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SUMMARY

The patent literature describing the development of the
foil electreferming technology has been reviewed. A review
of the literature covering the development of iron plating

electrolytes has also been cempletedn

A detailed study of the effects of solution parameters
~on the conductivity of iron chloride solution and the effect
of addition ef a number ef_'cenductivity Sﬂlts' has been
carried out. The operation of a pilet plant for the conti-
nneus_preductien of iron foil has bkeen investigated and the

parameters of foil prednctien_characterised.
Preliminary'eathedic polarization studies were made at

low current densities on the iron chloride eleetrolyte showing

the effects of temperature on the system,

A number of possible materials for use as inseluble anodes
have been investigated using anodic polarization to determine
theif'behavieur in the aggressive hot iron chloride eleetrelyte
environment. The pessibility 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:elesed; divided-cell incorporating
a rotating-cylinder electrede was designed and constructed

to operate near to the beiling point ef the electrolyte. The

cell enabled a more rigerous study ef the electrolyte to be

made as the solutien parameters could be better controlled.




The concentration'of the ferric ion in the solution could be
reduced and held constant while other factors coculd be measured.
This system has been used to demonsfrate 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
efficiehcy. Control of ferric ion concentration by use of .
the divided cell has also enabied_study of some of the depo-
-sition characteristics, the effects of stirring'on the deposit
and an investigation intolthe 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 Swansea, and developed to production scale

by Ironfoil Ltd., a subsidiarf company éf the Lee Group of
Companies in Sheffield., It was in conjunction with the latter
enterprise that the requiremeht to optimise the process and

to examine some 0of the remaining problems arose.

The basic Principles behind the deposition of thin.iron
sheet have beén established for many decades. More recently,
“sound engineering methods have been developed to enable the
efficient continuous productioh of iron fail.. The areas that
required more detailed understanding and possible optimisation
- wexe principally the electrical conductivity of the electro-
lfte'and the electrochemical pﬁlarization chéracteristics of
the hot (100°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 thé highest possible quality. The major short-
coming being the occasional occurence of '‘rinholing', 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 foll 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 um)
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. Electroforming 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 reviewed at length by Silman (1),
is £hat_thd electrolyte could be prépdred directly from the
ore, perhaps on the site of a small user such as a packaging
| doncern. 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 possiblé

markets for electroformed iron foil. Its high resistance

-2 -




to tension, tearingeuuiimpadt, its impermeability to'water,
'vaﬁour and gas, 1ts high melting point (ISOOOC), good elec~-
'tricai and magnetic properties, and the variety of finishes
with which it can be produced, render it suitable and
economic for many applications which aiready rely upon the

use of other metallic foils.

The strength and imperméability of iron foil would
‘allow its use fdr removeable foil closures such as milk
bottle tops, yoghurt caps and o0il can seals., Paper, board
and plastic laminates of iron foil could be used in the
cdnstructicn of boxes, sachéts, 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

suchlas a facing for insulation, a substrate for bitumen
damp course membranes, a lining under tiles or shingles and
a decking amongst bullt-up roofing felt., The foil can be
wound into'flexibie 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 wellhsuitéd
for fabricating electrical resistance heating elements. The
elemeht's pattern can be readily etched or stamped on the
foil. Copper coated iron_foil can be used for fabricating
printed ciréuits. The thin copper cbating acts as a bonﬂuctive

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

_ﬁ3 -




alternative to materials currently employed. The copper
coated foil could also be used for fabricating the p:imary

and secondary surfaces of heat exchangers, Iron foil could
aiso serve as-.an electromagnetic shield for electrical
components and cables, for example in T.V. tube electromagnetic

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, visuval 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 frbm an union of the know%l
ledge that has arisen.from the development of the iron
electrodeposition process and the foil productfon 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 followed 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

-4 -




but this evéntually proved to be impossible, Basic iaboratory
research was carried out to investigate certain important .
electrochemical parameters of the process solution, notably
conductivity, polarization and solution redox stability,

and these form the main part of the original work reported

in this thesis,




IT., LITERATURE REVIEW

"IRON ELECTRODEPOSITION
(ij Intfedﬁction_

Since Becquerel(z) first reported the preparation of
iron by electrodeposition in 1831, the process has foﬁnd
numerous applications, -Thelearliest applications included
the manufacture of electrotypes and stereotypes(3)-for use
in the printing industry. This was of particular importance
during périods of nickel and copper shortages as, for
example, during World War II. An important-and continﬁing
application of iron electrodeposition has been in the build-
ing-up of worn or undersized components, The Russians in

(4)

particular have developed this area .

