 sho~r the results of the anodic polari-

zation deteLitlinations carried out using 2 planar 1 cm electrodes 

in a 3.5 M ferrous chloride electrolyte and a mixed (20:1) 

ferrous chloride/ferrous sulphate electrolyte, (Total Fe 

3.5 M) at a temperature of 50°C and pH 0.5. These results 

are summarised in Fig. 6.26, from which a comparison of the 

--

degree of polarization and effective current densities can be 
• 

made. Figure 6.27 shows the corresponding cathodic polari-

2-zation data from the 20~1 Cl:so4 electrolyte at temperatures 

between 60-l00°C. 

• 

The polarization curves shown in Fig. 6.28 were obtained 

.using a 2 cm2 stainless steel rotating a cylinder cathode in 

' a 3.5 M ferrous chloride electrolyte at pH 0.5 and a temperature 
• • 

of 10o0 c, after first preplating with a layer of iron. These 

were produced when difficulties '1-rere being experienced in 

obtaining an adherent deposit on a ti t,.miu.'n rotating cylinder 

electrode. Similar results were achieved using nickel and 
• 

copper cylinders. 

Figure 6.29 shows the polarization curves obtained once 

the adhesion problem had been solved by changing the p!l_ of 

the test electrolyte from 0.5 to 1.0. All the remaining work 

was carried out at this latter pH. A.s 'l'lith previous successive 
-
determinations in the same sample of electrolyte, u.n increase 

in the limiting current density plateau can be seen. 
• 

Figure 6. 30 relates the decrease in i::he cathode current 

efficiency with the number of coulombs of electricity passed 

through the electrolyte. The efficiency falls off quite 
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rapidly, but appears to be approaching a minimum at about 

90%. This result can be compared with the data smmnarised in 

Fig. 6.31, where the increase in the concentration of ferric 

ions has been determined as a fraction of the amount of electri-

city passed through the electrolyte. The ferric ion concen

tration builds up from its initial concentration of 0.04 M 

to what appears to be an equilibrium value of approximately 

0.10-0.11 M. At this concentration it would appear to be 

· reduced at the cathode at the same rate as it is being produced 

at the anode. 

• The polarization curves shown in Fig. 6.32 were obtained 

using the usual electrolyte, but on this occasion treating it 

with hydrazine hydrate. Some iron hydroxide precipitation 

occured but this was removed by filtration, the resulting 

electrolyte was a clear green indicating a substantial reduction 

in ferric ion concentration. The polarization curves shmm 
• 

support this, in that the current densities on the Fe 3+;Fe2+ 

plateau are significantly lower than those. obtained using the 

normal electrolyte. The second and third curves in this figure 

~rere obtained on subsequent runs, the latter being made after 

an interval of approximately 18 hours \'lhere the additional 

effect of atmospheric oxidation can be observed. 

Figures 6.33 and 6.34 show the results obtained when 

.(Fig. 6. 3 3) hydrazine hydrochloride 'l'ras used to reduce a 

solution of ferrous chloride containing ferric ions at a 

concentration of 0.10 M. The concentration of ferric ions 

was monitored at intervals and the resultant concent.ration 
• 

• 

• 
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decay plotted, This was done in solutions pretreated by an 

inert (N2) atmosphere and in solutions open to atmospheric 

oxidation. Figure 6.34 shows the dynamic equivalent to the 

previous results. Here a stoichiometric equivalent of 

hydrazine dihydrochloride has been added to the on going 

plating process, where the build-up of ferric ions in the 
. 

undivided cell has been monitored, A decrease in the ferric 

ion concentration is observed after the addition, but to a 

much smaller extent than the static system, since in this 

case the production of ferric ions at the anode must be 

countered • 
• 

Figure 6,35 illustrates the effect of the insertion of 

the ion exchange menilirane between the cathode and anode on 

the pm~er requirements of the laboratory rotating cylinder 
• 

electrode cell. It sho~1s that, as ~10uld be expected, there 

is a penalty in teL!ltS of greater cell voltage requirements 

for a given current density. 

Figure 6,36 shows an example of a polarization curve 

obtained using the divided cell systa~. There is still a 

small inflexion probably due to the remaining presence of a 

small concentration of ferric ions. The important aspect of 

this determiantion was that subsequent determinations in the 

same electrolyte were essentially identical to the curve 

shmm in the figure. This is a strong indication that the 

membrane is acting as intended in preventing build-up of 
• 

ferric ions in the catholyte. 
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Figure 6.37 shows a typical result obtained from the 

divided cell system when the ferric ions were reduced electro-

chemically under potentiostatic control. The upper line was 

obtained using a solution left open to the effects of atrnos-

pheric oxidation, where the initial concentration of ferric 

ions will be high. The lo~ter curve results from a solution 

that .had been deoxygenated and kept under a nitrogen blanket • 
• 

• 

Both curves show an almost exponential decrease to a minimum 

· · at approximately five hours. The residual current at this 

time is most probably due to small amounts of ferric ions 
• 

being produced by oxidation due to traces of impurities and 
• 

• 

trace oxygen in the nitrogen supply. 

Figures 6.38 - 6.40 show the polarization curves obtained 
• • • 

when small traces of cationic, anionic and non ionic surfactants 
• 

were added to the basic electrolyte. There has not been a 

significant change in polarization characteristics, the minor 

variation that can be seen in the results fall within the area • 

of experimental limitations. 

-
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VII. DISCUSSION • 

1. Conductivity Survey 

In commercial electroplating the amount of electrical power 

consumed is of major importance, and every effort is necessary 

to reduce it to a minimum. · 

Electrical power is purchased by the watt (i.e. in units 
• 

of volts x amps). Simple faradaic considerations show that.the 

, quantity of product o.btained from the electrodeposition ,process 

is directly proportional to the number of coulombs and thus 
. 

current passed through the cystem. In the case of the hot 
• 

ferrous chloride electrolyte, the plating efficiency has been 

shown to be nearly lOO%. Hence there is only the possibilH.y 

for marginal improvement in the economy of the process from 

study of this aspect of the electrical equation. 

It is inunediately apparent that if significant savings are 

to be made then they must come from a reduction in the voltage 

requirements of the system. To this end, the following areas 

must be examined. The electrochemical plant must be designed 

and engineered to reduce voltage drops to an absolute minuaum. 

This area is somewhat outside the scope of this project; however, 

the more important points include suitable choice of conducting 
• 

materials and connections to the electrochemical reactor, the 

use of good electrical brushes to the rotating cylinder and 

the ensurance of good conducting pathways inside the cylinder. 

Within the reactor, the inter-electrode spacing j.s critical • 
• 

This is a compromise between allowing a large enough gap for 

the flow of sufficient electrolyte to avoid significant solution 
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depletion, and to minimise the effect of localised unevenness 

in the gap as the anode wears1 and small enough to keep the 

ohmic drop and hence resistive losses across the cell to a 
• 

minimum. 

A number of secondary reactions in the process may also 

lead to increased power consumption. The first of these is 

hydrogen evolution, this should not be a serious problem in 

a well controlled ferrous chloride bath 'provided that the pH 

of the solution is kept above o.s, as deposition \rill proceed 

at almost lOO% efficiency. The p~esence of iron (III) ~;ill 

have a deleterious effect on power consumption. Firstly, from 

simple electrochemical considerations in that an iron (III) cation 

foxmed at the anode or already present in the solution ~!ill 
• 

• 
require an additional electron to reduce it to iron at the 

cathode. Secondly, there is the purely physical effect of 

coating of the anode by hydrated ferric oxide deposits • 

• 
The review of the electrodeposition of iron from various 

electrolytes indicated the evolution of factors leading to the 

choice of hot ferrous chloride as the optimum electrolyte for 

electrolytic iron foil production •. Given this electrolyte, 

it was apparent that a study of the conductivity characteristics 

of the electrolyte and the effects of the addition of conduct-

ivity salts could indicate whether improvement in solution 

conductivity was possible, leading to reduced po\rer consumption. 

The major criteria in the choice of possible conductivity 

salts are equivalent conductivity, solubility, stability, 

cost and absence of adverse effect on the deposit. The latter 
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factor excludes serious consideration of many compounds 

whose ions would lead either directly or indirectly to deli-

terious effects in the deposit. From these considerations 

five. compounds were short listed for study (see Table 7 .1) • 

It is important to note that the salts were all added to 

a background concentration of l.SM ferrous chloride. This 

amount was chosen as a standard background so that a reasonable 

range of concentration of conductivity salt could be studied • 
• 

. Significantly greater a concentration of ferrous chloride would 

have meant that a smaller concentration of conductivity salt 

could be added as the common ion effect soon increases the 

solUbility product to saturation. 

The general trend of conductivity with temperature as 

sho\m in Figs. 6.1 to 6. 6 ~1as similar for all the solutions 

studied. The essentially linear increase in conductivity with 

temperature is in agreement with the trends shown for concen-

trated chromic acid solutions by ( 245) Groeneboer • 

.. Intuitively,. one might expect the variation of conduct

ivity with temperature to be a thermally activated process 

and hence obey the Arrhenius equation, which has the following 

form: 

Conductivity = A exp _ rliG0
). 

RT 
• • • • • Equation 7.1 

where A is a constant,.liG0 is the standard free energy of 

activation, R and T, the gas constant and absolute temperatura 
• 

respectively. This being the case, a plot of log conductivity 

against the inverse of absolute temperature should result in a 
• 

• 
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straight line relationship, having a slope of -
. ' 

IJ.Go )' 
{.R 

• 

However, as can be seen from Fig. 6,16, none of the 

solutions showed this type of behaviour. All of the plots 
' 

exhibit some degree of curvature, thus indicating that the 

process is not purely thermally activated. 

The relationship between conductivity and temperature 

is complex. There are many factors that determine the conduct-

ivity of a solution including viscosity, diffusion processes 

and ionic processes. The temp~rature dependence of conduct-
' 

ivity upon each of these physical characteristics is different 

and they do not combine to give a purely exponentially related 

relationship. For example, in the equation relating the 

diffusion coefficent and temperature; 

D = -IJ.GO/RT e ••••• Equation 7.2 

where: 
• 

is the mean jump distance of a molecule 

h is the Planck constant 

k is the Boltzman constant 

GO is the standard free energy 

R is the Gas constant. 
• ' 

It can be seen that not only is there an exponential rela

tionship between the two quantities but also a direct linear 

relationship. 
• 

The variation of the conductivity with concentration 

summarised in Fig. 6.15 shows no predictable trend as 1~ould 

• 

have been expected had a survey of very dilute solutions been 
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carried out. In general, the results indicate that the addition 

of conductivity salts in the concentrations shown does lead to 

an increase in solution conductivity when compared with the 

basic 1.5M ferrous chloride solution. In the cases of magne

sium chloride and calcium chloride the increase is marginal 

(between 0.015 and 0.05 n-l cm-1). The addition of up to 2.0 
' moles of sodium chloride to a 1.5 n ferrous chloride solution 

will lead to an increase in conductivity of approximately 

0.05 -1 n -1 ccmm • More interesting a.r.e the results for potassium 

~~loride and ammonium chloride. As can be seen from Fig. 6.15 

an addition of less than 0,5 moles of KCl to 1.5 M l"ecl 2 will 

give .an increase in ' -1 -1 conductivity of more than o. 12 n cm 

when compared with the basic 1. 5 M solution. An even more 

pronounced effect is produced by the addition of between 2 and 

3 moles of ammonium chloride to the base solution. 

However, to some extent these results are misleading • 
• 

The problem of solubility mentioned before is an important 

factor. In order to maximise the current at which iron can 

be deposited, it is necessary to maximise the concentration of 

iron in the electrolyte. To do this a ferrous chloride solution 

is chosen so that it is as near to being saturated as possible • 
. 

The only limitation being the practical consideration that the 

salt must not crystallise out when the solution is allowed to 

cool. Thus, although the· conductivity of a rather less concen-

trated iron chloride solution can be increased by the addition 

of tl1e above salts, this 'remedy' is not possible when using 

an almost saturated iron chloride solution. 
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' The relatively unpredictable nature of the .relationship 

between conductivity and concentration in these solutions is 

not entirely unexpected. The reason for this is that the values 

of ionic mobility and conductance from which the theory has 

been evolved and proven apply only to electrolyte solutions of 

very low ionic concentration, and even the development of the 

subject over the years has only managed to account for the 
• 

• 

behaviour of a few slmple solutions of concentrations up to 

only about 0.1 M. 

The behaviour of the hot and nearly saturated solution of 

ferrous chloride bears little resemblance to the solutions 

used in the development of classic solution theory. Values 

for ionic conductivities are usually given only for solutions 

of infinite dilution i.e. the ideal case where the ions can 

be considered to be acting independently and ionic salts are 

fully dissociated. This is clearly not the case for the ferrous 

chloride electrolyte which is highly concentrated giving rise 

to large ionic interactions. The ion"ic interaction occurs ln 
• 

a number of ~;ays. /Firstly, there is an electrophoretic effect 

arising when an ion moves through a viscous medium tending to 

drag along with it the solution in its vicinity. Neighbouring 

ions therefore have to move not in a stationary medium but with 

or against the stream. This effect is highly concentration 

dependent,falling to zero at infinite dilution. The second 

major effect in less dilute solutions is the relaxation effect. 

This effect can be illustrated by considering a single ion 

surrounded more by an oppositely charged ion atmosphere. The 

application of an electric field results initially in the 
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movement of the central ion from the centre of the sphere • 
. 

The distorted ion atmosphere tends to oppose the applied field 

anithis decreases the movement of the ion in the field. The 

ionic atmosphere drag depends on the fact that the abnosphere 

does not instantaneously adjust itself to the new positions 

of the central ion. The decrease in movement increases at 
. 

higher concentrations since the ion atmosphere becomes more 

important. 

A more specific attraction between oppositely charged ions 

must also be recognised at the high concentrations being consi-
• 

. 

dered. This is the formation of ion pairs or ion triplets. 
• 

In the case of a symmetrical electrolyte such ion pairs will 

have no net charge, though they will have a dipole moment • 
• 

They will therefore make no contribution to the electrical 

conductivity, while their thermodynamic effects will be those 

of removing some of the ions from solution and replacing them 

w~th dipolar 'molecules'. With the unsymmetric salts, the 

situation will be more complicated, since the simplest and most 
. 

probable type of association, that involving two particles will 

result in the appearance of a new ionic species of a charge 

type not previously present1 this will contribute to the 

condcutivity, though less than would its constituent ions in a 

free state. Also in this case further association to fotm 

neutral particles can be expected. 
• 

Considered together 1 these effects cause large deviations 

from the ideal behaviour of nearly infinitely dilute solutions, 

and show why it is difficult to make quantitative or qualitative 
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predictions in an attempt to rationalise the behaviour of the 

ferrous chloride electrolytes. Thus, the information obtained 

from the conductivity measurements discussed here must be 

considered and applied empirically and relative to :the-particular 

application of electroforming in this type of plant. 
• • 

Examination of values of ionic conductance shows that the 

ionic conductances of the hydroxonium ion is about five times 

the average for other ions. It would thus be anticipated that 

the pH of the plating solution would be an important factor in 

the solution conductivity • 

Figure G .13 shows the results obtained from the determi-
• 

nation of the conductivity of 3. 5 M Fecl2 at pH's of between 

0.1 and 1.1. It can immediately be seen that over the stated 
• 

range of pH the conductivity of the solution does not appear to 

vary within experimental limits of detection • 

It is at first apparently anomalous -that a tenfold change 

in the concentration of the highly mobile hydroxonium ion 

should have a negligible effect on the conductivity of the 

electrolyte. 

In order to suggest an answer to this apparent anomaly 

one must seek a quantitative measure of the extent to which 

each ionic species carries the current. This quantitative 

measure is the transport number (ti) defined as the fraction 

of the total current ca-.:-ried by the particular ionic species: 
' 

i.e. 
•••••• Equation 7.3 

• ----
• 

• 
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This definition requi·res that the sum of the tz:ansport 

numbers of all the ionic species be unity for: 

' •••••• Equation 7. 4 1 = --
• 

• 

The problem in question can most easily be illustrated by 

consideration of a mixture of the univalent electrolytes HCl 

and KCl • The rrobi li ties { U) + -· of the n· and Cl ions in 0.1 J.! 

.. 

respectively. These values can be substituted in the relation-

ships: 
• •••••• Equation 7.5 

• 

and 
Equation 7.6 -- ••••••• 

(T.he derivation of the above is given by Bockris and Reddy< 238 >. 

' 

Substitution shov1s that the transport numbers of t...'le 

-and Cl ions are 0.83 and 0.17 respectively. Thus the 

positive ions carry the major portion of the current. 

Now, in a solution where there is a major excess, of say 

KCl {as the~e would be in the modified iron plating solutions) 

where the K+ concentration is lH and the H+ concentration 

10-3~1, the transport numbers in the mixture of electrolytes 
' will be: 

• 
' 

tK+ CK+ UK+ I rei ui • 

Equation 7.7 --
tH+ CH+ un+ I l:CiUi ••••••• 

• 

-. CK+ UK+ Equation 7.8 - • • • • • • • • en+ • uu+ 

• ' 
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Hence, t' 
K+ 

• 
' • 

• 

• 

• 
=200 

which means that although the H+ ion ·is about five times more 

mobile than the K+ ion it carries 200 times less current • 

Thus the varia.tiOil of the H+ concentration in an excess of 

other ions i. e. 2':1- + Fe , K etc., has a negligible effect on the 

current carrying capacity of the solution i.e. the conductivity 
• 

is little affected. In fact, the transport number of the H+ 

ions in such circumstances is virtually zero, as shown by the 

following approximate calculation: 

= •••••• Equation 7.9 

= • ••• Equation 7.10 • 

-6 
10 UH+ 

-3 -3 
+ 10 UK+ + 10 UCl-

Therefore tH+ = 10-3 

Thus the conduction current carried by the. ion depends 

very much on the concentration in which the other ions are present. 

From the results and consideration of solubility factors, 

it is reasonably conclusive that major improvements in the 
' 

conductivity of the hot and almost saturated ferrous chloride 

plating solution cannot be made. The case for additions of 

'conductivity salts' to a less concentrated (e.g. 1.5 M) ferrous 
. 

chloride solution is stronger. As Fig. 6.15 indicates, signi-
' ficant increases in electrolyte conductivity can be obtained 

from addition of KCl, NaCl and particularly NH 4cl. If this 

approach to improved solution performance is to be seriously 

contemplated, then the bulk costs of the chemicals must be 

considered in comparison with the quantity of the addition 

• 

• ' - 123- • 

• 



• 

" ' 

• 

• 

• 

• 

• 

• 

necessary since conductivity is a colligative property of the 
. 

salt. The approximate \'l"holesale bulk cost (1981 prices) of 
• 

the salts used are shown in .Table 7.2. From this it can be 

seen that .. the most 'effective' conductivity salts 

are available at relatively competitive bulk prices. 

The argument for the use of a less concentrated ferrous 

chloride electrolyte combined with the addition of a conduct

ivity salt merits serious consideration. In a high production 

electroforming process one seeks a balance between the conduct-

ivity of the solution, \qhich must be maximised to reduce power 

consumption, and the concentration of the solution which one 
• 

seeks to maximise so that a higher rate of deposition may be 

obtained without the reaction running into concentration polari-
. 

zation limitations. These requirements are contradictory, 

because at L~e levels of concentration being considered, the 
. 

conductivity_ of the electrolyte decreases with increasing 

concentration for the reasons discussed. Therefore, any attempt 

to increase concentration so that deposition rate may be maxi-

mised is done at the price of reduced conductivity. However, 

for the system under consideration, study of the polarization 

data shown in this thesis shows that at no time has the main 

deposition reaction passed into concentration polarization. 

This means that some reduction in ferrous chloride concentration 
• 

may well be possible without significant adverse effect to the 

polarization characteristics of the system •.. With reduced ferrous 

chloride concentration comes increased conductivity due to 

reduced ionic interaction. FurtheLmore, it then. becomes 
. 

possible to make conductivity salt additions which will lead 

• ' 
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to further significant increases in solution conductivity. 

It is important that these factors should not be consi-

dered in isolation. Although some reduction in concentration 

should be possible without affecting the limiting deposition · 

current, it should be noted that the deposition overpotential 

will be increased leading to greater voltage and hence pO\'ler 

requirements. Further work would need to be carried out to 

determine the extent to which the concentration· of the electro-

lyte could be reduced without detrimental effect to either the 

process or the product. 

The dilemma may b~ illustrated by an example which could 

well be ~~loyed as a plant trial. The major portion of the 

potential ~.fference between two electrodes in a solution 

occurs across the two electrode solution interfaces which 

imnediately means that any saving due to increase of the solu-

tion conductivity will only lead to reduction in the minor 

portion of the potential difference across the cell. A reason-

able approximation of the potential difference across the 

interelectrode gap in a plant eiectroforming at about 4000A/m2 

is G.ov. From the summary of conductivity results one can 

see that a combination of reduced ferrous chloride concentration 

(to about 2M) 1 and addition of either ammonium, potassium or 

sodium chloride will give an increase in conductivity of 
-1 -1 approximately 0.1 n cm i.e. "' 30%. If it is assumed 

that the contribution of the solution portion of the potential 

drop to the overall cell voltage is about 20% of the total, 

the simple calculation shows that a saving of 0.36V will 

result. Although tl1is saving may appear relatively small 
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' 

(6%) its significance becomes more obvious when considered 

in terms of production plant operation, where one may be 

operating a 40 kA cell at GV i.e. a consumption of 240 kW, 
. 

the saving then is 14.4 kl'i, a substantial amount of power! 

It is possible that the proportion of potential difference 

attributable to solution conductivity is in practice rather 

greater, say 30% rather than the 20%, in which case the savings 
• 

are of course proportionally greater • 

• 

• 

• • 
• 
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2. Polarization and Other Work 

The principal aims of this section of the work were to 

attempt to establish the basic polarization characteristics 

of the iron electroforming systent. This was not as straight-

forward as was initially anticipated and involved a long series 

of developments and modifications of the experimental system. 

Having surmounted these problems and established the polari-

zation data, other aspects of the system could be studied and 

possible methods of optirnisation explored • 

• 

Solution Equilibrium 

~ 

The acquisition of reproducible electrochemical data from 
• 

the ferrous chloride electrolyte, especially at elevated 
• 

temperatures, provided a continuing challenge throughout the 

duration of this project. It is well-known that the divalent 

ferrous ion in aqueous ferrous chloride is prone to atmospheric 
• 

oxidation, the mechanism of which has been suggested by Goto, 

Tamura and Nagayama< 239 l. As early as 1906, Just< 240 l had shown 
. 

that the rate of oxidation of ferrous iron by dissolved oxygen 

can be expressed by: 

• 

_ d [Fe(iijl 
. dt ~ = Equation 7.11 

This relationship is important as it indicates not only 

the significance of minimising the dissolved oxygen in the 

system, but also the importance of the pH of the solution and 

that there will be change in the solu·tion pH as ferrous ions 

are oxidised. An additional complication to the system is 

that the ferric ion formed as an oxidation product is hydro-
• 
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lysed to a much greater extent than ferrous chloride, and 

the products of this hydrolysis tend to be_precipitated: 

FeJ+ + H20 :t (FeOH)++ + + H+ •••• Equation 7.12 

• Solutions containing appreciable amounts of ferric ion 
• 

will be brown and cloudy as a consequence of this hydrolysis. 

It has been suggested <241) that these hydrolysis products can 

be incorporated into the foil deposit giving rise to pin holing. 

On the laboratory scale the presence of ferric ions in the 

solution proved to have a substantial effect on the deposition 

·of iron. 
• 

The major quantity of ferric ions in the electroforming 

system under consideration is, however, produced by anodic 

oxidation of ferrous ions. Examination of the standard oxi-

dation potentials of the reactions possible at the anode shows 

that the reaction occu:rred will be oxidation of ferrous ion 
• 

to ferric ion: 

.... %02 + 2H+ + - 0 H20 + 2e E 298 +1. 23V Equation 7.13 

- .... - Eo Cl ... %Cl2 + e - +1.36V Equation 7.14 298 -

Fe2+ .... Fe3+ - Eo + + e - +0.77V Equation 7.15 298 -
• 

Considering the iron reactions at the anode and cathode together, 

the overall reaction of iron deposition is: 

.... 2Fe 3+ + Fe • •••• Equation 7.16 

Hence for every mole of iron deposited two moles of ferrous 

ion are oxidised to the ferric state and can undergo hydrolysis • 

' • 
• 

- 128 -



--------------------------------------------------------------------------....... 

• 

• 

One of the basic elements in the study of the effects of 

a number of variables on a system is that one should be able 

to keep all but one of the possible variables constant while 

the effects of that one variable is explored. l'Tith the above 

comments in mind, it can be realised that for this system ful

filment of this axiom is by no means straightforward. There 

is the initial difficulty of exactly defining the working 
• 

solution, since even though the masses and volumes of make-up 
. 

materials are known, oxidation will slowly change this compo-

sition. There will be an increase in the ferric ion concen-

tration a corresponding decrease in ferrous ion concentration 

and a change in the pH of the. solution. The situation is 

further complicated when electrodeposition takes place, for 

in addition to the possible effects of atmospheric oxidation, 

ferric ions will also be produced in quantity by anodic oxi

dation at the insoluble anode. At higher overpotentials, 

further localised changes in pH may be produced by hydrogen 

evolution at the cathode. Finally,the ferrous ion level will 

be additionally diminished during electrodeposi tion. Thus the 

study of the ferrous chloride electrolyte system demands, firstly, 

every precaution to minimise adverse effects and, secondly, 
• 

an acceptance that there \'lill necessarily be some unavoidable 

limitations on the accuracy and in the interpretation of the 

data obtained. 
. . 

Cathodic Reactions 

The initial polarization work was an attempt to establish 
• 

the basic cathodic polarization characteristics of iron 
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deposition from a 3.5 M ferrous chloride electrolyte, at a 

range of temperatures from room temperature up to just below 

the boiling point of the solution. A number of problems mani

fested themselves during this initial work. One of the major 

early difficulties is illustrated on the polarization curve 

shown in Fig. 6.17. At the points indicated (1-5) there has 

been a sudden increase in the 'apparent' current density. This 
• 

• 

was associated with L~e appearance of fractures in the electro-

deposit. When these occurred their effect was to increase the 

cathodic surface area, and since the polarization was carried 

out under potentiostatic control, there is a sudden increase 

in the current flowing through the cell. This problem vtas 

particularly noticeable when attempting to obtain polarization 

data at lower temperatures when fracturing occurred at very lm<T 

current densities, often less than 10 mA/cm2• As the tempera-

ture was increased, higher current densities could be attained 

before fracturing occurred. A possible explanation of this 

occurrence comes from consideration of the properties of iron 

electrodeposits from the ferrous chloride solution. At tempe

ratures of below approximately 85-90°C the deposit is very 

stressed and brittle, an effect which becomes more prohounced 

at lower temperatures. Thus, as the thickness of the deposit 

increases so do the internal stresses until the point where 
. 

the deposit fracnures and the stress is relieved. This result 

is obviously undesirable as the effective area of the cathode 

surface has increased by an unknovm factor so that an accurate 

statement.of the cathodic current density is no longer possible • 
• 

• 
The value obtained and shmm on the current density axis is, 
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in effect, only an apparent current density, and since the 
• 

surface area has increased, the current flo~~ing will increase 

and thus, the value obtained for current density is somewhat 

in excess of the real value. 

Another undesirable feature that arose during these early 

polarization measurements was the presence of edge effects. 

Although this is not readily apparent from the polarization 

cur•e, it was immediately obvious on visual examination of the 

deposit on the planar electrode. The effect is ~fell-known, 

and arises from increased concentrations of current Jensi ty 

at the edges of the electrode due to the slight ?~d.unavoidable 
• 

curvature of the electrode at the electrode resin interface. 

This anomaly does not produce as great an inaccuracy as does 

the fracturing of the electrodeposit. It does, hovrever, produce 
• 

a significant error in the current density values, an error 

which increases with increasing current density, as the depo-

sition at the edges of the electrode becomes more nodular. 

In order to avoid fracturing, and to minimise nod u lar 
• 

gro~qth at the edges of the deposit, it was necessary to limit 

the extent of polarization of the electrode so that the current 
2 density did not exceed 10 mA/cm for temperatures below 

approximately 60°C. 

The use of nitrogen to provide solution agitation, in 

addition to its oxygen displacement role, ~~as not wholly 

satisfactory. An attempt has been made to illustrate the 
• 

problem in Fig. 6.18, where examples are shown of the record--
ings of cell current versus electrode potential at different 

- 131 -



• 

• 

temperatures. There is clearly a substantial increase in the 

noise level of the signal as the temperature of the electrolyte 

is increased. While at temperatures lower than about 80°C the 

noise does not seriously interfere with the interpolation of 

the data, at higher temperatures the noise levels are such 

that the general trend of the polarization curve becomes difficult 

to interpret with a reasonable degree of accuracy • 
• 

It was initially considered that the noise was due to 

bubbles of nitrogen interfering with the current path betv1een 

the electrodes, and also interfering with the Luggin capillary • 
. , 

Modifications to the nitrogen flow though the cell afforded 
• 

no significant reduction in noise levels during the high tempe-

rature runs, although at lower temperatures some of the coarser 

irregularities could be minimised, indicating that they had 

been caused by the method of agitation. From further conside

ration of the problem, it became apparent that the cause lay 

in the increasing convection currents in the solution as the 

temperature was raised. These currents, caused by the increased 
• 

thermal activity of the system combined with its reduced 

viscosity, appear to affect seriously the Fe3+;Fe2+ reduction 

reaction. This reaction will be discussed in detail later, 

As is apparent in Fig. 6.18, noise most seriously affects the 

area of the polarization curves that show a lindting current 

i.e. the reaction is exhibiting concentration polarization, 
' indicating that some degree of uneven agitation is occtirring, 

which, since it has been established, was not due to nitrogen 

agitation would appear to leave only convective currents as 

the possible source of this problem. 
• 
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Since the reaction. to be studied in detail, was to be 

conducted at a temperature of l00°c, it was obviously undesi-

· rable that this level of noise should be present, What ~Tas 

needed was some form of powerful and reproducible agitation. 

The answer to this problem was later provided by .using a 

rotating cylinder electrode as the cathode. This permitted 

strong agitation at a known and reproducible level and, as is 

illustrated in Fig. 6.19, the level of noise has been greatly 

reduced. This reduction in noise arises from the fact that 

the rotating cylinder electrode produces strong turbulent flow 
• 

around it which overcomes the natural convection currents in 

the hot electrolyte. 

Further factors affecting the reproducibility and accuracy 
• 

of the polarization data are indicated in Fig. 6. 20. The t'l-10 

polarization curves shmqn are from successive runs in the same 
• 

electrolyte, with all of the controllable physical parameters 
• 

held constant. The result should have been b-10 identical 

curves. This is clearly not the case, as a noticeable diffe-
• 

rence in the polarization characteristics can be observed in 
• • 

the potential range 560-760 mV (vs s.c.E.) The curve obtained 

from the second run exhibits a point of infle~ion that occurs 

at approximately twice the current density of that of the 

first curve. With successive runs the plateau or inflexion 

occurred at progressively higher current densities. The reason 
• 

for this limiting current was initially not understood, but 

was later established, by chemical analysis, to be a character 

istic of the cathodic reduction of ferric ions ~1hich are 
• 

present in small amounts ("- 3%) in the electrolyte. The fact 
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that the limiting current density for this reaction increased 

on successive runs is best explained by consideration of the 

anodic reaction i.e. Equations 7.15 and 7.16, where it has 

been indicated that the predominant reaction will be the oxi-
• 

dation of ferrous ions to ferric ions, and that two moles of 

ferric ions will ~e produced for each mole of metallic iron 

deposited, thus its concentration and the limiting current 

density of its reduction will increase during depozition. 

Another problem observed at this stage was the difficulty 

of obtaining reproducible rest potentials for the iron coated 

.electrode in the electrolyte, These potentials tended to vary 

by up to 15 mV under conditions that were as identic& as 

practically possible. For example, the difference in the rest 

potential between the two successive runs shown in Fig. 6.20 

was 12 mv. It should be noted that the actual zero current 

potentials are not shown in the figure as the logarith~ic current 

density scale starts at 0,1 mA/cm2) • 

. 

This degree of change cannot be explained by purely 

Nernstian consideration of the change in ferrous and ferric 

ion concentration, as this would only account for a fraction 

of the change in potential observed. Variation in the degree 

of solution agitation was shown to affect the rest potential. 

Thus it would appear that the differences in the values, obtained 

during supposedly steady agitation by a constant flo\~ of nitrogen 

gas through the solution, occurred due to localised variation 

of the agitation over the surface of the electrode. This possi-
• 

bility was later confirmed during experimentation using the 

• 
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rotating cylinder electrode where the rest potential \'las observed 

to vary with change in the rotation velocity of the electrode • 
• 

Despite the limitations of the planar electrode and agi-

tation by nitrogen diffusion, it was possible to obtain some 

useful data on the cathodic polarization characteristics of 

iron deposition from a concentrated iron chloride electrolyte, 

provided that the current density was not allowed to exceed 

10 mA/cm2, and that each run was started with a fresh solution 

so that the quantity of ferric ions present would be approxi-

mately the same in each case. 
• 

'I'he results obtained from the low current density cathodic 

polarization runs are shown in Fig. 6.21. It can be seen that 

there is a significant depolarization of the reaction as the 

temperature is raised towards the boiling point of the electro-
. 

lyte. Nernstian considerations obviously account for some of 

the changes in the equilibrium value of the reaction potential; 
• 

i.e. as the temperature is increased there will be a change 

in E given by the Nernst Equation: 

E -- - RT 
nF 

• 

.tn ['ox] 
. [Red] •••••••• Equation 7.17 

where: E
0 

is the standard Potential of the system. 