The electrodeposition of iron hés been developed to
the state of commercial operation using a number of iron
plating electrolytes. This field was initiated by the wdrk
of Burgess and Hambuechents) in 1904. They studied iron
depositién from ferrous ammonium sulphate baths. Electro-
winning of iron direct from ores was éuccessfully developed

during the second decade of this century. Fustis ‘%’

working
at the Massachuetts Institute of Technology conducted an
investigation into the use of iron pyrrhotite ores in‘the
manufacture of electrolytic iron up to pilot plant scale,
This plant produced iron of'bettér than 99.9% pufity with

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

L=
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at the Engels Copper Mining Ccmpany(?), resulting in the
productioh of a practical celllfor continuous operation in
the production of electrolytic iron. Othef notablé commexy-
cial developnrents inc;uded the introduction of the 'Fischer-
Langbein® electtolyte_in Gérmany in 19088714 | pnis
process has been extensively used, particularly during the
First World War, to produce iron as a substitute for copper

in miiitary application.

One of the most promising applications of iron electro-
deposition is electroformed iron foil. The attradtion'of
the process lies in the possibility of.direct manufaéture
| of electrolytic iron from soﬁrces such as ore and scrap,
and in thé.favourable economies of the procedure when
compared with the alternative of rolling;shéet to thick—
- nesses of 0.1l 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(15). The plant produced iron sheet f£rom
pyrrhotite dissolved in hot iron chloride solution, giving
a pure iron product with gﬁod ductility after lﬁw temperature
annealing to remove hydrogen., The Montan-~Union Company(ls)
used a continuous copper band as a base on which to deposit
iron that could be separated in a later operation, ﬁbrk
at the British Steel Corporation Laboratories in Swansea,
SouthHﬁales and.later at the Electricity Council Research

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

made significant advances towards successful commercial

™
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(ii)

i

production of iron foil down to 1ess than 25 um thick.

In beth.Cempany‘s operations, the electrolyte was obtained
by dissolution of scrap iron ih hydrechlerieﬁ acid, and
electrodeposited the iron onto a slowly rotating titanium
cylinder from the hot (v 100°C) electrolyte. Good quality
foil has been produced, but'there remain some problems to

be solved.

Reviews

As indicated above, iron deposition has a long and-
detailedlhistery, and has beén the subject of many hundreds
of investigations. Many reviews and summaries of aspects
of iron depositien have appeared in the literature, and
as with other large areas of enquiry there have been many
instances of duplicatien ané overlap. The following reviews
may be considered as being essential distillations of

the work in the field of iron electrodeposition.,

The initial and early work on both the laboratory and
commercial production of electrolytic iron has been compre-
hensively reviewed by Cleaves and Thompson in their
Monograph on Iron and its Alleys(l7). Much of the work
on iren electrodeposition has been of a very empirical
nature, this is particularly true of the early work

summarised in Cleaves and Thompson's Monograph. The basic

working solutions were established during the period
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covered (1840-1935) and much experimentation was carried
out in attemﬁts to explore the many variables possible e.q.
changes'in the solution concentration, temperature, pH,

éddition o) othér salts.

A more detailed study or the electrolytes developed up
to 1920 was made by Hughes‘lBJ. This review considered at
lenyth iron deposition from chloride, sulphate and ﬁixed
chloride/sulphate baths. A review with greater emphasis
on the commercial aspects or electrolytic iron production
was published by Belcher in 192419, 1In addition to
summarising the progress made in the electrodeposition'of

iron over the previous seventy~f£ive years,lhe considered the

commercial manutacture or sheets and tubes.,

Developments in the field upto 1340 were covered by

(20), including descriptions of hot ferrous chloride

Thomas
and cold ferrous sulphate electrolytes and theéir applications
particularly in printing. Some consideration was also given
to the éhysibal characteristics of the depesits produéed

from these electrolytes, In a similar vein, Lamb and Blum(ZI)
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 1iron

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

The most comprehensive of the more recent general reviews

was campiled by Lamb'and.Thomasﬁzz) in 1963 and revised and

J
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updated by Klingenmaier(23) in 1974. The usual genefal
historical perspective was given followed by accounts of

the development of the ferrbus 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 operatian 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 o0f analysis for the electxolYtes. The
choice of suitable anocdes, materials selection for tanks,

and ancillaryzequipment, and finally the authors have

compiled &ata on some of the properties of electrolytic

“iron. A much more detailed consideration of-the properties

of electrodeposited iron was made by Safranek(zd) in 1969.

(25) have surveyed the production and

Walker and Irvine
use of electrodeposited 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
lfluoborate, together with a discussion of the effects of

addition agents, impurities, pH and hyadarogen uptake. Variation

in the deposit properties with different solution parameters

- 10 ~




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

alloys was made.

A recent short review from.Russia(26) has surveyed the
properties of iron electrodeposits and concluded that they
were determined by the secondary processes of hydrogen

evolution and thé 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 McGeough at

Aberdeen University. The major applications of iron depo=-
sition were covered from the early days of electrotype and
stereotype manufacture; record stampef manufactute; electro-
refining; foil and sheet manufacture; building-up of worn and
~undersized parts are all considered in.gnod detail. The
authors have also considered possible fﬁture 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 electrodepasition elect:olytes and to indicate the
characteristics of the eléctrolytes from which iron has been
deposited. Emphasis is given to the more recent work since
the older work has been well described and reﬁiewed as

indicated .above.
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(iii) Ferrous Chloride Electrolxtes

The early development and establishment of the ferrous

(28) electro=-

chloride from its origins-in 1861, when Kramer
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 thofough Monograph(l7).
These developments are summariéed in Table 2.1, which is

taken from that Monograph.

The Fischer-Langbein electolyte of that period
(Patented in 1908, Refs. 8=14) is workth particular mention,
as it has proven to be one'of the more successful.iron
eiectrolytes. This combination of relativeiy high concen-
trations of ferrous chloride (400-700 g/%) with the
éddition of calcium chloride and high operatihg tempera=-
tures (> 85°) allowed relatively high current densities
to be used (up to ~ 3000 A/mé) and low stressed deposits
to be produced. The impoftance of the calcium chloride
in the electrblyte‘would appear to have been ove;estimated.*

- in the literature as similar and better results have been

achieved using a ferrous chloride only electrolyte.

Many modifications to the hot chleride-electrolyte
- have been described since the establishment of the
,principle. Klingenmaier's review(23) has covered many of
these, mainly involwved 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(zg)'studied the effects of manganese
chloride on the process and found that the grain size of
the deposit could be controlléd by appropriate addition.

(30) carried out a much more detailed

Max and Van Houten
study of the properties of iron deposited.frﬁm a ferrous
chloride solution containing calcium chloride. They aiso
did a systematié study on fhe effects of impurities such as
coppef} manganese and nickel on the physicallprOPerties of
the deposit and found that the stress was reduced by small
amounts of copper but that this adversely affected the
ductiliﬁy. Manganese and nickel were found to have a

negligible effect in small amount. Similarly, the effects

of small amounts of AlCla, Be012 or'CrCl2 have been studied
(31)

by Miller et al , Wwho reported that these constituents

were found to render the deposit softer and more ductile.

As stated, the chloride plating electrolvtes were
well established by the early decades of this century. No .
fundamentally new approach or major modification has arisen
since., The majdrit? of the work conducted in this area has
been on minﬁr modificétions either to the constituents of
the electrolyte or on changes to tﬁe 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 eases with a view
(32)

to the restoration of worn machine components. Melkov

has published work on the effect of calcium chloride on
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‘the current'efficiency,'micrOhardness and appearance of
electrodeposited iron coatings, plated from a 200 g/ﬂ.:_
FeC124sz‘electrolyte at 80°C at a current density of

4000 A/mz. The results‘indicated that incfeased concentra-
tions of CaCl2 increased the microhardness of the deposit
but had little effect on the current efficiencv, At concen-
trations of greater than approximately 200 g/& 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) ig 1962 when he considered
possible modifications of eléctrolysié conditions and
substrate preparation techniques to improve deposit adhesion.
He found that a deposit adhesion of more than 4500 kg/sq.cm
cculdlbe achieved by pretreating the substrate with 30%
H,S0, and then platiﬁg'with an initial current density of

| approximately 1000.A/'m2 for 3-5 minutes before increasing

the current density to 4000 A/mz.