E is the potential under the conditions of the reaction. 

R is the Gas Constant. 

T is the absolute temperature. 

n is the number of electrons involved 5.n the process 
• 

F is the Faraday Constant. 
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For the electrolyte system under study it would be difficult 
. 

to predict the exact magnitude of the change in potential 'l'li th 

temperature, as there are many species present and a number 

of reactions contributing to the overall potential of the system. 

-The major contributing reactions and their respective values 
• 

of dE/dT are given. below: 

Reduction Couple dE/dT mv i<l 
. 

2+ +0.052 Equation 7.18 Feo /Fe (s) •••• 

2H+/H2 (g) +0.000 . • ••• Equation 7.19 
. 

Fa3+;~j:e 2+ - 7.20 +1.188 • Equation • ••• .. 
• 

The hydrogen reduction reaction will obviously not contrl-

bute to a chang~-. E and is mentioned only for completeness. 
• ' 

Since the amount of ferric ion present is also a function of 

the temperature of the electrolyte, attempts to estimate the 

'overall value of dE/dT are further complicated. 

• For reasons discussed later in this text, no attempt has 
• 

been made to derive mechanistic or kinetic data from these 
• 

• 

polarization curves. The main feature that the curves in 
• 

Fig. 6.21 illustrate is the increasingly prominent plateau that 

becomes apparent at elevated temperatures, As explained earlier 
• 

this feature is probably due to the pressure of increasing 

amounts of ferric ions in the solution as the temperature is 

increased. In addition to reducing the degree of reproducibi-
• 

lity of the curves, the presence of varying amounts of ferric 

ion also tend to mask the true Fe (li) /Fe reduction character-

istics, hence the problems of elucidation of mechanistic 

behaviour. 
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Industrially, the steady depolarization of the reaction 

with increasing temperature is important. The indication is 

that there are savings in the demand for electric power to be 

made if the basic overvoltage requirement of the system can be 
• 

reduced. This consideration must be balanced by consideration 

of the increased heating requirements of the system at elevated 

temperatures • 

Anodic Reactions 

The anodic polarization characteristics of a number of 

materials were determined in this iron electroforming electro

lyte in an attempt to establish \~hich would make the most 

favourable anode material. The results are shown in Figs. 

6.22-6.25 and summarised in Fig. 6.26. 

Considering the anodic polarization curves for titanium 
' 

first, it is immediately obvious from the resulting curve that 

this material would be very unsatisfactory from an electro

chemical point of view, since at potentials of more than approxi-

mately 1400 mV (vs s.c.E.) a stable, passive oxide film is 

formed, and remains stable for some 1000 nlV until the film is 
. 

apparently broken down by the onset of oxygen evolution at 

approximately 2200-2400 mV (vs S.C.E.). The formation of the 

passive layer severely restricts the current whlch can pass at 

the anode, in this case to less than 10 mA/cm2, before passi-

vation occurs. It \vould be possible to further polarize the 

electrode so that it operates in the region of oxygen evolution 

but to do this a significant penalty, in terms of extra voltage, 

• 
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and hence power consumption, must be made. It is also 1oo10rth 

noting that as the anode is to be used in an electrofoLJiting 

system, it would not be possible to overcome the current density 

limitation simply by increasing the working area of the anode 

since there are obvious geometric limitations to its size. 

Another reason for examining the anodic polarization beha

viour of titanium arose from prob1ems in plant use where the 

feil was sticking to the drum surface. It was thought that this 

may be due to hydride formation at depassivated points on the 

surface and that these could be partially eliminated by having 
• 

sulphate ions (a mildly passivating ion) in the solution. The 

result of a 20 : 1 ratio of 
. - 2-

Cl : so4 ions in the solution 

is also shown in Fig. 6.22. It shows clearly that there is 

little to be gained by this modification to the solution as the 

region of passivation (i.e. between 1400-2400 mV) has not been 

changed to any significant degree. Attempts were made to 
2- . 

determine the effect of a larger ratio of so4 ions but these 

were not successful as ferrous sulphate is not as soluble as 

ferrous chloride making it impossible to obtain a 3.5 M solution 

of iron salts with a larger ratio of so4
2- present. 

Similar determinations were made using-stainless steel, 
• 

the results of which are shown in Fig. 6.23. These indicate 

that stainless steel has much more desirable polarization character-

istics than titanium when considered as a potential anode 

material. The curve rises steeply indicating good current flow 

at low overpotentials. There is some evidence of passivation 

of the electrode surface at potentials greater than 300 mV 
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• 
(vs s.c.E.), this passivation also occurs in the mixed chloride-

sulphate ion electrolyte. The major disadvantage of the 

material is that it is unable to withstand long term chemical 

attack by the electrolyte and slo~1ly etches in the solution • 
• 

This is obviously undesirable as the working anode will be 

immersed in the electrolyte for long periods and will, of course, 

be anodically polarized during the plating operation and must 

therefore be essentially inert to the rigours of this very 

aggressive environment. 

Very similar considerations apply to the use of platinised 

titanium as an anode. Its polarization characteristics, shown 

in Fig. 6.24 are quite favourable, shovling a rapid rise to a 

limiting value of current density prior to the commencement of 
' 

oxygen evolution. However, r.esearch· at B.S •. C. Swansea has shov1n 

that the platinised layer does not withstand prolonged operation 
• 

~n this electrolyte. This may possibly be due to inadequacies 
• 

in its manufacture, causing defects in the platinum layer 

which allo~1s the electrolyte to attack the titanium layer causing 

further separation of the platinum coating. 

Graphite was the other anode material subjected to polari-

zation studies, the results are shown in Fig. 6.25. Its pola-
' 

rization characteristics are very similar to those of platinised 

titanium showing a rapid J::ise in current density ~1ith low 

polarization, a limiting current density approximately 90 mA/cm2 

lower than that of platinised titanium, follov1ed by a further 

rise in current density due to the comflencement of oxygen 

evolution. 
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The graphite anode has in fact been long used in iron 

electroforming for many reasons in addition to its reasonable 

polarization characteristics, It is readily available, can 

be easily machined, exhibits good internal conductance and can 

resist chemical and electrochemical attack in this application. 

It is prone to mechanical erosion by the f)nwing electrolyte 

in industrial environments,this being perhaps its major dis-

advantage, as wear leads in time to unevenness in the anode-

cathode spacing causing some degree of non-uniformity in the 

foil thickness. However, until the appearance and increased 

reliability of the new generation of dimensionally stable 

anodes, graphite has been the only realistic possibility for 

use as an anode material and it seems likely that this will 

continue into the foreseeable future. 

While considering the possibility of using an electrolyte 

consisting of a 20 : 1 -· 2-mh:ture of Cl : so4 ions, it vras 

thought useful to determine the effect of this electrolyte on 

the cathodic polarization of iron. This was carried out at 

temperatures of 60°c, 80°C, and l00°c, and the results are 

shown in Fig. 6.27, Comparison of these·results with those 

obtained at similar temperatures in a ferrous chloride electro-

lyte of the same concentration (Fig, 6.21) shm1s that curves·. 

are essentially identical vlithin the limitations of obtainable 

accuracy. The increase in the limiting current density plateau 

present on all three curves is a result of the increased ferric 

ion concentration present in the solution at the elevat.ed 

temperatures, due to the increased oxidation occurring during 

the polarization run and the preceeding preparations. Overall, 
• 

' 
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it would appear that the change from the ferrous chloride to 

a 20 : 1 chloride:sulphate mixture has no discernable effect 

on the cathodic polarization characteristics. 

Modified Plating Cell 
• 

• 

The cathodic polarization data discussed so far have been 

limited to relatively lol'l current densities (10-30 mA/rcimn2) 

because of the practical limitations of the experimental arrange-

ments described. As these limitations become apparent during 

the work it becomes clear that to obtain useful data at higher 

current densities, and at current densities of the normal 

industrial operating levels (i.e. 400-500 mA/cm2), major 

modifications to the laboratory set up would be required • 

. 

The problem of the deposit fracturing is much reduced once 

the temperature of the electrolyte is above 80-90°C, as the 

deposit then becomes fairly ductile and relatively free of 

stress. However, the following problems remain: 

1. edge effects, i.e. the build-up of deposit around the edges 

of the planar electrode; 

2. noise probably produced by unsuppressed natural convection 

currents in the hot electrolyte; 

3. obtaining reproducible agitation; 

4. accurate measurements of electrode potential at high current 

densities; 

5. build-up of ferric ions in solution. 

The first three of these problems are best overcome by 

the use of a rotating cylinder electrode as the cathode • 
• 
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Edge effects are reduced to a minimum because, firstly, two of 
• 

the edges are removed by the use of a cylinder and, secondly, 

use of close fitting P.T.F.E. end caps effectively minimised 

the occurrence of nodular growth at the ends of the electrode • 
• 

The rotating cylinder produces strong turbulent flow over its 

surface, this effectively solves the second and third of the 

above problems, since the turbulence breaks up the convection 
. 

currents in the solution, and replaces them with powerful and 

reproducible agitation. 

The modifications made to facilitate the accurate measure-

ment Of electrode potential have been described in the Experi

mental Section of this thesis. These are important as there 

is a rapid drop in potential with distance from the electrode, 
. 

even in as conductive an electrolyte as the one under study 

especially when relatively large currents and hence high electric 

fields are involved. It is therefore of great importance that 

the potential sensing probe (Luggin) is situated in close and 

uniform proximity of the electrode. 

Initial attempts to plate onto a titanium rotating cylinder 

of the dimensions given in the Experimental Section were not 

successful. Before a polarization determination could be made, 

it was necessary to preplate the electrode ~lith a thin layer 

of iron ("- 10 )Jm thick) so that a fresh iron surface ~ras present 

for:·deposition during the polarization run. Hm..,ever, attempts 

to produce an adherent preplated layer were entirely unsuccessful. 

Each time that an attempt \-ras made to produce a layer of iron 

on the electrode, the deposit produced simply cracked and was 

·peeled off the cylinder by the shearing-forces of rotation. 

-
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The efforts made to overcome this difficulty are fully 

outlined in the Experimental Section of this work, and arose 

initially from consideration of the possibility of reducing 

the stress of·the deposit as well as looking into different 

methods of surface preparation of the electrode to improve the 

adherence of the deposit. To reduce the stress acting in the 

deposit, the radius of the cylinder was increased to a maximum 
• 

allowed by constraints of the neck size of the reaction vessel. 

This proved to be ineffective. Various methods of surface 

cleaning and etching failed to provide a solution to the problem, 

as did preplating at higher or lo~;er current densities, and 

preplating deposits of reduced thickness in an effort to reduce 

the stress. The use of lower rotational velocities also failed . 

to prevent the initial deposit from being removed from the 

electrode. 

Attempts vere then made to determine whether the deposit 
• 

would adhere more successfully to other metal substrates. Rota-

ting cylinder electrodes machined from stainless steel and · 

nickel were tested, and iron successfully deposited onto them. 

This at least established a method by which the polarization 

characteristics of the electrodeposition of iron onto an iron 

surface could be studied and the characteristics in this electro-

lyte determined. Examples of the polarization curves that could 

be obtained are shown in Fig. 6.28. These ~mre obtained on 

the stainless steel electrode. Similar data were obtained on 

the nickel electrode as would be expected, since in both cases 
. 

the reaction under study is the electrodeposition of iron onto 

iron and not of iron onto the base substrate as this is covered 

. by the initial galvanostatically deposited preplated layer. 
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Examination of Fig. 6. 28 shm'ls that a satisfactory i?Olari-

zation curve has been obtained up to a cathodic current density 
2 

of 500 mA/cm , and that no evidence of the deposit fracturing 

is present. The most obvious feature of the curves shown in 

the figure are the limiting current plateaus in the potential 
• 

range of approximately 500-800 mV (vs s.c.E.). The reason for 

the plateau is as discussed for the polarization curves shown 

in Fig. 6.20, that is, it is due to the reduction of ferric ions • 

l'lhich build up in the solution as a result of the anodic oxi-

dation of ferrous ions. In the case of the curves shown in 
• 

Fig. 6.28, the magnitude of the current density at which these 

plateaus occur is much greater than those shovm in Fig. 6.20. 

There are a number of reasons for this, firstly, the polari-

zatiori curves shmm .in Fig. 6,20 were determined at a much lov1er 

temperature, 30°C compared with l00°C for those in Fig. 6.28. 

At a higher temperature the electrolytP. undergoes greater 

oxidation by residual oxygen in the system, but more importantly, 
• 

at the greater current densities involved in the latter deteLIILi-

nation, the quantity of ferric ion produced by anodic oxidation 

is obviously much higher. The final factor is the much increased 

rate of agitation afforded by the rotating cylinder electrode 

over the original arrangement of planar electrode combined with 

agitation by nitrogen diffusion. 

In addition to the continuing problem of ferric ion build 

up, another major problem arises with the use of a stainless 

steel or nickel cathode, this is the fact that having achieved 

good adherence of the deposit to the substrate, the adhesion 

was so strong that it was not possible to peel the deposit from 
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. 

the cathode. This gave rise to considerable practical diffi-

culties, as it is essential that there is a ~eproducible pure,· 

oxide free iron surface from 1o1hich to obtain polarization 

data. The best method of doing this was to deposit a layer 

of electrolytic iron from the solution under known conditions. 
' 

If the iron deposited during polarization determinations cannot 

be removed 1o1ith reasonable facility, then the preparation of 
• 

a pure substrate for deposition becomes very difficult as iron 

is readily prone to surface oxidation, and the subsequent 

surface characteristics of the substrate are unpredictable and 

irreproducible. The most effective method for the prepa:t·ation 

of a reproducible iron surface for the study of the system's 

electrochemical characteristics under these conditions would 

appear to be the 'in situ' deposition of a layer of iron 

produced in a controlled environment where the deposit produced 

is protected from the adverse effects of atmospheric oxidation • 

To this end, it was essential that the problem of foil 

adherence to the titanium cylinder be overcome so that previous 
' 

deposits could be removed and a good deposit of iron produced 

in preparation for the polarization determination. Further 

work in this area eventually provided the solution to the problem 

which vias resolved by increasing the pH of the electrolyte from 

o.s to 1.00. This small increase in pH, leads to slightly 

reduced hydrogen evolution at the cathode and results in a more 

ductile iron deposit vlhich adhered satisfactorily to the cathode 

during deposition but could be easily and cleanly removed at 
. 

the end of each determination. 
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Satisfactory resolution of foil adherence problems permitted 

the use of the titanium electrode and reproducible polarization 
2 curves could be obtained up to a current density of 1000 ml\/cm • 

(Figure 6.29).· The.only remaining limitation to general repro-

ducibility being the build-up of ferric ions in the solution. 

However, at the higher current densities which are essentially 

unaffected by the ferric ion build-up, the essential features 
• 

. 

of the polarization data are consistent and a most interesting 

feature is that the curves show no sign of a limiting current 
• 

2+ density for the Fe /Fe reduction reaction, even at current 

densities to more than double those used in the normal plating 

operation. The significance .of this becomes apparent 11hen 

considered in conjunction with the results of the conductivity 

• 

studies showing the variation of conductivity with concentration 

(summarised in Fig. 6.15), where it can be seen that the conduct-

ivity of the ferrous chloride electrolyte increases as the 

concentration of the electrolyte is decreased. These results 

indicate that it may well be possible to reduce the concen-
• 

tration of the electrolyte and thus improve the conductivity 

without a serious penalty in terms of reduced rates of deposition 

as there is obviously some margin for a reduction in electrolyte 

concentration without moving into concentration polarization 

· of the reaction in question. 

Industrially, another important factor arises here, as 

it has been found (241 ) that for maximum foil ductility and 

hence reduced product damage, the operating temperature of the 
. 

• 

deposition process must be as high as possible, but that the 

solution must not be allo~1ed to reach its boiling point as this 
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would have an obviously detrimental effect on the product. 

The boiling point of a solution will change with change in 
• 

solute concentration as follows: 

RT 2 
= bp 

nA LIH ·vap 
m •••••••• Equation 7.21 

• 

where: Tbp is the change in boiling point; 

R is the gas constant; 

Tbp is the solution boiling point; 

• 

nA is the number of moles of solute per lOOOg of solvent; 

m_ is the molality and IIH · . the heat capacity of evaporatic vap 

From this it follovls that· a reduction in the concentration 

of the electrolyte will lead to a corresponding reduction in 
• 

its boiling point, resulting in decreased foil ductility. 

However, it may well be possible to avoid this by the addition 

of suitable salts of the type discussej in the conductivity · 

section of this '1-lOrk. Addition of these salts would lead to a 
• • 

further enhancement in the conductivity of the solution and 
. 

since the boiling point of a solution is a colligative property, 

it will combat any tendency to"1ards a reduction in the boiling 

point of the electrolyte • 

As mentioned above, the major remaining problem in the 

establishment of reproducible polarization data, and a problem 
• 

of significant industrial concern is the presence and build-up 

of ferric ions in the electrolyte. As can be seen in Fig.6.28 

and Fig. 6.29 the concentration of this ion is giving rise to 

fairly large limiting current densities (20-100 mA/cm2) for 
. 

its reduction to its ferrous state. 
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Chemical analysis showed that this, was due to the presence 

of between 0.04-0.10 11 ferric ion in the electrolyte. 

As indicated in the polarization curves some of the current 

passed through the cell is in effect wasted in the reduction of 

ferric ion to ferrous ion. Therefore, one might expect a 
• 

reduction in the cathode current efficiency of the process, if 

the ferric ion is not removed from the solution. This ~;as found 

to be the case as is shown in Fig. 6.30. The current efficiency 

falls off sharply as the quantity of current passed through 

the solution increases and the ferric ion builds up. Figure 
• 

6.31 gives an indication of the corresponding build-up of ferric 

ion in the electrolyte, increasing from 0.04 M in the freshly 

made up electrolyte to approximately 0.10 M, where a degree of 
• 

equilibrium is reached between the production of ferric ion 

at the anode and its reduction at the cathode. 

In the industrial operation the ferrous ion concentration 

is restored 
. 

and the ferric ion concentration reduced by chemical 

dissolution of scrap iron in hydrochloric acid, and although the 

oxidation potentials of the relevant half-reaction (Appendix I ) . 
• 

indicates that ferric ion should be reduced to ferrous ion, 

the kinetics of the reaction are such that the ferric ions tend 

to be hydrolysed to form a brown, colloidal precipitate. Practical 

experience has shown that some of this colloid tends to resist 

the regeneration process and is recirculated to the electrolytic 

cell adversely affecting the current efficiency and occasionally 

becoming included in the deposit. The inclusions give r.ise to 

defects inthe thin foil such as pinholes and are clearly un-

desirable. An example of the defects caused by the inclusion 
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of hydrated ferric oxide ~articles is shown in the scanning 

electron micrography (A~~endix JI ) • Clearly, this is a further 

reason for minimising the ferric ion concentration in the 

electrolyte. 

As stated, regeneration of the 's~ent' electrolyte with 

sera~ iron and hydrochloric acid was only.~artially successful 

in removing the solid hydrated ferric oxides. A number of 

methods of chemical reduction of the electrolyte were considered 

as ~ossible solutions to this problem, but the majority were 

rejected on grounds of introduction of foreign metal ions into 

the electrolyte and/or cost, e.g. use of tin (II) as a reducing 

agent. However, one strong reducing agent that fulfilled the 

required criteria remained. This v1as aqueous hydrazine. The 

major advantage of hydrazine in its use as a reducing agent 

is that its reaction products are innocuous, being nitrogen and 

water. Another notable advantage ~articularly in the labora

tory cell is its ability to remove dissolved oxygen from the 
• 

electrolyte, minimising further oxidation of ferrous ion by 

this species. 

The initial attempts to reduce the ferric ions in solution 

. were made with aqueous hydrazine i.e. hydrazine dihydrate 

• 

(NH 2NH 2.2n 2o). This derivative, while partially effective as 

a reducing agent as evidenced by a change in colour of the 

bulk of the solution to a clear green,,also caused the formation 

of a gelatinous precipitate. This was probably due to the 

basic nature of aqueous hydrazine causi.ng the formation of 

basic ferric hydroxides. Polarization determinations carried 
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out in solutions reduced in this fashion e.g. Fi·g. 6. 32 show 

that the 

3 mA/cm2 

F 3+/F 2+ 1' it' t d 't h f 11 e e ~m ~g curren ens~ y as a en 

from previous values of about 20-30 mA/cm2 as 

to about 

in Fig. 

6.29. The results shown in Fig. 6.32 also indicate that on 

successive runs, the ferric ion level increased showing that the 

hydrazine did not continue to reduce the ferric ions after the 

initial addition. It was not possible to determine what proper-
• 

tion of the hydrazine was involved in the reduction reaction 

and what was involved in the precipitation reaction, therefore 

the stoichiometry of the procedure could not be dete:r:mined. 

Various attempts to overcome the precipitation of the hydroxides 

on hydrazine addition proved unsuccessful, addition with vigorous 

agitation, addition of more dilute solutions of hydrazine, and 
. 

addition at various temperatures all proved ineffective. 

The problem was overcome by the use of an acidic derivative 

of hydrazine, hydrazine dihydrochloride (N2H4 .2HC1). This 

derivative does not increase the pH of the electrolyte and thus 

the problem of hydroxide precipitation does not occur. The use 

and effects of this derivative on the deposit has-been cited 

i h 1 . "t (242-244) f h' h f h d '1 b n t e ~tera· ure . . rom w ~c urt er eta~ s may e 

obtained. 

The use of hydrazine dihydrochloride in the laboratory 

cell proved to be highly effective in the chemical reduction of 

ferric ions. As shown in Fig. 6.33, it reduces ferric ions on 

an almost stoichiometrical basis, the relevant half reactions 

3+- - 2+ Fe + . e = Fe being: ••••• Equation 7. 22 

--·- N2t + 4II20 + 2HC1 + 4e " 7. 23 
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In the deoxygenated electrolyte, protected from atrr.os

pheric oxidation by a blaru,et of nitrogen, 0.1 M levels of 

ferric ion were reduced by a factor of three within an hour of 

the hydrazine dihydrochloride addition. Once reduced to this 

level, there· \·1as a further slow decrease over an eighteen hour 

period, probably indicating that ferric ions locked up as 

solids in the solution are slowly coming into solution and 

being reduced. It also indicates quite clearly that most of 

the oxygen remaining in solution even after scouring with 

nitrogen has effectively been mopped up • 
• 

To try to simulate the industrial case more closely the 
•• 

procedure was carried out using a solution open to the effects 

of the atmosphere. The result, also shmm in Fig. 6.33, again 

indicates that this reducing agent is effective under these 

conditions. The rate of chemical reduction is slightly dinu-

nished, and the overall extent of the reduction is not as great 

as in the nitrogen protected electrolyte, but the difference 

is not large (-v 0.005 M), and could possibly overcome by an 

increase in the quantity of hydrazinc dihydrochloride used. 

The major difference between the two sets of conditions is that 
. 

the ferric ion concentration in the electrolyte subjected to a 

normal atmosphere began to increase slowly after four or five 

hours. This is most likely due to the fact that the reducing 
. 

agent has been exhausted and the electrolyte is slowing taking 
• 

up atmospheric oxygen ~rhich oxidises ferrous ions in solution • 
• 

The results described in Fig. 6.33 are concerned merely 

with the reduction of ferric ions in a 'static' bath. It was 
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considered important to attempt to elucidate the reduction 

characteristics of hydrazine dihydrochloride in the dynamic 

system. The outcome of this determination is shown in Fig. 6.34. 

The ferric ion concentration rose quite rapidly once the depo

sition process was started, as this concentration approached 

an equilibrium value a stoichiometric equivalent of the dihydro-

chloride \~as added. The ferric ion concentration declined in 

a similar fashion to static reduction experiment, but the 

decrease was notably reduced, in this case only approximately 

· 0.02 ~1, compared •~ith approximately 0.07 H. However, it is 
' 

important to note that the hydrazine dihydrochloride is able 

to reduce the ferric ions more rapidly than they are produced 

at the anode during a plating operation at the stated current 
• 

density. As before, larger quantities of the compound could 

be used to produce a greater reduction in the ferric ion 

concentration. 

0 This operation, while successful within the circumstances 

described, would in an industrial plant probably be performed 

either in the regeneration system or in a separate tank. Thus 
' 

the ferric ions produced at the anode may well still prove to 

be problematical in the electrolytic cell, where they may be 

.immediately transferred to the cathode surface while still in 

the cell. If the inclusion of these particles in the deposit 

is to be reduced to an absolute minimum, as is the requirement 

for a 'pore-free' thin foil, then methods of preventing the 

transfer of ferric ions across the electrode gap must be consi-

dered. It is also worth recalling that from the academic 

stand point the build-up of ferric ions in the catholyte is 
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undesirable as it seriously affects the degree of reproducibility. 

that may be achieved. 

Divided Cell 

In the usual method of continuous foil electroforming on 

a slowly rotating cylinder with the electrolyte cascading 

tl1rough the inter electrode gap, the streaming effect of the 

fast flowing electrolyte does to some extent reduce the transfer 

of ferric ions across the electrode gap. However, this effect 

alone is insufficient to entirely remove the ferric ions from 
' 

the catholyte. It was therefore apparent that for .the 

laboratory system some type of physical or physio-chemical 

barrier was necessary between the cathode and anode. 

A cationic ion exchange membrane was chosen as most suit-

able for the laboratory cell. Chemical analysis of the catholyte 
• 

during the plating process shov1ed that there was no discernable 
• • • 

' increase in the ferric ion level over a number of hours 
. 

• 

(Table 7 .3), indicating that the membrane was functioning in 

the desired manner. As would be expected there was a signifi-
• 

cant increase in the ferric ion concentration in the anolyte 

of the laboratory cell slnce no regeneration procedure was 

explored. In industrial practice, the anolyte would be re

circulated for regeneration. 

• 

The incorporation of a membrane into an electrolytic cell 

is done at the expense of increased power requirements, as the 

membrane adds to the electrical resi::;tance of the current path 

in the cell. Figure 6. 35 gives some 1ndication of the extent 

- 153 -



• 

• 

• 

• 

of the ohmic losses in the laboratory cell in terms of increased 

cell voltage requirements when the membrane was used. Simple 

ohmic considerations show that the cell resistance is increased 

by some 30%. ··While this factor is not of great significance 

in the laboratory, it is of paramount importance in an industrial 

environment, where costs must be kept under careful scrutiny • 

The concept of a divided cell has been shown to be effect-

ive in overcoming some of the problems associated with this 

type of operation, and in the absence of suitable alternatives 
• 

may prove to be a price that must be paid if a defect free 

product is. to be produced. An alternative \vhich should be 
• 

considered, but whose properties have not been explored during 

the course of this project, is the use of a diaphragm between 

the anode and cathode. This would provide a purely physical 

method of cell division which would serve to keep an~· parti-
• 

• . 

culate hydroxides formed at the anode away from the cathode. 

A diaphragm of this nature would be porous and may ~rell prove 

to be a smaller impediment to electrical conductance than an 

ion exchange membrane • 

• 

In addition to demonstrating that an ion exchange membrane 

could be an effective solution to some of the problems encoun-

tered, the divided laboratory cell provided a satisfactory 

system for the investigation of some of the characteristics of 
• 

the deposition procedure. The first of these was to determine 

the cathode current efficiency (C.C,E.) of the process \-rith 

a minimum amount of ferric ions in the electrolyte. The results 

obtained at a number of cathode current densities shown in 
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Table 7.4 indicates that the C,C.E. is greater + than 98 - o. 3% 

and is constant if ferric ions are not allowed to build up in 

the catholyte. They also indicate that up to a current density 

of 5000 A/.m2 , the current efficiency of the process is constant 

and not a function of current density. This is significant 

as it means that hydrogen evolution at these current densities 

. and potentials is minimal, although it would appear to account 

for approximately 1-2% of the current used. Detenttination of 

the cathodic current efficiency at various rotational veloci-

ties (Table 7.5), indicates that this parameter. has no discern-
• 

able effect on the current efficiency within the range shown. 

From this observation it may be inferred that rotational velo-
' . 

city of greater than 200 rpm in this system is sufficient to 

provide an adequately turbulent regime so that hydrogen formed 

on the surface of the deposit is quickly swept away. 

The incorporation of the membrane also meant that repro

ducible polarization curves could be obtained. A typical 

example is shown in Fig. 6.36. Only one curve has been illus-

trated in this figure since the results of successive runs done 

to establish reproducibility could essentially be superimposed 
• . 

on the result of the first determination. ·The polarization 

curve displays a slight point of inflexion at lo~1 current 

densities (20-30 rnA/cm2) probably due to the presence of a 

small concentration of ferric ion not removed by the described 
• 

pretreatment. This was not completely unexpected as due to the 

·practical limitations of the available equipment it ~10uld be 

unrealistic to expect a lOO% reduction of ferric ions. Unless 

very sophisticated and expensive facilities and techniques are 
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available for handling and treating the electrolyte, then 

there will always be minute quantities of dissolved oxygen and 

contaminants present, giving rise to ferric ions in the solution • 
• 

The important consideration from this result is that once a 

minimum level of ferric ions had been achieved it could be 

held constant, It is then possible to determine the effects 

of other variables on the polarization characteristics. 

Use of surfactants 

It was considered that the addition of a surface active 

agent (surfactant) to the electrolyte might lead to enhanced 
• 

polarization characteristics. It may act as a wetting agent 

at the electrode/electrolyte interface and be beneficial in 

removing gas and depolarizing gas films. It may also aid in 

the removal of ferric hydroxide particles or additive by products 
• 

by adsorbing onto particles to provide a negatively polarized 

.shell \1hich would be repelled from the cathode thus decreasing 
• 

the chances of inclusion into the deposit, 

Examples of the three major classes of surfactants (cationic, 

anionic and non-ionic) \1ere chosen on their ability to withstand 

the rigours of the aggressive acid chloride electrolyte, and 

their non-foaming or stable foam producing characteristics. 

The latter point being an important consideration in the indus-

trial environment where excessive foaming could be highly 

undesirable. 

The results of the cathodic polarization determinations 

in the electrolyte ~1ith various additions of surfactant 
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• 

(Figs. 6.38-6.40), did not however, indicate any significant 

improvements. The polarization characteristics after the 

addition of the cationic and anionic surfactants (Figs. 6.38 
• 

These changes were less than 10% and are within the limitations 

of experimental reproducibility and cannot be considered as 

significant. The addition of,a non-ionic surfactant did not 

result in any modification of polarization characteristics, 

as Fig. 6.39 indicates there are minor differences in the curves 
• 

at lov1er current densities due to different initial concentra-

tions of ferric ion, but at higher current densities where the 

effect of ferric ion ceases to play a significant role, the 

curves are identical for various concentration of surfactant. 

The ·ionic surfactant used 'Texofor N,l2! AB!1 Chemicals Limited 

exhibited undesirable foaming characteristics particularly at 

the higher levels of addition (> 0.2%). Excessive quantities 
• 

of light and unstable foam were produced which \~ould make the 

use of this surfactant in this application inappropriate even 

if it was found to be in some v1ay beneficial. 

. 

It was not possible to apply these surfactants to product-

ion or pilot plant tests, where their benefits and shortcomings 

could be examined under more realistic conditions. Thus no 

comment can be made on their effect on the incidence of particle 
. 

inclusions in the foil, nor can a realistic estimate be made 

of their lifetime in the electrolyte during production, or to 

the effects of possible degradation products. In the laboratory 

they were found to remain effective for the duration of the 

useful life of the test electrolyte. 
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------------------------------------------------------------------............. 

• 

Theoretical Considerations • 

No attempt has been made, nor 'I'TOuld be possible, to 

discern or establish details of the reaction mechanism for 
• 

the iron deposition process from the potential-current relation-

ships observed in the electrolyte under the conditions 

studied. The mechanism of iron electrodeposition has been 

rigorously studied by Bockris et· al and has been summarised 

by Bockris and Conway(lSll. Highly specialised facilities 

were required to ensure the complete absence of ferric ions 

and for the preparation and preservation of completely pure 

and reproducible iron surfaces. It was necessary to measure 
. -8 very small amounts of H2 e.g. 10 moles, and to accurately 

deteL!itine pH changes at the electrode/electrolyte interface. 

In addition, this type of work necessitates the use of low 

concentration solutions such as 0.05 M, so that ionic inter-

actions may be minimised. Such a study is academically sound 

but of course not realistically representative of an industrial 
• 

electroforming process. 

The electrolyte under study during this project was ope-

rated at high temperature, low pH and high concentration since 

it was developed for industrial operation at high rates of 

deposition. The apparatus involved was developed as a compro

mise between a laboratory simulation of industrial conditions 

and the more stringent demands of obtaining accurate academic 

information of a large scale industrial process. It was 
• 

not developed to undertake the study of the mechanism of 

deposition processes, and as such will not facilitate the 
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complete removal of ferric ions which will affect the lower 

end of the Tafel region. The effects of hydrogen evolution 

from the acidic electrolyte would also interfere with the 

Tafel characteristics. It is therefore, clear that given 

this electrolyte and the nature of the studies conducted, 

it would be unrealistic to attempt to comment on the precise 

mechanism of the reaction process • 
• 

• • 

• 

• 

• 

• 

• 

• 
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VIII CONCLUSIONS 

(i) Pilot Plant Studies 

The major practical conclusions arising from the operation 

of the plant are outlined in Chapter IV, Section v •. In more 

general terms, the study acted as confirmation that the process 

is a difficult one to operate and control. Factors such as 

solution oxidation, and difficulties in pH and ferric ion 

control necessitate careful monitoring and adjustment of 

electrolyte parameters. 