Some of the work emanating from Russia was of a
more technical'thah 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 develépment 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
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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 chafacteristics and electro-
chemicai proPertiés of the solution from which to postulate
and test ideas in a controlled manner. It is against this
background that there has been a,coﬁtinuous stream of very
empirical and limited scope work. .Developments of this
type continued through the sixties and as before have come

mostly from Russia.

(35) and Pulatcv(36)

Petrov published work of a similar
nature, having investigated the effects of the alkali salts
potassium and sodium chloride, and manganese.chloride on the
cathodic polariza;ion characteristics and grain size of .
the iron deposit. Pétfcv reported small increases (10-30 mvV)
in the cathodicpolarization with addition of the above

salts, and muchlgreaéer increases in cathodic polarization
of up to 100 my with decreaée in either electrolyﬁe concen=-
tration and temperature. Pulatov's work essentially supported
these findings, and.weﬁt‘on to consider the effects of

some variations ih the electrolysis conditions on the
quantity of hYdrcgen absorbed in the iron deposit. This
work indicéted a relationship between increased polarization

and greater absorbed hydrogen. Thus, any factors which

acted to increase the polarization , such as those mentioned

- 15




above, tended to increase the amount of hydrogen found

in .the deposit.

In a later paper (1966)|Petrov et a1(37) looked at the
effect of the rate of change of current’density ﬁn the thick-
ness of iron coatings and the productive capacity durinQ
programmed controlled electrolyéis. 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 lower rates of change a slight.reduct-
ion in the efficiency was nqted. - This decrease was att;i"
buted to changes ih 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). In the first paper
awméthod was described where 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 3000-4000uh/m2 and a pH of 0.5-0.7. The current
- éfficiency achieved with this process was 80% which ié lower
than can be achieved with more conventional ferrous cﬁloride
| pléting; 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 greé.ter degreéof 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 irqn'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 depasit; when’compared with depoéition
| 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 formation during
plating from ferrous chloride was earlier studied by Karyakin

(40)

et al . The formation and growth of the hydrbgen bubbles

on iron sutfaces was filmed'during deposition from a 500 g/%
ferrous chloride electrolyte at 20°C. Small changes in the
pH‘of'the electrolYte (0.1-4) and changes in the current
denéity from lOO—GOOA/m2 did not appear to afféct the process.
The £ilm also,showed that the bubbles formed preferentially
at defects in the iron surface, énd 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 -




The important area of hydroxide formation in iron chloride
electrolytes was explored'by.Melkov ang Namakehov(41] in
1969. Unfortunately, their work does not appear to be
suffiCiently.technically advanced to tackle the problem
satiSfactorily. For example, the'change in pH at the electrode
interface was measured by removing the electrode'from.fhe
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 hydrdxide
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 only one of the factors involved in

the oxidation of ferrous solutions.

Fink et al(42) attempted to determine what were the

- principal variables in the electrodeposition of ircﬁ chloride
electrolytes. Using polarization techniques they established
that an increase in the overvoltage and current density
caused-éhangeg in the type of crystal orientation from basis
orientated to 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 pE.
The required ﬁverpotential for a given current density was
found to decrease by increasing the temperature of the
electrolyte in the region of 25-90°¢. They also demonstrated
that the current density at constant potential ilncreased

proportidnally t0 the ferrous ion concentration. As with
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many previous researchers, Fink et al, examined the effects
of addition of small amounts of foreign ions to the electro-

of zinc or cobalt ions made no appreciable difference to

lyte. They indicated that additions of 10 ° to 10~

the polarization characteristics in a 125 g/% ferrous ion

solution, but an addition of 10 ™

g/% of cadmium ions
displaced the curve towards more negative potentials.
Overall, they therefore confirmea that the pH, temperature
| and ferrous bhloride 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 R
history of iron electrodeposition. The work of Freimanis
and Apetenok (43) suggested that the addition of AlCI3GH20
- 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 cdnducted
éurveys into the effects of aluminium chloride on the
electrolyte and‘deposit are Miller et a1(31)(already described)
and Melkov and Namakonov(44) who also claimed that addition

of this compound led to a more stable electrolyte.