(ii) Electrical Conductivity of the Electrolyte 

• 

• 

There would appear to be little margin for improvement 

in the electrical conductivity of an almost saturated (3.5 N) 

ferrous chloride electrolyte. However, significant improve-
• 

ments could be made if the concentration- of the electrolyte 
• 

was reduced. A reduction from 3.5 H to LS -.·2.0 M might be 

appropriate and this would not seem to otherv1ise restrict t.he 

rate of deposition. 

Addition, or the increase in concentration of a 

'conductivity salt' to a ferrous chloride electrolyte of 

reduced concentration would serve to improve the electrolyte 
. 

conductivity. Two suitable examples, which are also econo-

mically viable, are sodium chloride and ammonium chloride, 

the latter being superior for conductivity purposes. Concen-

• 

trations within the range 0.5 - 1.0 M for sodium chloride anC. 
• 

1.0 - 2.0 r1 for ammonium chloride could be recommended • 
. ~ io~, .r~f'l- ~itJ .r. . ;0 _1J' ;-'0, ~c4/-,-,;£e__.,~ 

. .._.,c< 4 ~,Nr -(..r;<~~d 
The combination of reduced ferrous oride concenfration 

• 

- !CO -
• 

• 



• 

• 

• 

and the addition of the 'conductivity salts' at the level 

suggested means that the ionic strength remains similar to 

3.5 M ferrous chloride alone, and the boiling point of the 

electrolyte ~iill be virtually unchanged. 
• 

(iii) Anodic Polarization and Anodes 

This section of the work indicated that the graphite anode 

already in use is indeed the most practical choice for this 

application. ~1aterials such as the platinised titanium anode 

tested which shmqed desirable polarization characteristics, 

may become increasingly important in this application once 
• 

their physical characteristics have been developed to the 

extent where they can survive the aggressive environment 

produced by this electrolyte • 

. (iv) Cathodic Polarization 
• 

The limiting current density for deposition from the 

concentrated iron chloride electrolyte appears to be very 

large. From the electroforming standpoint it is not a limi-

ting factor as nodular growth at the edges of the foil occurs 
• 

and prevent> the production of high quality foil at current 

densities above 4000- 5000 A/m2 • 

One positive benefit of this result arises from consider-

ation of the conductivity data, ~1here it has been indicated 

that a lower concentration ~ay be advantageous because of 

increased conductivity, The results of the cathodic polari-

zation studies indicate that the ferrous chloride concentration 
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could to some extent be reduced without a detrimental effect 

on the polarization characteristics in terms of reduced 

deposition rate. Further work is necessary to determine the 

extent to which the concentration could be reduced without 

serious penalty. 

Studies in this area also indicated that the Fe2+;Fe 3+ 

redox reaction is a major determinant in the electrolyte 
• 

stability for both short and long term electrodeposition. Any 

attempts to produce high quality iron electrodeposits from 

the ferrous chloride electrolyte must take this parameter into 

account and must consider methods for the minimisation of the 

ferric ion concentration. 

' 
(v) Minimisation of Ferric Ion Concentration 

It is desirable to eliminate as far as possible ferric 

ions from the catholyte. This may be achieved by three 

possible approaches: 

(a) External regeneration of ferrous ions by reduction of 

residual ferric ions. At present chemical dissolution 

of scrap iron is used to replenish iron in solution and 

' does so at. the expense of hydrochloric acid lvi thout much 

reduction of ferric ion in solution, i.e. 

The major reaction 0 

~s: Fe + 2HC1 + FeC1 2 + 

and not: Fe + 2Fe3+ + 3Fe2+ 

. 3+ 2+ 
The Fe /Fe redox reaction might be more complete if 

an electrolytic cell was established in the regeneration 
0 
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circuit for which a controlled potential and relatively 
• 

low current would suffice, 

(IJ) Chernic.al dosing of the solution at either periodic inter-
• 

vals or by continuous addition of a suitable reducing 

agent. This can be achieved using hydrazine (N2H4) which 

has the additional virtue of yielding innocuous reaction 
. 

products but has a disadvantage in causing local preci-

pitation when added in an uncontrolled manner as the 

hydrate. Hydrazine has been found to be effective but 

not on a strictly stoichiometric basis. Hydrazine is 

also available commercially as dihydrochloride which is 

a much more suitable form for use in this application 

since it does not give rise to precipitation of basic 

hydroxides. Clearly the use of this reagent is advan-

tageous to the use of tin or cerium in this application. 

(c) Introduction of a membrane or diaphragm, thereby separa-

ting the catholyte and anolyte, effectively prevents the 

anodic products from approaching the cathode surface and 

interfacing with the deposition process. Although the 

ferric ion concentration may build-up in the anol~te this 

will not be too inconvenient although the oxygen evo-

lution level may increase. 

Experimental work suggests that it is a very effective 

way of improving cathode behaviour • 

. 

An ion exchange meirbrane (cationic IONAC MC-3470) 'iTaS . -
used in this work but it is possible e1at a simple 

diaphragm might be adequate and if· so ~<Tould be economically 
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• 

favoured. If such a diaphragm/membrane were used it 
. 

would have important implications for the engineering 

design of the plant, particularly in respect of replace-

ment and maintenance. 

(vi) Use of Surface Active Agents 

• The use of surface active agents in a highly agitated 

electrolyte appeared to have little effect on polarization 

characteristics i.e. it did not appear to aid removal of gas 

from the deposit surface. The effect of surface active agents 

or the incorporation of non-metallic material in the deposits 

was inconclusive. 
• 

• 
• 

(vii) Suggestions for Further Work 

0 

The major area requiring furthe:-- investigation ~;ould be 

the implementation of many of the.ideas generated from the 

laboratory studies, on an operational iron foil production 

plant. It was initially hoped that this would have been the 
. 

case, however, plans to operate the iron foil plant at the 

Arthur Lee Group (Sheffield) were thwarted by their decision 

to decommission their plant • 

Had the plant been available, it ~rould have been useful 

to examine the production of iron foil from an electrolyte 

modified to improve its conductivity and to control the ferric 

ion concentration. It \vould also be interesting to determine 

the effects of the use of a divided cell in large scale 
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• 

production and to conduct a more thorough study on the use 
• 

of surfactants, particularly as a method of diminishing 

the extent of inclusion of non-metallic material in the 

deposit. 

Finally, it is necessary that the \·1orking limits of the 

solution should be defined more precisely, especially in the 

area of the electrolyte concentration • 

• 

. I 

• 

• 

• 

• 

• 

' 

- 165 -



IX. REFERENCES 
• . . 

1. Silman H., Metal Finishing, 62 (12) (1969) 36. 

2. Becquerel A.C., Ann. Chim. et Phys., 48 (1831) 337. 

3. Schaffert R.H. and Gonser B.N., Trans. Electrochem. Soc., 
84 (1943) 319. 

4. Lekhikoinen H.H., Dokl. Aka d. Nauk. Tadznik SSR., 
20 (1957) 86. 

5. Burgess C.F •. and Hambuechen c., Trans. Amer. Electroplaers 
Soc., 5 (1904) 20. -

G. Eustis F.A., Chem, Met. Eng., 27 (1922) 684. 

7. Pike R.D., lvest G.H., Steck L.V., Cummings R., 
Little B,P,, Trans. Amer. Inst. Net. Eng. 90 (1930) 311. 

8. Fischer A., German Patent 212, 994 (1908). 

9. Fischer A., German Patent 228, 893 (1909). 

10. Fischer A., German Patent 230, 876 (1909). 

11. Fischer A., u.s. Patent 992, 951 (1911). 

12. Fischer A., u.s. Patent 992, .952 (1911). 

13. Fischer A,, u.s. Patent 987, 318 (1911). 

14. Fischer A., U.S. Patent 1,001, 770 (1911). 

15. Konrad E., Chern, Eng. April (1953) 189. 

16. Montan-Union, German Patent 1,018,286 • 
• 

17, Cleaves H.E •. and Thornpson J.G., The Netal- Iron, 
Alloys of Iron Research Honograph Series, Hc.Grm·r-Hill, 
N.Y,, 1935, 

18. Hughes W.E., Trans. Amer. Electrochem. Soc., 40 (1921) 
185. 

19, Be1cher D., Trans, ~~er. Electrochem. Soc., 45 (1924) 
455. 

20. Thomas C.T., Trans. E1ectrochem. Soc., 80 (1941) 499. 

21, Lamb V.A. and Blum H., Proc. Amer. Electroplat. Soc., 
June (1942) 106. 

22; Lamb V.A. and Thomas C.T., Hodern Electroplating, 
(2nd Edition, Lm1enheim F.A.) John Ylilcy, 1963) • 

• 

' 
- 166-

• 



• 

• 

• 

• 

23, Klingenmaier O.J., Hodern Electroplating, (3rd Edition, 
Lowcnheim F.A.) John Wiley, 1974. 

24. Safrenek IV .H., Propertfes of Electrodeposited l<letals 
and Alloys, (Chap. 9), Amer. Elesevier Pub. eo. Ltd., 
(1974). 

25. Walker R. and Irvine S.D., Het. Finishing, 69(6) (1976) 39. 

26. Bubelis J., Int. vliss. Kolloq - Tech. Hochsch. Ilmenau, 
22(3) (1977) 31. 

27. Lai S.H.F. and Hc.Geough J.A., Trans. Inst. Het. Fin; 
57 (1979) 70. 

28. Kramer 11. , Dinglers Polytech. J. , 160 ( 19 61) 4 44. 

29. Stoddard N.B., Trans. Electrochem. Soc., 84 (1943) 305 • 

30. 

31. 

Hax A.H. and Van Ilouten G.R •. , Tech. Proc. Amer. 
Electroplaters' Soc., 43rd. Ann •. Conv. , Washington 
(1956) 136 • 
.. 

Huller F., Heuer E., and Nitnes 0., z. Elektrochern •. , 
47 (1941) 135. 

32. 'Melkov M.P., Sbornik Nauch, Soobshchen. Saratov, 
Avtomobil- Dorozh, Inst~, No. 11 (1958) 18. 

33. Melkov M.P., Pankrotov M.P. and Uabenko V.A., Zh. Prikl. 

34. 

Khim., 35 (1962) 803. 
• 

Lisitskii A.L., Sbornik Nauch. Soobshchen. Saratov. 
Avtomobil- Dorozh. Inst., No. 11 (1958) 27 • 

35. Petrov Yu. N., Tr. Kishinevsk. Sel' Skokhoz, Inst., 
26 (1962) 205 •. 

36, 
• 

Pulatov A., Tr. Tadzh. Sel-Khoz. Inst., 7 (1965) 11. -
37. Petrov Yu. N., Yagubets A.N. and Dekhtyar L.I., 

Tr. Kishinev. Sel'Skokhoz. Inst., 40 (1966) 20 • 

38. Nitsa N.K., Tr. Kishinev. Sel'Skokhoz. Inst., 40 
(1966) 230. 

39. Nitsa N.K., Elektrokhim. Obrab. Metal., (1971) 159. 

40. Karyakin v.v. and Hamontov E.A., Elektron. Obrab. 
Mater., 6 (1968) 31. -

41. Mclkov N.P. and Na.-1\akonov B.V., Zh. Prikl. Khim. 
(Lcnningrad)., 42 (11) (1969) 2476 • 

• 

- 167 -
• 



-

• 

42. Fink H., Flicgner 11. and Hebscher 11., Wiss. z. Tech. 
Hochsch., Ilmen:au, 18( 4) (1972) 91. . 

. 

43. Freimanis V. and Apetenok V.P., Latv. Lauksaimn. 
Akad. Raksti. No. 49 (1972) 72 • 

. 

44. Helkov i-J.P. and Namakonov B.V., Russian Patent 238, 
981 (1968); Het. Finish. Abstr. 11 (4) (1969) 159. 

45. Nagirinyi V.H., Bondar R.U. and Stender v.v., Zh. Prikl. 
Khim., 40(4) (1967) 808. 

46. Nelkov. H.P. and Shvetsov ])..N., Zh. Prikl. Khim., 
(Leningrad) • , 4 9 ( 7) (1976) 1468. 

4 7. Namakonov B. V. and Melkov H. P. , Electrokhimya, 14 ( 4) 
(1978) 585. 

48. Thiele J., Liehig's Ann. d. Chemie., 265 (1891) 55. 

49. Hicks N.H. and O'Shea L.T., Electrician, 35 (1895) 843. 
-

50. Ryss A. and Bogomolny A., Zeit. fur. Elektrochemie, 
12 (1906) 697. 

51. Kern E. F. 1 Trans. Ann. Electrochem. Soc., 13 (1908) 103. 

52. Muller A., Hetallurgie, 6 (1909) 145. -
' 53. Cain J.R., Schramm E. and Cleaves H.E., J. Ind. Eng. 

Chem., 8 (1916) 217. -
54. Vie. G., Ann. Chim. Anal. Chim. Appl., Series 2, 

1 ( 1919) 1 7 5 • -
55. llineline H.D., Trans. Ann. Electrochem. Soc., 

43. (1923) . 119. 
' 

56. Duhme E., Wiss. Veraff. Siemens - Konzern, 3(2) (1924) 39. 

57. Herck E., German Patent, 126,839 (1900). 

58. Kelsen D., British Patent, 306,151 (1928) • 

59. · Klein M., Chem. News, 18 (1968) 133. 

60. Amdt K., Zeit. fur Elektrochemie, 18 (1912) 233. 

61. Neuburger A., Elektrochemische z., 11 (1904) 77. 

62. Skrabal A., Ber. Deutsch. Chem. Ges., 35 (1902) 3404. 

63. 

64 • 

Skr_ab;ll A., Zeit. fur Anal. Chem., 43 (1904) 97. 

Naximowitsch S., Zeit. fur Elektrochemie, 11 (1905) 52. 

- 16 8-

-



• 

• 

• 

• 

' 

. • 

65. Foerser F., Hero1d 0. and Lee H., Abhand. Deutsch 
Bunsen Ges., No. 2 (1909) 59. 

66. Amberg R., Zeit. fur E1ektrochemie, 14 (1908) 326. 

67. nmberg R,, Zeit. fur E1ektrochemie, 16 (1910) 125. 

68. Pfaff A., Zeit. fur E1ektrochemie, 15 (1909) 703. 

69. Kudryavtsev N.T. and Yakov1eva L.A., Trudy Moskov. 
Khim-TeRhno1. Inst., No. 22 (1956) 135. 

70. C-ogish-Kl.ushin Yu. V., Sbornik 'l'rudov, Vsesoyuz. Nauch. 
Issledovate1. Inst. Goznaka. No. 1 (1957) 199 • 

71. Kapoor K.K., Lal H. and Anoshchenko I.P., Chem. Age 
India, 13. (1962) 35. 

72. Nagirnyi V.N., Bondar R.U. and Stender v.v., Zh. Prikl. 
Khim. (Lenningrad), 42(10) (1969) 2236. 

73. Bubelis J., Valsyiunas A. and l1atu1is J., Lietuvos. 
T.s.n. llokslu Akad. Darbai, Ser. B. 4 (1968) 69. 

' -
74 •. Bube1is J., Valsyiunas A. and Ilatu1is J., Navodoroshivanic 

Metal. Bor'ba Vodorodn. Khrupkost'yu, (1968) 164 •. 
From Ref. Zh. 1 Khim. 1963 l~str. No. 19L253 • 

75. Vengris T. and Bubelis J. 1 Issled. Obl. Osazhdeniya 
Het al. 1 Mater. Respub. Konf. Elcktrokhim. Li tov. SSR. 

·11th (1971) 39. 

·76~ Vengris T. 1 Bubelis J. and Visomirskis R., Liet. T.S.R. 
Mokslu Akad. Darb,, Ser. B. 3 (1972) 87. -

77. Orszag I., E1ektrokhimiya, 9(1) (1973) 87. 

78. Levin A. I. and Pushkareva S.A. 1 Zhur. Priklad. Khim., 
31 (1958) 1040. 

79. Matulis Y. and Bubelis J., Lietuvos T.S.R. Mokslu 
Akad. Darbai., Ser. B. No. 3 (1960) 67. 

80. Rotinyan A. L. and Sysoeva V. V. 1 Izv. Vysshikh Uchebn. 
Zavedenii, Khim.i Khim. Tekhnol., 5 (1962) 782. -

81. Mac Fadyen W.A., Trans. Faraday Soc., 15(3) (1920) 98 • 
• 

82. Kellog D.R., l1in. Hetall., 3 (1922) 61. - • 

83. Meidinger H., Dinglers Po1ytech. J. I 152 (1859) 359 • 
• 

84. Varrentrapp F., Dinglers Po1ytech. J., 187 (1868) 152. 

85. Burgess C.F., Trans. Amer. E1ectrochcm. Soc., 19 (1911) 181. 

- 169 -



• 

• 

• 

• 

86. Watts o.P. and 
25 (1914) 529. 

Li M.H., Trans. Amer. Electrochem. Soc., 

87. Schaf fert R. M. 
42 (1944) 614. 

and Ganser B.N., Met. Finishing., 

88. Beach J.G., Plating, 43 (1956) 616. 

89, Schaer G.R., u.s. Pat., 2,918,415., (1959). 

• 

90, Petrov Y.N. and A.ndreeva L.N., Tr. Kishinev. Sel'skokhoz. 

• 

Inst., 54 (1968) 56. 

91. Levy E. M., Plating, 55 (1968) 941, 

92. L~vv E.M., Macinnis R.D •. and Copps T.P., Plating, 
56 (5) (1969) 533. 

93. Koshmanov v.v., Popereka N. Y. and Shagaev H. N., Uch. 
Zap. Kalinin. Gos. Pedagod •. Inst., 60(2) (1969) 70. 
From Ref. Zh., Khirn., 1969 Abstr. No. 19L256 • 

. 

94, Andreeva L.N., Tr. Kishinev. Sel-Khoz. Inst • 
No. 75 (1970) 26. 

95,. Koessler K.L. and Sloan R.R., Electrotypers' and 
Stereotypers' Mag., 38 (1952) 7. 

96. Kudryavtsev N.T. and Uel'nikova l-1.11., Nauchn. Dokl. 
Vysshei Shkoly, Khim. i Khim Tekhnol., No. l (1958) 173; 
(Chem. Abstr., 53 (1959) 913c). 

97. Poor J., u.s. Patent 2,745,800 (1972) • 

98, Baker and Adamson Product Information Technical 
Bulletin T.A. - 37641. General Chemical Division, 
Allied Chemical Corp. (U;S.A.). 

99, Schultze vi.A., Tijdschr. C\ppervlakte Tech. l1etalen, 
6 (4) (1962) 122. 

lCO. Gindlin V.K. and Hoseev N.P., Poligr. i Izo Delo, 
Hezhduved. Resp. Nauchn. - Tekhn. Sb., l (1964) 13 • -

101. Benninghoff H., Galvanotechnik, 57(3) (1966) 168; 

102, Barikar Y .l1.F. and Vasu K. I., Trans. Soc. Advan. 
Electrochem. SCi. Technol., 3 ( 3) (19 68) 17. 

103. Harikar Y .M. I:', and vasu I<. I., Uetals Hiner. Rev., 
9 (2) (1970) 5. 

104. l1arikar Y .H. F. and Vasu 
67 (8) (1969) 59. • 

K. I., 

• 

- 179-
• 

lie tal. Fin. , 

• 



-------------------------------------------------------.......... 

• 

• 

• 

• 

' 

105. Levy E.H. and Hutton G.J., Plating, 55 (1968) 138. 
. . ' . . 

106. Levy E.M. and !ft.acinnis R.D., J. Appl. Chem., 
18 (9) (1968) 231. 

107. Radzuiniene K. and Dubelis J., Issled. Obl. Osazhdeniya 
Metal., Hater. Respub, Konf. Elektrokhim. Litov. 
SSR,, 11th (1971) 42. (Chem, Abs. 77:13096a). 

108. Harikar Y.M.F. and Vasu K.I., J. Electrochem. Soc. 
India., 21 (1) (1972) 3. 

109. Farmer M.E., \'iest D.C. and Darlington e.G., Plating, 
56 (1969) 699. 

110. Nue1ler W., Liebscher H. and Wachsmuth E., Int. 
~liss. Kolloq Tech. Hochsch, Ilmcnau, 22 (2) (1977) 127 • 

111. Benninghoff H., Met all (Berlin) , 30 ( 4) (1976) 344 • 
• 

112. Piontelli R., Korros. Hetallschutz., 19 (1943) 110. 

113. Barrett R.C., Proc. Am. Electroplat. Soc., 
47 (1960) 170. 

114. Misra s.s. and Rama Char T.L., J. Sci. India, Res., • 

20D(l) (1961) 43 • 

115. Mazza B., Pedeferri P. and Siniscalco F., Electrochirn. 

116, 

Netal., 1(3) (1966) 377. · 

Hazza B., Pedererri P. and Oggioni A.A., Sympos. 
Sulphamic Acid and its E1ectrornet. App1., Milan, 
1966,53-56 • 

117. Hayashi T., Ueno H. and Takagi s., Nagoya Kogyo ~ijutsu 
Shikensho llokciku, 15(1) (1966) 14. 

118. Hayashi T., Ueno H.,Takagi s. and Miwa s., Kinzoku 
Hyornen Gijutsy, 21(5) (1970) 253, 

119. Ueno H. , Takagi S. , Mi\ia S. and Hayashi T., Kinzoku 
Hyomen Gijutsu, 22 (9) (1971) 575. 

120. Ucno H., Takagi S. 1 J.liwa S. and llayashi T. , Kinzoku 
Hyomen Gijutsu, 23 (4) (1972) 186 • 

• 

121. Ueno H., Takagi S,, Shimlzu T., Miwa s. and 
Hayashi T., Kinzoku llyomen Gijutsu, 23(5) (1972) 252. 

122. Sadru•ov G.A. and Buryglna E., Zh. Prik1. Khim., 
49(10) (1976) 2344. 

123. Case L. 0. and Krohn A.·, J. Electrochem. Soc., 
105 (1958) 512. 

- 17:1 -



' 
• • 

' 

• 

124. sree v. and Rama Char T.L., Bull. India ·sect., 
Electrochem, Soc., 9(3) (1960) 59. . 

125. Deutsch M., Dovming J.R., El1iott L.G., Irvine J.li. 
and Roberts A., Phys. Rev., 62 (1942) 3. 

126. Foley"E.F., Linford H.B. and Meyer N.R., Plating, 
AO (1953) 887. 

127. Adrien J., LeDuc H., Loftfield R.E. and Vaaler L.E., 
J. Electrochem. Soc., 106 (1959) 659. 

128. lvrang1en G., J. Electrochem. Soc., 97 (1950) 353 • 
• 

129. Dushevskii I.V., Tr. Kishinevsk. Sel'Skokhoz. Inst., 
33 (2) (1964) 39. ' 

130. Petrov Yu. N. and Dushevski r.v., Tr.,Kishinevsk. 
Sel'Skokhoz. Inst., 33(2) (1964) 31. 

131. Dushevskii I.V. and Galanina E.K., Tr. Kishinevsk. 
Sel'SkGkhoz. Inst., 54 (1968) 40. 

' 

132. Side1'Nikova S.P., Tr. Kishinevsk. Sel'Skokhoz. 
Inst., 75 (1970) 35. 

• 

133. Side1'Nikova S.P., Gorodetskii Yu. s. and Petrov Yu. N., 
Tr. Kishinevsk. Sel.1 Skokhoz. Inst. 87 (1972) 4. 

134. P1eshko E.D., Tr. Kishinevsk. Sel'Skokhoz. Inst. 
123 (1974) 18. 

135. Pleshko E.D., Tr. Kishinevsk. Sel'Skokhoz. Inst., 
123 (1974) 22. 

136. Sidel'Nikova S.P., Petrov Yu. N. and Gorodetskii Yu. S., 
Izv. Akad. Nauk. Mold. SSR. Ser. Fiz.-Tekh. Net. 
Nauk 1 (1974) 65. -

137. Rybkovskii V. Ya., Andrievskii S.P., Vangeli M.S., 
and Derevenchuk G.F., Tr. Kishinevsk. Sel'Skokhoz. 
Inst. 123 (1974) 95. 

• 

138. Cha1aganidze Sh. I., Trudy Gruzin. Nauch.-Iss1ed 
Ovatel. Inst. llekhanizatsii i Elektrikatsii Sel' Sk. 
Khuz., llo. 4 (1958) 309. 

139. Chalaganidze Sh. I., Trudy Gruzin. Nauch.-Issled 
Ova tel. Inst. !·lekhanizatsii i E1ektrikatsii Sel' Sk. 
Khuz. 1 No. 4 (1958) 267. 

140. Yakovleva L.A. and Cha1aganidze Sh. I., Vestnik, 
Hachinostroeniya, 41 (9) (1961) 65. 

- 172-
• 

• 



• 

• 

• 

160. Butkcvicius J., Matuliausklene L., 
~1atulis J. 1 Liet. TSR. Mukslu Akad 
4 (1972) 67. 

Bubelis J. and 
Darb. 1 Ser. B. 1 

' -
161. Kudryavtsev N.T. and Smirnova T.G. 1 Izv. Vyssh. 

Ucheb. Zaved., Khim. i Khim. Tekhnol., 
• 

14 (8) (1971) 1248. 

162. Radziuniene K., Bubelis J. and ~atulis J., Liet TSR. 
Mokslu Akad. Darb., SER. B., 3 (1972) 31. -

163. Vengris T. 1 Bubelis J. and Visomirskis R., Liet TSR • 
Hokslu Akad. Darb., Ser. J?., .! (1972) 75. 

164. Shafershtein I., Pulatov A. and Petrov Yu. N., 
Tr. Taoz. Sel.-Khoz. Inst., 7 (1965) 25. -

165. Vickers S.A., Ltd., French Patent 1.518,960 (1968) • 
. 

-

166. Smirnova T.G. and Kudryavtsev N.T., Int. l'Jiss. Kolloq., 
Tech. Hochsch. Ilmenau, 13th 4 (1968) 47. (Pub. 1969). -

167. Sementsova. A.K. and Federov Yu. v., Zh. Prikl. Khim., 
38(11) (1965) 2490. 

168. Petrov Yu. N., Zapiski Lenningrad. Sel' Skokhoz. Inst., 
No. 13, Mekh. i Elek. Sel'Sk. Khoz. No. 73 (1958) 254. 

169. Zakirov Sh. z., Dokl. Akad. Nauk. Tadzhk SSR. 
No. 20 (1957) 83. 

170. Lekhikoinen H.N., Kohl. Akad. Nauk. Tadzhik SSR. 
No. 20 (1957) 87. 

171. Lekhikoinen H.N., Dokl. Akad. Nauk. Tadzhik SSR., 
No. 20 (1957) 97. 

172. Heydweiler A., z. Anorg. Allegem. Chem. 116 (1921) 42. 

173. Piyarskii R.s., Tekhnol. Organz. Proizvod., Nauch.
Proizvod. Sb., No. 3 (1971) 64. 

174. Shvetsov A.N. and Melkova I.M., Zh. Prikl. Khim., 
45 (11) (1972) 2551. 

175. Kosov V.P. and Nikolaev H.G., Tr. Kishinev. Sel'Skokhoz. 
Inst., 87 (1972) 13. 

176. Kudryavtseva I. D., Hinkina L.N., Semchenko V. D., 
Popov S.Yu. and Smirnov V.A., Tr. Novocherk. Polikekhn. 
Inst., 146 (1964) 55. 

177. Kondo K. and Fukunaga H., Japanese Patent 
75:20,003 (1975). 

- 173 -
• 



• 

• 

.. 

• 

• 

178. Inoue s., Japanese Patent 75 129,486 (1975). 

179. Kondo Y. and Koikc K., Kinzoku Hyomen Gijutsu, 
25(2) (1974) 63. 

. 

180. Hi1lis M.R., Trans. Inst. Met. Fin., 57 (1979) 73. 

' 

181. Bockris J .o• H. and Damjanovic li.., Modern Aspects of 
E1ectrochemistry, No. 3. Chap. 4, pp 224-246. 
(Ed. Bockris J.O'M. and Conway B.E.). Buttervmrths 

(London) 1964. 

182. Bockris J.O'M., Drazic D. and Despic A.R., E1ectrochim. 
Acta., 4 (1961) 325. -

183. Hi1bert F., Naturwissenschaften, 56 (4) ( 1969) 215 • 

184. Hi1bert F. , Hiyoshi Y., Eichkorn G. and Lore n z N. J. , 
J. E1ectrochem. Soc., 118(12) (1971) 1927 • 

• 

. 

185. E1Hiligy A.A., Hi1bert F. and Lorenz N.J., 
J. E1ectrochem. Soc. 120(2) (1973) 247. 

186. Nagimyi V.H., Khim. Tekhno1., No. 18 (1971) 75. 

187 •. .He1kov H.P. and Shvetsov AN., Zh. Prikl. Khim., 
49 (7) (1976) 1468. 

188 • .He1kov M.P. and Namakonov B.V., E1ektrokhimiya, 
10(10) (1974) 1555. 

189. Namakonov B. V. and J.!e1kova H.P., E1ektrokhimiya, 
14(4) (1978) 585 • 

• 

190. Nasao H. and 11asao 0., J. Het. Fin. Soc. Japan 
7 (1956) 54. -

• 

191. Krivtsov A.K., Trudy Ivanovsk. Khim.-Tekhno1. Inst., 
7 (1958) 87. -

• 

192 • .Hamontov E.A., Koz1ov V.N. and Antoshko V. Ya., 
E1ektrokhimiya, 7(2) (1971) 239 • 

193. 

194. 

Antoshko V. Ya. and Koz1ov V.N., 
Skoknoz. Inst. 75 (1970) 21. 

Mamontov E.l,. and Rybkovskii V., 
Mater., G (1969) 31. -

Tr. Kishinev. Se1' 

E1ektron. Obrab. 

• 

195. Do1shenkov A. T., Andreev N .N., Vystre1kov I. N. and 
Batishchev A.N., Dok1. ~1osk. Inst. Inzh. Se1'Skokhoz. 
Proizvod., 5(4) (1969) 99. 

196. Os'kinN.JI •• , Do1k. Mosk. Inst. Inzh. Se1'Skokhoz. 
Proizvod., 8 ( 4) (1971) 143. 

- 17'4 -



• 

• 

197. Os'kin N.A., Ibid., 8(4) (1971) 141. 

198. Iliev Ts., Mashinostroene., 24 (1) ( 1975) 21. 

199. Er1ikh D.H., Tr. Kishinev. Se1'Skokhoz. Inst., 
. 112 (1974) 95. 

200. Epshtein A.A. and Kotsyubinskii H. V. , Autodorozhnik 
Ukr. Nauch. Tekh., Sb., No. 4 (1967) 18. 

201. Do1zhenkov A.T., Andreev N.N., Vystre1kov I.N. and 
Batishchev A.N., Dok1. Nosk. Inst. Inzh. Se1'Skokhoz. 
Proizvod., 5 (11) (1969) 91. 

202. Batishchev A.N., Zashch. l!etal., 8(1) (1972) 87 • 

203. Batishchev A.N., Zashch. Netal., .10(1) (1974) 84. 

204. Liskovets A.l1., Tr. Hosk. Auto. Dorozh. Inst., 
No. 35 (1972) 89, 

205. Apetenok V. and Jansons V. , Latv. Lauksaimn. Aka d. 
Raksti., 111 (1977) 24, 

206. Anaconda eo., Brit. Pat., 395,002 (1933). 

207. l'lynne-l~illiams A.I., Brit. Pat., 419,391 (1934). 

208. Anaconda eo., Brit. Pat., 419,764 (1934). 
' 

209. Anaconda eo., Brit. Pat., 535,560 (1941). 

210. Ferranti eo. Ltd., Brit. Pat., 757,892 (1948). 

211. Anaconda eo., u.s.Pat., 2,865,830 (1958). 
• 

212. &>aconda eo., Brit. Pat., 824,989 (1959). 

213. e1evi te eorpn., Brit. Pat., 9 38,2 36 · (196 3) • 

214. elevite eorpn., u.s. Pat,, 3,151,048 (1964). 

215. eon1ey e.e., Turk V.J. 
3,220,897 (1965). 

and Pochapsky ».V., u.s. Pat,, 
• 

216. Pedone A., Brit. Pat., 1,056,021 (1967), 

217. General Hotors, Brit. Pat,, 1,061,950 (1967) 

218, General !1otors u.s. Pat., 3,404,074 (1968). 

219. Zentra1en Nautsjrnp-Izs1edo'late1ski Inst. Po. 
Techno1ogia Na Nashinostroeneto, Brit. Pat., 
1,117,642 (1968). 

• 

- 175 -
• • 

• 

• 



• 

' 

• 

220. Anaconda Co., 

221. Circuit Foil Corpn., 

222. Circuit Foil Corpn., 

223. Clevite Corp., 

224. Clevite Corpn., 

225. Circuit Foil Corpn., 

226. Circuit Foil Corpn., 

227. B.I.S.R.A., 

228, Electricity Council, 

229. Electricity Council, 

230. Electricity Council, · 

231. Continental Can Co., 

232. Electricity Council, 

233.· Electricity Council, 

234. Gould Inc., 

• 

Brit. Pat., 1,147,481 (1969). 