‘Some more systematic studies of the eléctrochemical
background; the kinetics and mechanism of the iron electro-
deposition process haﬁe been conducted. These can be
- conveniently divided into two areas. Firstly, work on the

fundamental kinetics and mechanism of the iron electro-
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deposition process.' Much fundamental work has been carried
out in this area and a 1atér section of this Review is
devoted td 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. 1In 1967 Nagirnyi, Bondar and stender (4°)

published
a study of the pH in the precathode layer as a function of
the electrolyte layer, the structure of the depoéit and
the hydrogen overvoltage during the electrodeposition of
“iron from agueous electrolytes without addition agents.

A nﬁmber of interesting findings arose from this work,

| mainly that the pH of the precathode layer corresponded to
-thé regions of hydrate formation of ferrous ions ét'law
fexric ion concentration, whereas at higher fe;ric. ion

| concenﬁration (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 were 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.




More recently (1976) Melkov and Shvetsoy (40)

studied some of the variables involved in convective streams
in highly concentrated ifon chloride solutiﬁns. 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
éonvective situation were obtaineé using an iron chloride
concéntratiﬁn_of-Blo g/ at 75°c. Modern polarization methods

were used by Namakovov and Melkov(47)

to study the buffer
capacity of iron chloride solutions containing large addi-
tions of aluminium chloride. They found that m&ximum
buffer capacity at a pH of 0.5 was in a bath containing

100 g/% AlCl 0 at 75°C, and the

36H,0 and 300 g/%. FeClz_le2
minimum was in a baﬁh'containing 500 g/4 of A1C136H§0. They
‘also determined that the current efficiency of iron depo-
.sition decreased by 6-8% after the addition of the aluminiuﬁ
salt owing to an increase in hydrogen evolution This is
an important factor when considering the economic factors
invalved in the design of an iron electroplating system.
Finally the authors concluded that for high guality electro-
plating where close control of pH with high buffer capacity

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

_A1C136H20 and 300 g/£ FeClzﬁHzo was optimal.
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In suﬁmaryg' the ferrous chloride is now reasonably
well established and charécterised. 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 1t can be operated and the good conductivity

0f 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 appliéaticn. 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 ir connecticn with this electrolyte is that

there. .is always some degree of hydrogen evolution taking

place in conjunction with the deposition process. Great

. care nmust be exercised to maintain good control of the

(i1v)

electrolyte so that hydrbgen evolution and and -thus hydrogen

embrittlenent of the deposit is minimised.

Ferrous Sulghate Electrolxte

Electrolytic iron has been produced frcom sulphate baths

by a numberlof investigators. A satisfactory process for

(59}

'steeling' electro-types was reported by Klein as

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

early progress in sulphafe based electrolyte development has

been well t9ported by Cleaves and Thompson(l7). 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 Monograph.

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 dep&sition of iron was very slow.

It was found that additionsof magnesium sulphate, scdium bi-
carbonate, sodium sulphate, ammonium oxalate and ammonium
sulphate improved the electrical efficiency of the electrolyte
but tendéd 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

(5)

this salt was used by Burgess and Hambuechen , who were the

first to produce electrolytic iron in quantity.

More recent work is adequately covered in Klingenmaier's

(23)

review  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 pr&duce 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 improﬁing this parameter. Kudryavtsev and

(69)

Yakovleva were able to produce a relatively non-corrosive

electrolyte consisting of 280-420 g/2 6f Fesoqu O-and 100qg/%

| | -~ 23 -
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Sy,

et'Alz(SO4)3.18 H,0 with a pH of 2,5-3.,0., At a temperature of
.Zd-doqc hard iron deposits were obtained at an eptimum current
density of 300-800<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>