Brit. Pat., 1,211,494 (1970). 
• 

u.s. Pat. 1 3,674,656 (1972). 

Brit. Pat., 1,293,801 (1972). 

Brit. Pat., 1,293,802 (1972). 

u.s. Pat,, 3,567,595 (1971). 

Brit. Pat., 1,251,65C (1971). 

Brit. Pat., 1,251,650 (1971). 

Brit. Pat., 1,341,229 (1973). 

u.s. Pat., 3,817,843 (1974). 
' 

Brit. Pat,, 1,404,911 (1975). 

Brit. Pat., 1,411,324 (1975). 

Brit. Pat., 1,415,913 (1975). 

Brit. Pat., 1,426,071 (1976). 

u.s. Pat., 4,076,597 (1978). 

235, Imperial tletals Industries, Brit. Pat., 1,504, 306 (1978). 

236, Norton Co. 1 Brit Pat., 1,257,541 (1971). 
' 
237. Vogel A.I., Textbook of 

Jlnalysis 1 pp. 287-310. 
Quantitative Inorganic 
(3rd Ed. 1961), Longrnans. 

238. Bockris J.O'H. and Reddy A.K.N., 1-!odern Electrochemistry 
Vol. 2. Chap. 4. (.!~1acdonald & Co. Ltd., London 1970). 

239. Goto K., Tarnura H. and Nagayama M., Inorg. Chem. 
9 (1970) 963. -

240. Just G., z. Physik. Chem., 63 (1908) 385. 

241. Jakubovic A.O., A. Lee Group, Private Communication. 

242. Ruthner Industrieplanungs - A.G. and Farbenfabriken 
Bayer A.G., Netherlands Pat. Appln.-6,600,949. _(1966). 

243. Petrov Yu. N., Gol'denshtein I.Sh., Antoshko V.Ya. and 
. Kozhov V., E1ektron Obrab. Nater. 2 (1973) 28. -

244. Go1'denshtein I.Sh. and Andrecva L.N., Izv, Akad. Nauk. 
Mo1d. SSR. Ser. Fiz. - Tekh, Hat. Nauk., 1 (1974) 71. -

245. Groeneboer R.H., Trans. Inst. Het. Fin., 58 (1980) 57. 

- 17'6 -



• 

• 

• 
• ' 

-
• 

• 

• 

• 

. . . . ' • 

• 

• 

• 

3;1 Original Anaconda Rotating Drum Cell. 
--'--
FIG. 

• 

• 

• 

• . .. . - - •• 
• • 

• 

• 

• • y- - ·- -· 
. . ..• - ... 

• 

. . 

• 

• • 

• 

• 

• • 

• 

• 

• 
• 

• 

• 

Jl • --
• 

• 

-

• • 

• 
• • • . . . ', ~- . .. 

• • 

• • 
• 

• 

• 

• 

• 
• 

• 

• 

, I , 
' 

• 

• 

.. . ... ~-- . 

• 

• 

- • 

• • 



• 

• 

-------------------------~----------------------------------........ 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

FIG, 
• 

• 

• 

• • 

-

• 

• 

3.2 

• 

• 

' • . 
Improved, Anaconda Cell - Showing 

• • 

• 
of Tapered Roll. 

• • 
• 

• • 

• • • 

• • 

• 

' I 
' 

• 

• 
• _:;;r--"' 
• • • • • 

• 
.. ·-~ ,. 

• • I 

--··--
. ' ~ .- ... -\··---

• -·- - __ ._.,._ ... -.. 

• 

• • 

• 

/(] 
• 

• 
• • • 

• 

• • • 
i/'17 ' .t.9 • ' ' ' • .. 

• .. ' ' ' " ' :..·· .. 
' I • • 
' ' • " 
' ' ' ' ' I ' I • I ' ' ' ' ' • • '• ' • 
• I • I . t o 

' ' I .. 

• 

• 

• 

. . 

• • • 
Installation 

' 

• 

• 

• 

• • 

• 

/( 

• 
• 

• 

• 

• 

• 

• • • 

• 
• 

• 

• 

• 
• 

• 

• 

• 
• 

• 
• • 

• 

• 
• 

• 
• 

• 
• 

• 
• 

•• 

• 

• 
• 

• 

• 

' 

• 

• • 

• 

• 



• 

• 

• 

• 

•• 

• 

• -

• 

• 

• 
• 

• 

• 

• • 

• 

FIG. 3.3. Further f1odified Anaconda Cell - Showing 

-

-

• 

• • 

• • 

Novel Electrolyte Inlet. 

• • • 

-

30 

• 

I , 
I 
I 
I 

I 
I ---..::::. ---= ""'t_:::::.- -: ... -- - .,... . .. --

• 

• 

• 

• 

• 
• 
• 

• • 
• 

----~ ....... 
'~ 

• 

I 
I 

: 5 

! ,, 

18...,:,_,-,(17· '~ · 

-

I 
--------_I_ 

I ~ -l I, __ c:. -- ~:1..--l'-- -------
' -- 2(}- . ~ 

---- ~ h ---- ""' ---- .., . ----- .., _,, . --- ....... ~,. 
19 ... 1 - --- ..... ----

• 

• 

-
16 

-
-

12 

• 

. . 

• 

• • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

-
-

.. 

• 

• 

• 

• 

. . 
• • 

• 

42 

12 

• 

• 

• 

• 

• 

. . 



• 

• 

• 

• 

.. 

• 

• 

• 

• 

• • 

• 

• 

• 

• • 

• 

• 
• 

• • 

• 

• • 

• 

• 

• 
• • 

• 

• 
• 

• 

• 

I • • 

• 

' • 

FIG. 3.4. Endless Band Cathode due to Pedone • 

• 

• 

• 
• 

• 

• 

. . 

• 
• 

• • 

• 

=:::;:::: -- ::-.::::-.=--.:-----------· ------• 

9...._ 
12.-

0 

• 

• • 

1 
• 

• 

ff 

tO 
• 

• 

rr 

HO ~to 

u. ...... ~ 

. . 

• 

• • • . 

vr2(3} 

• 

- 9 . 
+ a. 

• 

• 

• 
• 18 

• 

0 

11 
• 

IT 

v-10 

• • 

• 

• 

• 

• • 

• 

• 

• -• 

• 

• 

• . . 

• 

• 

1 . 

•• • • 
. 

• 

• • 

• 

• • 

• 

• 

• 

. . . 

• 
• • 

. . ' . 

• • • • 

. . 

• 

• 

• 

• • 

.• 

• . . . 
.. 

• • • 

• 

• 
• 

• • 

• 

• 

• 

1 
. . 

·5 
--2(3) . 

. 28/ 29 
............ 24 . 

• 

2.3 

4 

• 

• 

. . - -

C.2 

21 

• 

• 

• 
•• 

• • ••• 

• 

23 

22 
4 

21 
. . 31 

• 

4~--~-- ----·-----
• • 

• 

• 

• • • • 
• 

• 

2." 3 . 
• 

-26 
, ... 7 

30 
25· 

• 
• 

• 

• 

• • 

• ... 

• 

• 

• 

• • 

• 

• 

• 

• 

• 

' 

. 
• 

• 

• 

• 

. ' • 
• 

• • 

• 

. 

• 

• 

• 



0 

• 

• 

• 
0 

• • 
• 

' • • . ·- . • 

• 
• 

0 

• • 
• 

• • Cell Design for Increased Current Efficiency. 

• 

• 
• - • 

• - - - - - -• - - - - -
• 

• • • 

• 
• 

• 

• • 
• 

• 
• 

• 
• 

• 
• • 

• 
• 

• 

• • 
• • 

• 

-0 • 

• 
• 
0 • 

• 
• 

• 
• 

• 

• • 
• • 

• 

' • • 
0 

• • 

• • 

• 

• • • 

• 

0 

• 

• 
• 



• 

FIG, 3.6. Anaconda Titanium Clad Rotating Cylinder 
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FIG. 3.9. Cell Designed to Maximise Foil / Current 
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FIG. 3.11. Cell Design Showing Use of Consumable Anode 
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FIG.4-1. ·Schematic Represe-ntation of Pilot Plant . 
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FIG. 4-2 Pi lot Plant - Galvanostatic Cathodic Polarization . • 
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FIG. 4-4. Variation of Electrolyte pH with Time. 
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FIG. S-1. Conductivity Cell.- Philips Model PW 9517. !Immersion.) 
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FIG.S-2. Schematic Representation of 

Conductivity Meter. 
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FIG. S-4. Reaction Cell Used for Initial • 

Polarization Work . 
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FIG. 5-Sa. Basic Potentiostat Circuit . 
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FIG. 5-6. Electrolytic Cell with Rotating Cylinder Electrode, 
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FIG. 6-1. Conductivity vs. Temperature, Ferrous Chloride only . 
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FIG.6-2. Conductivity vs.Temperature, 

Ferrous Chloride (1-SM.J and Calcium Chloride (1-0-2·4M.J 

Conductivity 
I -1 -1 

. ...tL cm. 
0·6 

0·5 

0·4 

0·3 

0·2 

. 0·1 

20 

• 

• 

30 

• 
• 

• 

• 

• 

40 50 60 

Temperature I o C . 
• 

• 

• 
• 

• 

I 
70 80 

• 

1-0 M. 
1-5 M. 
2·0 M. 

M. 

90 • 



' 

----~-----------------------------------------------• 

FIG. 6-3. Conductivity vs. Temperature.~ 
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FIG. 6-4. Conductivity vs. Temperature. • 

Ferrous Chloride (lS M.) and Sodium Chloride (0·5-275 M.l 
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FIG. 6-5. Conductivity vs. Temperature, 

Ferrous Chloride ( 1-5M.) and 
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FIG. 6-6. Conductivity vs. Temperature, 
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FlG. 6-7. Plot of Conductivity vs. [FeClzl. 
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FIG.6-8.Plot of Conductivity vs.[CaCl2J inlSM. FeCl2. 
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FIG. 6-9. Plot of Conductivity vs. [MgCL 2J in 1-SM. FeCt
2
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FIG.6-10. Plot of Conductivity vs. [NaCll in 1·5M. feCl2.:.. 
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FIG. 6-11. Plot of Conductivity vs. [NH4Cl] in 1-5M. FeClz.:.. 
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FIG. 6-12. Plot of Conductivity vs. [KCll in 1-SM. FeCt 2.:. 
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F!G.6-13. Plot of Conductivity vs. pH . 
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FIG. 6-14. Summary of Conductivity vs. Temperature Results . 
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FIG. 6-15. Summary of Conductivity vs. 'Conductivity Salt' Concentration. (Temp.= 90°C., pH=O·O.l 
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FIG. 6-16. Arrhenius Plot of Conductivity I Temeerature Data. • 
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FIG. 6-19. 'Electrochemical Noise.' -Rotating Cylinder Electrode. 
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FIG. 6-21. Cathodic Polarization- Effects of Temperature. 
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FIG. 6-22. Anodic Polarization - Titanium. 
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FIG.6-23. Ancidic Polarization - Stainless Steel. 

800f-

600-

400-
Pot. 

VS. 

S.C£. 2001-
/mV. 

0 

-200-

-400f--

' • 10 

• 

Electrolytes : )I x x 3·5M. FeCl2 only. 

pH= 0·5. 

Temp. : 50 °C. 

' 

' 

20 30 

- = 2+ • • • 20:1 Cl :S04 ( 3·5M. Fe l 

• 

• 

• 

• 

40 50 60 70 80 90100 200 

Anode Current Density I mA.cm-~ 

• 

• • 

300 400 500 600 700 



~--------------------------------------~--------------------------------------· . 

2000 

1800 

1600 

1400 
Pot. 
vs. 

S.C.E. 
1 mV. 1200 

• 

• 
• 

• 

1000 

800 

600 

.. 40010 

• 

FIG. 6-2 4. 

. 

. 

• 

. 

. 

• 

• 

A nodi c Polarization - Platinised Titanium. 

Electrolyte • 3·5 M. Fe Cl2 . 
. • 

. . 
. 

• 

pH 0·5. --
. 

Temp. • 50°C:. • . 
. . 

. 
. 

. 
• 

• . 

• 

• 

• 

• 
• 

. 
. 

20 30 40 so 60 10 eo 90 100 

Anode Current Density. I 

• . 
• 

• 

• 

• 
• • 

• . 

• 

• 
• 

• 

• 

. . 
• 

• 

• 

• 
. 

• 

' 

• 

• 

200 300 
-2 m A. cm . 

400 500 600 700 8009001000 



2000 

1800 

1600 
• 

1400 
Pot. 
vs. 

S.C.E. 
I mV. 1200 

1000 

800 

600 

• • 

10 

. 

. 

• 

FIG. 6-25. 
. 

. 

• 

. 

. 

• 

. • 

• 

• 

20 

• 

Anodic Polarization. - Graphite. 

Electrolyte: 3·5M. FeCl2. 

pH 0· 5 . --
. 

Temp.: 50°(. 
• 

• 

• • . 

• 

. 

. 

• 

. . 

• 

• 

30 40 50 60 70 80 90 100 

Anode Current Density I 

. 

• 

. 

• 

. 

2~~ 
mA. cm . 

, 

. 
• 

• 

• 

• 

300 

• 

. 

• 

. 

. 
• 

• 

• 

• 

• 

• . • 

• 

• 

. 

• 

• 

400 500 600 700 800 900 10CO 



r 

3000 -· 

VS. 

SCE /mV. 
15001-

1000-

0 
• 

' • 

1 

• 

Titanium· in 
20:1 cr:so4. 

• 

• 

2 
:+ 
3 
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FIG. 6-30. Variation of Cathode Current Efficiency J Number of Coulombs Passed through Cell . 
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FIG. 6-31. Build-Up of [ Fe ( 111)] with Number of Coulombs Passed through Cell. 
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FIG.6-34. Effect of Hydrazine Dihydrochloride on [Fe(urll During Electrodepn. at 200'mA.crr? 
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FIG. 6-35. Effect of Ion-Exchange Membrane on 

Cell Voltage Requirements. 
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FIG. 6-36. Cathodic Polarization- Typical Result Using Divided Cell. 
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FIG. 6-37. Electrochemical Reduction of Fe(lll) in Divided Cell. 
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FIG.6-38. Cathodic Polarization of Iron in 3·SM.FeCl2 with Addition of 

Cationic Surfactant ( Monflor 73, I.C.I. Chems. Ltd.) 
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' 

• TABLE 2.1 . 
' 

• 
' 

' EARLY CHLORIDE ELECTROLYTE 
' •• 

' 
' ' 

. CURRENT INVESTIGATOR (REF.) DATE ELECTROLYTE ACIDITY TEMP.oc REI4ARKS 
DENSFY ' . . (A/m ) 

' 

• 

. 

Deposit 'contained 
. 

Thiele (48) 1891 Ferrous chloride, 
I 

50 m Glacial · ··Room. 
400 g/1 acetic per 1 - 0.0048-0.075% Sulphur 

' • . 
. 

' . ' ' 

Hicks and O'Shea 1895 
' 

Ferrous Chloride Neutral 15-17 Room Very pure deposit. 
(49) + 5% NH4CL • 

. 

-t-

Ryss and Bogomolny 1906 Ferrous chloride - 40 60-70 -
(50) lOOOg + lOOOml • 

• . 

water 
. • 

chloride 285g .lom9. C(:mcn 
' ' 

Kern (51) 1908 Ferrous 110-220 20+50 Deposit superior to 
• 

NaCl,l02g; HCl peE: 1 ' . 
Dil. to . 

sulphate baths ' ~ 

lOOOm9, . . 
' 

-1- ' 

. 

MUller (52) 1909 Ferrous chloride - 70 Room As above 
300 g/1 

Cain, Schramm + 1916 Ferrous chloride Neutral· 50-70 Room No agitation •. Used 
Cleaves (53}. 250-300 g/1 • 

• porous cups • Impuri-
' ties 0.024-0.026%. 

Cain, Schramm + 1916 Ferrous chloride, Neutral 30-40 Room Larger scale than 
above. Impurities Cleaves (53) 233g; NaCl, l03g; . 

. 0.033% water to 1 1 

• -



• • 

• • 

• TABLE 2.1 (cont/d) 
• 

. . 
. 

. CURRENT TEMP.°C INVESTIGATOR (REF.) DATE ELECTROLYTE ACIDITY REMARKS DENSITY • 

(A/m2). . 

• 

-t • 

' . . 

Vie (54) 1919 Ferrous chloride, . Product over 99.9\ 
. 

285 g1 NaCl, l02g 160 50-70 iron - • water to 1 1 ' 
• 

• . 

. 

Hineline (55) 1923 Ferrous chloride + -
calcium chloride, 

<l00°C 
• 

equal parts satu- - - For deposit or irre-
rated at Jooc • gular shaped articles . . 

. . 
• . 

. 

• 

Duhrne (56) 1924 Ferrous chloride + No acid • lOO <loo0 c Special all. Product 
• magnesium choride added 99.994% iron 

• 

Merck (57) 1900 Ferrous chloride 300 7o0 c Agitation necessary . 
to only. - for iron refining -. - 400 

• 

. 

. 

Fischer-Langbein 1908 Ferrous chloride, 1000 . 
( 8-14) 450g1 CaC1 2, • No acid . ., 

to High purity deposit 500g, added 2000 90-110 H content low · water 750 ml 
• • • 

• 

• 
Kelsen (58) 1928 Ferrous chloride, . . 

calcium chloride, Greater concentration 
Potassium chloride - - - using two salts 

• 

• 



• 

' • • 

• 

TABLE 2.2 
• • 

• 
• EARLY SULPHATE ELECTROLYTES • ' 

• 

• CURRENT INVESTIGATOR (REF.) DATE ELECTROLYTE DENSITY TEMP.oc REMARKS 
(Ajm2) • • . 

Kil.ein (59) 19.67 FeS04 so g . 10-20 Room Deposits for· 1 steel 
• HgSO~ so g • facing 

Nate 1000 mR.· • 

• . . - . - . . . . . . . . . . 

. . 

Hoepner and Klie 189S FeSO 467 g • Thin deposits (Used . 

(NH 4? 2so4 7S9 70-80°C (GO) g 300 porous diaphragm) 
Water 1500 g . 

' 

' 

Neuburger and 1890 Ferrous Sulphate - - For analytical purposes 
Von Klobukov and Anut~oni urn . 

( 61) Oxalate 
• . 

• 

Skrabal (62,63) 1904 Ferrous Ammonium - Room Pure iron for standard-. 
' 

Sulphate ising solutions .. -. . - .. 

. 

Burgess and 1904 Ferrous Ammonium 6S-85 - For iron refining. 
• Hambuechen (5) Sulphate Product 99.99% pure iron 

' 

. 

Maximowitsch (64) 1905 Feso4 200 g/R. .. 30 ., Room For 1 steel 1 facing 
. . 

• 

• 

' 
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• 

• TABLE 2.2 (cont'd) 
• 

• • 
' . 

INVESTIGATOR (REF.) DATE ELECTROLYTE CURRENT 
DENS IF TEMP.°C REMARKS • . 

(A/m ) . . . 
• 

. 

Lee (65) 1906 Ferrous Sulphate • 200 90°C Bath covered in paraffin. . 
. 

(saturated at 20°C) Solution agitated 
' 

. 

• 

Ryss and 1906 Ferrous Ammonium so Room Higher temperatures gave 
Bogomolny (50) Sulphate 70 g/2 - poor results 

. . . . • • • . . • 

• 

Alnberg (66,67) 1908 Ferrous Ammonium 2o-65 Room Agitation necessary at 
Sulphate 182 g/2 higher temperatures 

. . . 

I 
. 

Kern (51) 1908 Ferrous Sulphate 110-220 20 and S0°C Good deposit, but inferior 
40 g/2 to chloride 

I . 

I< ern (51) 1908 FeSO 300 g/2 110-220 20 and 50°C As above 
Na 2s&4 210 g/2 • 

. 
• 

• • 

• 

Pfaff (68) 1910 2 N. Feso4 200 . 70°C Iron containing less than. 
0.001% sulphur -• . 

. 
• 

' 

• 



• 

• 

• • 

• TABLE 2.3 
• • • • • 

MIXED SULPHATE-CHLORIDE ELECTROLYTES 
. ,- • ,-

' Current 
Investigator (Re f) Date Electrolyte Density Temperature Remarks 

A/m2 
. 

• 

. 

Heidinger (83) 1859 FeSOf1 900g - Room Used for "steel facing" 
• 

NH{ 450g 
wa er 4 • 

Varrentrapp (84) 1868 FeSOf 1800g 10-20 . Room Used for ·~steel facing" 
NH C 1350g • 

waier 13.5 • 

. 

c. F. Burgess (85 1911 Fe SO 200g 70-110 Room 99.97% pure deposits 
NH 4ct 40g • 

• 

waeer to 1 • 

Watts + Li (86) 1914 FeSOf lSOg 110 Room For iron refining 
• 

NH C 40g • 
. 

waier to 1 

Arzano + Clerici 
lOO-l05°C (Brit. Pat. 1141 305) 1918 FeSO 40 parts - For iron refining 

NH4cf 50 parts • 
• . . • 

+ water 

1918 
. 

Gem. iron electroplating Shepherd + Brazil E'eSO 1 - -
NHiCt KB 1 

• 

(Brit. Pat. 1191200) • 
. 

+ ron metal • . . 
• 

. + H3Bo3 
. . . • 

• 

• • 
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• 

• 

• Table 5.1 

• 
• 

• 

Chemical Etches For Titanium 

Chemical • Quantit;i Reference . 
• ' -j 

1. Concentrated Nitric Acid • 40% J.B • Cotton + P.c.s. 

Concentrated Sulphuric Acid 30% Wayfield 
• . 

. 
. 40% Hydrofluoric Acid 30% Trans. I.M.F • 45 . 

• 
. {1967) , 48 

2. 40% Hydrofluoric Acid 1'50 cm3 Metals . 

Ferric Chloride 30 g Handbook {Amer. Soc. 
• of Metals) 

3. O.l%.Phosphoric Acid Metals Handbook 

(Electrochemical Etch) (Amer. Soc. of Metals) 
. 

' 

• 

• 

• 

• 
' 

• 

• 
• 

• 

• 

• 

• 
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• 

T.I\BLE 7.1 
• 

• • 

' PHYSIQ-CHEMICAL PROPERTIES OF POSSIBLE 'CONDUCTIVITY SALTS' . 
• • . ..,. 

. 

SALT EQUIVALENT CONDUCTIVITY SOLUBILITY COHMENT · 
• 

' -1 2 -1 n cm mol • g/100 3 cm water 
. 

• 

• Sodium Chloride Na+ 50.11 35.7 cold . Relatively limited .· 
- • 

Cl 76. 34 39.1 hot solubility 
• 

K+ 
• 

Potassium Chloride 73.50 4.17 mol/g, - stable • -Cl 76.34 in cold water • 
• . . 

Ammonium Chloride NH+ 
4 73.4 29.7 cold stable 

c1- 76. 34 75.8 hot • . 

• 
• 

Magnesium Chloride ~Mg2 + 53.06 167 cold stable 
cl- 76.34 367 hot . 

. 
• 

Calcium Chloride ~ca2+ 59.50 279 cold stable 
cl- 76, 34 536 hot 

' 
Aluminium Chloride l/3Al 3+ 63.0 3.46 mol/g, evolves HCl in . • . in,. cold water hot water -. Cl 76.34 corrosive and . 

poisonous 
• 

. 

• 

• 



• 

• 

• 

• 

• 

• 

• 

-

• 

• 

TABLE 7. 2 

COSTS OF POSSIBLE 'CONDUCTIVITY SALTS' 
• • 

• 

. 

SALT COS'J;' (£/kg) 
. 

• 
(1981 BULK l'IHOLESALE 

• 
• 

Sodium Chloride • • 0.14 
. 

Calcium Chloride o. 75 • • 

• 

Ammonium Chloride 0.26 

Potassium Chloride o. 54 

Magnesium Chloride 1. 34 

Aluminium Chloride "' 2.00 
. 

Ferrous Chloride "' 0. 70 

TABLE 7.3 

' 

. 

• 
• 

PRICES) 

. 

• 

FERRIC ION CONCENTRATION DURING ELECTRODEPOSITION 

IN THE DIVIDED CELL 

DURATION OF ELECTRODEPOSITION FERRIC ION CONCN 
AT 200 rnA/cm2 

. 
(l.UNS) (M) 

. 0 0.051 

• 30 0.055 

60 . 0.053 
• 

90 o.oso 

120 . 0.057 . . 

150 • 0.057 . . . 
• 

180 . 0.053 . 

• • . 
. 

• 

• 

• 

• 

• 

• 

• 

• • 

• 

• 

• 

------------------------------------------------------------------------' 

• 

• 
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• 

• 

• 

• 

• 

• 
• 

• 

• 

• 

• 

• 

• • 

• TABLE 7. 5 

• 

CATHODE CURRENT EFFICIENCY AT VARIOUS CYLINDER 

R.C.E. 

' 

• 

ROTATIONAL VELOCITIES (D) 

RATE OF ROTATION 
(r.p.m.) 

0 

' 

300 

600 

900 

1200 

• 

• 

• 

• 

% at 
C.C.E 2 400 mA/cm 

+· 98.3- 1.0 

+ 99.0 - 1.0 

+ 98.7- 1.0 

+ 98.3 - 1.0 

+ 98.5 - 1.0 

• 

• 

' 



• 

• 

• 

• 
• 

• 

• 

• 

• 

• 

' 

• 

• 

• 

• 

• 

• 

• 

• 
• 

• 

• • • 

• 

• • 

• 

• 

PLATE 1. General Arrangement of 

Laboratory-Apparatus. 

• • 

• • 

·~ 

• 

• 

• 

• 

• • 
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PLATE 2. Laboratory Electrolytic Cell • 

• 

• 

• 

• 

• 
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• 
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• 

• 

• 

• 

PLATE 3. Rotating Cylinder Electrode Assembly • 

• 

PLATE 4. Ion Excha.nge l1embrane Assembly 

for·Divided Cell • 

• 

' 

• 

• 
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• · APPENDIX 1 

-· Regeneration of 1 Spent 1 F~rrous Chloride Electrolyte 

Restoration of ferrous ion concentration and reduction 
• 

of ferric ion concentration is theoretically possible by the 

following regeneration reactions involving iron metal • 
• 

A. Fe Fe2+ + 2e- -

-2H + 2e + · H + H · + H2 

Overall: Fe + + •••• Equation 1 

B. Fe + Fe2+ + -2e • 

• 

2Fe 3+ + 2e- + 2Fe2+. 

Overall: 2Fe 3+ + Fe + 3Fe2+ •••• Equation 2 

-c. + 2e + 

-.... 2e 

Overall: 2Fe3+ 
• + Equation 3 

Examination of the oxidation potentials for the half 

reactions shown enables a prediction to be made whether reaction 

(1), (2) and (3) are theoretically possible. 

Half Reactions in A. 

Fe2+ - 0 Fe + + 2e E 298 - -0440V. -
• 

H+ + - Eo ~H2 + + e - -o.ooov -
• 

These half reactions can be combined to give the overall 

reaction: 

Fe + + + = -0.440V 

• 



• 

• 

• 

• 

• 

The oxidation potentials vary according to the Nernst 

equation: 

where: 

• 

E = 
• 

+. RT 
nF 

• 

ln(Ox] 
[Redj 

E0 is the standard potential for the system 

E is the potential under the conditions of the 

reaction • 

R is the gas constant 

T is the absolute temperature (K) 

• 

n is the number of electrons involved in the process 

F is the Faraday constant • 
• 

Applying this to the half reactions in Section A under 

typical reaction conditions i.e. 3.5 M Fecl2 , pH 1.00, 

Temperature l00°c, Fe 3+ 0.03 M we have: 

EFe2+/Fe = - 0.440 + 8.312 X 373 
2 x.:96500 x 2• 30310gl0 

= - 0.440 + 0.016 = - 0.424V 

-

3.5 
1 

- o.ooo + 8.312 X 373 X 2 • 303 l AH 
l X 96SOO oglO(P )~ 

H2 • 

AH+ = 0.1 

• 

+ (- 0.074) -- - 0.074 V 

Hence E -- - 0. 350 V 

The overall potential for the reaction is negative so 

the above reaction will proceed from left to right • 
• 



• 

Thus; 

• 

' 

Half Reaction in B • 
• 

Fe F 2+ 
+ e 

2Fe3+ + Fe 

+ -2e 

-e 
• 

-- - 0.440 V 

= + 0. 771 V 

-- - 1.211 V 

Considering the reaction conditions mentioned previously, 

• 

E = - O. 424 V · Fe2+;Fe 

EFe2+/Fe2+ = 

= + o. 771 + 

EFe3+/Fe2+ = + 0.618 V 

Hence for the reaction; 
• 

2Fe3+ + Fe 

+ RT 
nF ln 

8.312 X 373 
96500 

E = 

A Fe3+ 
A Fe2+ 

X 2.303 

- 1.042 V 

1 0.03 
oglo 3.5 

The overall potential for the reaction is negative so 

the above reaction will proceed from left to right. 

Similarly for C 

-+ e = + O. 771 V 

-e -- 0.000 V -

• 

• 

• 



• 

• 

Thus: • 

= - O. 771 V 

Hence for the reaction under the conditions previously 
• 

mentioned: 

E = - 0.697 V 

• 

Again the overall potential for the reaction is negative 

so the above reaction will·proceed from left to right. Hence 

it can be seen by a consideration of the oxidation potentials, 

reaction (1) (2) and (3) are likely to occur. However, 

oxidation potentials measure energy differences only and 
• 

give no indication of the reaction kinetics. Certain reactions 

while energetically favourable do not take place to a signi-

cant extent because of unfavourable mechanisms, or the kinetics 
. 

of the reaction may be extremely slow so little reaction 

is observed. 

• 

• 

• 

' 

', 

• 

' 
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• 

• 

• 
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. APPENDIX 2 

. 
SCANNING ELECTRON MICROGRAPHS OF IRON ELECTRODEPOSITS 

• 

A number of iron foil deposits \vere exar.rl.ned using a 

Jeol Scanning Electron ~licroscope. Many 'I'TOrkers (see 

Review Sections of this thesis) have made detailed studies 
• 

of the deposit structure and the effect of various electro-

lyte parameters on the microstructure. Thus a detailed 

analysis of this aspect of iron electrofouuing has not 

been considered during this project. Some examples of the 
• 

microgrpahs are included to give a general idea of the 

nature of the deposit. 

. Plates 5 and 6 show a typical deposit obtained from 

a.c hot (l00°cl, acidic (pH 1.0) and concentrated (3.5l-1.) 

• 

ferrous chloride electrolyte with no addition agents present; 

The deposit can be seen to consist of a angular crystals with 
• 

. an average diameter of approximately 2 - 4 ~m. This 

structure was typical of all those examined • 

Plate 7 shows an example of the foil after it had been 

exposed to the effects of atmospheric oxidation for some 

weeks. The effect of corrosion can be clearly seen to 

have reduced the sharp edges of the crystals·to the rounded 

nodular appearance associated \vith oxidation products. 

The occurrence of pores and pinholes in the electro

deposit is significant in foil production and has been 

discussed in this thesis. Plate 8 shows what may be an 

inclusion in the foil surface. Plates 9 and 10 show an 
• 



• 

• 

• 

• 

• 

• 

• 

• 

example of a pore in the cathode face of the deposit. These 

and other similar micrographs indicate that the most likely 
• 

possible causes of 'pinholing' in iron foil is either the 
• . 

inclusion of material into the deposit surface from either 
• 

the electrolyte or residues on the substrate. No examples 

of pores caused by gas bubbles \.,.ere found, even though 

hydrogen is evolved dur.ing the deposition process. It ~rould 

appear that powerful turbulence during electrodeposition is 
• 

sufficient to remove any gas formed, from the surface of 

the deposit. 

The cathode .face of the electroform is illustrated 

in Plates 11 and 12. As evidenced by the linear scratch 

marks on the surface, this face of the deposit closely 
• 

replicates the substrate. The lines are abrasion marks on 

the cathode surface resulting from preparation of the cathode 

with fine emery paper. 
• 

• 

• 

• 

• 

• 
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• 

• 

• • 

. 
PLATE 5. Typical Iron Electrodeposit. 

}!agnification: 500X • 
• 

• 

-

• 

• 

• 

• 

PLATE 6. As Above. Hagnification : 2000X. 

-

• 

• 

• 

-
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• 

• 

• 

PLATE 7. Corroded Iron Electrodeposit. 

Magnification : 1500X. 

' • 
• 

• 

• 

• 

• 

• 

• 

PLt~E 8. Example of Possible Inclusion in 

the Electrodeposit. Magn. : 5000X • 
• 

• 

• 

• 

• 
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• 

PLATE 9. Pore in the Cathode Face of • 

• 

the Electrodeposit, !1agn, : 1000X, 

• • 

• 

• 

PLATE 10. As Above. Hagnification : 8000X. 

-

• • 

• 

• 

• 
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• 

PLATE 11. Cathode Face of Electrodeposit. 

Magn. : 300X • 

• 

• 

• • 

• 

• 
• 

• 

• 

PLATE 12, As Above, Magn, : aoox. 
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